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Abstract

Cellulose nanofibrils (CN§), which are commonlyproduced fromlignocellulosicbiomasshave
received increasing attentiom recent yearslue to their unique propertiesuch as high specific
surface aregup to 600 r¥g), high elastic modulug29-36 GP3, high thermal stabilitybeing
stable against temperatures up to-300 °Q, aswell as renewability and biodegradability. These
unique properties make CHNFRas promising building blocks for the manufacture of many
sustainable nanomaterialslowever, sustainable and lowost production of CNFs is still

chdlenging, which limis their largescale applications.

As a kind of agrandustrial wastes, paper mill sludge (PMS) has posed serious environmental and
economic challenges for disposal due to the more stringent regulations and diminishing land
availability receny. Instead ofthe traditionallandfill or burningtreatment strategief;MS

usually withnegative costould be used as a cheap and sustainable feedstock foripgp@ii-s
Thus,the main objectiveof this researclareto valorizePMS intovalueadded CNFshrough a
sustainable approa@ndto develop multifunctional nanocomposites based orP¥i&-derived

CNFs.

In the first project (Chapter 2¢ sustainable approaetas demonstratetb efficiently convert
PMS toCNFs by formic acid (FA) hydrolysis pretreatment and the followed microfluidization. It
was found thathe mild FA hydrolysis (at 95 °C for@ h) pretreatment could hydrolyze most of
hemicellulose, swell and break down the cellulose fibers, and thetedliesllulosic solid residue
with a high yield (over 75%) could be further converted to €NEh relatively lowintensity

microfluidization (only two passesiNotably, more than 90% Fi& the collected supernatacdn



be recoverethrough a simple vacuudistillation processMoreover cellulose nanopapeC(P)
wasprepared from the CNFs suspension via a simple vacuum filtragiproach The obtained
CNP exhibitedgood mechanical properties with the maximum tensile stremgihtoghness of

106.4 MPa and 6.62 MJArrespectively.

In light of the advantages stiperior mechanical propertjdggh thermal stabilitylow thermal
expansion coefficientunable opticaproperties etc.,CNP has been considered as a promising
material with great application potential in diverse fields. However, the hydrophilic nature of CNP
significantly limits its practical applicationn the second project (Chapter 3),facile and
sustainable approacivas demonstratetb functionalizethe CNP obtained in Chapter by
impregnation of chitosan (CS) and the followed halogenafibie. mechanicalkstrength of the
functionalized CNP wagmproved at both dry and wet conditionsgspecially the wet tensile
strength was iereasedy 512.6% Meanwhile boththetransparency anbarrier propertiesvere
significantly enhancedmportantly, part oftte amino groups on C&n betransformed into N
halamines during the halogenation process, which endowebltrenatedCNP/CS with excellent
antibacterial performance against b&haureusandE. coli. The functionalizel CNP with water
resistance, high transparency, excellentaatierial and barrier propertissowsgreatapplication

potentialin the field of advancedackaging materials.

Polypyrrole (PPywith hydrophobic and conductive naturas beemnvestigaed as a promising
conducting polymer with numeroy®tential applicationdn order tofurtherimprovethe water

resistancef the PMSderived CNRand introduceew feature$o expand itpotential applications
in thethird project (Chapter 4RPy wadurther introduced into the CNP/CS through a fatile

situ polymerizationprocess Results indicate that the obtained CNP/CS/PPy st@axcellent



water resistance with the wet tensile strength up to 80 MPa, whigdbledthe value of CNP/CS
andwas more than 10 times higher than that of the pure CNP. Intriguitigdfunctionalized
CNP/CS/PPyexhibiteda high conductivity of 6.5 S chandgoodantibacterial activity towards
S. aureusandE. coli. In addition,the EMI shielding applicatiorof the CNP/CS/PPywas further
examined which showed high shielding performance around 18.dBonsdering the
multifunctional propertieshe CNP/CS/PPynay find applications in a variety of higach fields

such as medical packaging, electronic packaging, EMI shieldithso forth

As another promising conducting polym@EDOT:PSS habeen widely used as the electrode
materials for supercapacitors. Hever, processing PEDOT:PSS bulk films with good flexibility
and mechanical stability is still challengirig.the fourthproject (Chapter 5weinvestigatel the
feasibility of using the PM$lerived CNE as building blocks for the fabrication of PEDOT:PSS
based flexible electrodebstead of usinghe costly commercial PEDOT:PSS, waevelopeda
facile and lowcost strategy for the fabrication of mechanically strong and conductive
PEDOT:PSS/CNF nanopapefdenoted as PEDOT:PSS/CNP)Firstly, well-dispersed
PEDOT:PSS/CNF aqueous suspensias prepadthroughanin situ polymerizationprocess, in
which the CNFs were coated with conductivePEDOT:PSS Afterwards, flexible
PEDOT:PSS/CNRvasfabricaed from the PEDOT:PSS/CNF suspensioralwacuum filtration
approach and the followed DMSO treatment. Resultandicaed that the asprepared
PEDOT:PSS/CNPRshowed high tensile strength (70 MPa) and electrical conductiw6/6{/
S/cm), which can belirectly used as the electrodes fidexible supercapacitar It was found that
the assembled supercapaci@xhibited high areal specific capacitance of 888.7 mFZiigh

areal ener gy denft, iandsemadkéble 8ydlingdstabiliyfdhB% capacitance



retentionafter 10,000 charge/discharge cygl@ghich was among théoestelectricalperformance

reported for PEDOT:PSS based supercapacitors.

In summary, this research establiskadtainable aneconomically feasiblapproachewo valorize
thePMSinto CNFs and theifunctional nanocompositeo the best of our knowledge, this work
is among the very few pioneering studies that explorestiséainable pmuction of CNFSrom
agraindustrial wastesAlso, the findingsin the developmerdnd applicatiorof the CNFs based
nanocompositewill provide many sustainable alternatives forttaditionalpackaging materials,
EMI shielding materials, anenergy storage electrode materidiss expected that thisesearch
will contribute to the revival of thpulp and papandustry intheUnited Stateby enablingrarious

biomassderived products on the markettive near future.
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Chapter 1 Introduction

1.1 Lignocellulosic biomass ancchemical composition

In recentyears, along with the increasing conceaisout environmental issuefossil fuel
depletion and global warming lignocellulosic biomassthe most abundant sustainable carbon
source on the plandtas beenconsideed as alternative sourcesfossil resurcesbecause of their

large amount of stock and renewabifitf’he world production of lignocellulosic biomass is
estimatedmore than200 billion tons a year As shown inFig. 1-1, thelignocellulosic biomass

(e.g. wood, bagasse, grass and agricultural wastes) mainly contains three constituents (cellulose,
hemicellulose and lignin) with different mass rafi@ble 1-1 sumnarizesthe main composition

of differentlignocellulosic biomass

Lignocellulosic biomass
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Figure 1-1. Various lignocellulosic biomass and the main constituents.



1.11 Cellulose

Cellulose is the majoskeletal componentwith a proportion of30-50% of dry weightin
lignocellulosic biomass and it is the most abundant natural polymer on Eaetglobal annual
productionof celluloseis estimated at30 billion tons® 4 Especiallyin some special plaspecies
such ascotton, hemp, and jutéhe cellulose contenis significantly highwith the percentage of
60-95%° Since Anselme Payen first discovered and isolated cellulose in é8@8isive efforts
have been made tbe biosynthetic process, physical and chemical properiesyell as the
structural characteristiosf cellulose which hae greatly promoted the development of related
disciplines® In recent yearanodern technologiesuch asnformationtechnology, biotechnology
and nanotechnology tiacontributed tdherapid developmenif our society in all different fields
andfuturetechnologiesre expected tooncern more about the development of a greener and more
sustainable sociefyAs a kind of enewableand sustainable materialsellulose has attracteal
greatdeal of attentiorfrom a wide variety of fieldsecently® The fascination of cellulose is a

result ofits specific structure, whicWill be described in more detail in sectgd

1.1.2 Hemicellulose

Hemicelluloseas a group of heteropolysaccharides present in the plant cedl. @a&herally, they
constitute15-35% of cell wallsand mainlylocat in the primary and secondary cell walls of
various plants® As the second most abundant polysaccharide in natmeestimated annual
production of hemicellulosds natureis in the range of 630 billion tons'® ! Depending on the
plant species hemicellulose ismade up of various sugairaclude pentoses (Exylose, L-
arabinose), hexoses {@lucose, Bgalactose, Bmannosepand sugar acidsuch adD-glucuronic

and Dgalacturonic acid$* 3In general, thenain chain of hemicelluloses can consisbioly one
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sugar unit likexylan (homopolymers), otwo or more sugar units.e., heteropolymersuch as
glucomannansand some of thenits (e.g. 4-O-methylglucuronic acidgalactosg are usually
served as thside groups of a backbone of hemicellul®3dus, hemicellulosaormally consists

of 50-3000 sugar unitand hasabranchedrandomandamorphous structure with little strength
and it can besasily hydrolyzed by dilute acid or baaed variousof hemicellulase enzymés.
Therefore, thehydrolysis of hemicelluloses forsugars production has been extensively
investigatedo valorize hemicellulose. These sugai®/e already commercial applicatiaomsare
potentialintermediats for synthesis gfharmaceuticals and heajthomoting agent$’ In addition,
the hemicellulosic sugarsould be further conveed tofuel ethanol and other high vakaelded
chemicals(e.qg. xylitol, lactic acid furfural, levulinic acig by bioconversion and chemical

transformatiort®

1.1.3 Lignin

Lignin is the generic term for a large group afomatic polymerswhich is made up of
predominantly @0-C and GC linkages'’ More specifically Jignin is formed byradical coupling
reactions of three main molignols namely p-coumaryl (4-hydroxycinnamy), coniferyl (4-
hydroxy-3-methoxycinnamyl and sinapyl (4-hydroxy-3,5-dimethoxycinnamyl alcohok.
Correspondingly, thesenonolignolsare widely called asydroxykphenyl lignin (Hlignin),
guaiacyl lignin (Glignin) andsyringyl lignin (Slignin), respectively. Lignin is the second most
abundantorganic polymess in nature after cellulose constituting 30% of noifiossil organic
carbon®® The lignin content in wood species ranges from4@@ whileaquatic and herls@ous
angiosperms as well as many monocotyledons content less fdngmin mainly locates irthe

secondary cell wallasan embedding material for the cellulosic polymarsd itis also the major
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polymer in the middle lamellae between adjacent cell wallsiportantly, lignin provides the
hydrophobic surface that allows plants to transport water to heights over 100 m and contributes to
the mechanical strength that can supgrees weighing more than0B0 tons’? Moreover, its
unique physical and chemical propertiggovide a barrier against the invasion of pests and
pathogens® However, ligninis the major barriefor the efficient extraction of cellulose fibeis

the pulp and papeindustry and is the maihurdleto saccharification for production of liquid
biofuel in the bioenergy indusy.?* 2° Thus, ligninis usuallygenerated as a waste product from
the paper antiofuel productionTheworldwide production of lignin is approximately 100 million
tonsper year ané0-70% of the productiorcomes fronpulp and paper industr$f. Traditionally,
lignin is considered as lowalue waste produ@ndburned for process heat because its inherent
heterogeneity and recalcitrar@@Vith the intensivestudiesof lignocellulosic biorefingyin recent
yearsyarious promising approaches have been develmpealorize ligninto produce higkvalue
products such ascarbon fiber multifunctional hydrocarbonssyngasand variousplatform

chemicas (e.g. aomaticaldehydesvanillic acid syringic acig.?&3°

1.1.4 Extractivesandash

In additionto cellulose, hemicellulose and lignin, lignocellulosic biomass consasnsall portion

of otherconstituentssuch as xractivesand ash. kractives are nonstructured components of
biomassincludingfats,fatty acids, fatty alcohols, phenoliegaxes, proteingssential oils, pectins,
rosin and other organic compoundshich can beextracted by solventée.g. water,ethanol,
acetoneand toluenk®! Note that ach of these extractives has specific functions fopket The
content angropertiesof the extractives vgrfrom biomass to biomass, and evenyiaetween

different parts ofthe sameplant3? The ash inlignocellulosic biomassypically comprises of
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calcium, potassium, magnesiumanganesesodiumoxides and less amount of other oxides of

iron, aluminum, eté3

Table 1-1. The main composition of lignocellulosic biom&s¥

Feedstock Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwood 43-47 2535 16-24
Softwood 40-44 2529 2531
Bagasse 42-45 2528 14-21
Coir 32-43 10-20 43-49
Cotton 95 2 1
Flax 6371 12-21 2-3
Hemp 70 22 6
Jute 71 14 13
Sisal 73 14 11
Rice straw 32-47 19-27 5-24
Wheat straw 3545 20-30 8-15
Corn sover 21-37 22-31 14-20
Switchgrass 3540 25-30 1520

1.2 Wood category and its hierarchical structure

Wood is a mixture of dead and living cells of many different cell typed,the cell wall as the

supportive frameworis the main component of wood c&lWood can béroadly classified into



two categorieshardwoods (e.g.itch, aspeneucalyptusand @k) and softwoods (e.gine, pruce
cedar and edwood. The distinction between teetwo typesmainly comes from the wathatthe
tree reproduceddardwoods are sciéfically known as angiospermshich are flowering plants
that produce seedadth enclosurs; softwoods ar&nown asgymnospermswhich are also called
coniferous tregsproducingseedswithout enclosures® In general, hardwoods adenser than
softwoodssince theygrow slowly, but with a few exceptionsalsa tree is classed as hardwood
but is softer than ost of softwoods yew treeis classed as softwood bistdenser thamost of
hardwoods Softwoods ardamous for faster growingnd aroundB0% of alltimber used in the

world comes from softwoad’

1.2.1 Wood cell structure

From a microstructural point of viewellular structuresf softwood differ in appearance from
that of hardwood. As shown inFig. 1-2a, hardwoods contaithree maintypes of cells: filers
(50%), vessel$§30%) and parenchym@0%).3 Among themfibercells provide structural support
and have a honeyconiiie structure.Vessels appear much larger in diameter and shorter than
fibersand they ar@ised for the transport of fluids and nutriefarenchymanormally appeas as
box-like cells within the raysndlonger tubular cells associated with the ves¥dis.addition,a
small number of tracheidgith much thinner cell walls than fibensay be found, but they may be
completely missing in some hardwood specfesshown inFig. 1-2b, softwoods consist mainly
of longitudinal tracheids (905 %) and a small number parenchymandray cells (510 %) in
which thetracheids withroughly honeycomttike structuremake up the bulk of the cefi§ In
addition, some softwoods (e.g. white pine) may hagin canals lined with epithelial cellsnd

most of softwoods lack dibers or vessel elemensmongall the above cells in both hardwoods
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and softwoods, fibers and tracheids are the best cells for papermaking, and other cells cause mainly
problemsThus, softwoods are the best feedstocks and widely ngbd pulp and paper industry
Generally, he cellulose fiberscan be produced in two differeptilping approachesnechanical
pulpingandchemicalpulping In mechanical puipg processthe fikers are softened and separated
from each otheusing mechanical grindingr refining atelevatedemperatee.*® Since there is
almostno loss of material imechanical pulping, theechanicapulp usuallyhas a high yieldip

to 9% based on the woodHowever, the mechanicarocess idighly energy intensivandthe
resulting fiber and paparsually showinferior strengttf* Chemical pulping orthe other hand
givesthe pulp of lower yield(40-50%) but with bettermechanicabktrength There ardwo main
purposesn chemical pulping proces§ chemicas$ attack on the lignin inhe middle lamella in
order to separate the individual éis; ii) removng lignin from the cell wallto make the fibrs
sufficiently flexiblefor higher paper strengfi Delignification of woodduring chemical pulpig

is carried out by two ma types of processes: sulfate (krgfitpcessand sulfite processand the
kraft pulping is the most popular apcedominant pulping methaa far.Normally, about 90% of
lignin can be removeahikraft pulping*! Theresiduallignin can be further removed by bleaching

processresulting in the bleached pulyth less than 0.1% lignife
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Figure 1-2. The cells that make upardvood (a) and softwood (b), respectively, adapted from
http://workshopcompanion.com.

1.2.2Cell wall structure

As shown in the topight inset inFig. 1-3, the cell wallis comprised of multilayersicludeprimary

cell wall, secondargell wall and middle lamella, in which the secondary cell wall couldibibér
divided into three layers namely S1, S2, andIheprimary cell wallis very thinwhich contains
randomly orienteccellulose microfibrils surrounded by a ligninch materia includelignin,

pectic substances, and hemicelluld®eSurrounding the primary cell wall is a thin ligniich
layer(0 . 5 t o) nained3he middle lameljavhich functions as the cellular glue provide
compressive strength to the plant tissmel stiffness to the cell wafff The secondary cell wall
layersarethe most important for thevood cell in terms of mechanical strengihmong these
layers, Slayer isthe thinnest layebeingonl y 0. 1 t g whithis3cbnsiderad @shn c k

intermediate between the primary cell wall and the S2 and S3 .Iayer<ellulose microfibrils
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angle with regard to the cell axisthe S1 layers in the range 060° to 80°.The S2 layer ishe
thickestlayer (1-10 em) in the secondary cell wallvhich contributes t&/5% to 85%of thetotal

cell wall thickness and containgajority of the total celluloseThe cellulose microfibrils angle in

this layer is 5° to 30° relative the cell axis. Note that the cellulose microfibrils kg the S2

layer carsignificantlyinfluence the physical and mechanical properties of the cell and even stem
wood as a whole. With regard to the cell axis, an increase in the cellulose micrafilgtdswill

result in a decrease in the stiffness and longitudinal modulus of elasticity of theMiedsi3 layer

is relatively thin,being05to 1.1¢ m t,landdhlecellulose microfibrilsangle is 60° to 90°

relativeto the cell axig’

1.2.3 Spatial arrangement of cellulggemicellulose and lignin

The centerright inset in Fig. 1-3 illustrates a gatial arrangement of cellulosaicrofibrils,
hemicellulose and lignin in the cell wallhe arrangement of these components allows cellulose
microfibrils to be embedded memicellulosdignin network much as steddars are embedded in
concrete to form reinforced concrétédmong themgellulose microfibrilserve as theeinforcing
steel bas, hemicellulosdignin matrices act as the concrétedemicelluloseis thought tobind
non-covalently to thecellulose microfibrilsand covalently crosdink with lignin, forming a
complex network of bonds that prov&structural strengtf® It has been suggested that
hemicellulose couldilso act as an amorphous matrix matenahich holds the stiff cellulose
micrdfibrils in place® Lignin acts as a waterproof mechanical reinforcement elementhvigic
covalently linked tdhemicellulose For decadesignin has been considered as gihge thatbinds
cellulose microfibrilswith hemicellulos€* However,one recent study suggested thgmin and

cellulose are spaced and joined Hwmicellulose (e.g. xylai¥ It is reported that in contrast to



cellulose, thesubstitutionwith somehydrophobic groups such as acetyl and methyl groopkl
enhance the affinity of hemicellulose to ligRfAlthough severaittempts to descrilibespecific
locations of the dierent cell wallcomponents and their mutual interactitrasve been made, the
detailed structure of thiggnin-carbohydrate complexesirroundingthe cellulose microfibrils in

the plant cell wall is still not well understoét

Wood bulk _ Lumen

" Secondary wall
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10 cm Primary wall ‘
o 1
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Microfibril bundle

L>2um
D>15nm

Microfibril

L>2um
D=5-10 nm

Cellulose microfibril

Elementary fibril
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Crystalline region
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Cellulose
chain

Figure 1-3. Schematidllustration of the hierarchical structure of wooffom macroscopic to
molecular scaleVood cell image isdapted from ref. The @Il wall comprised of multilayers is
adapted from ret*. Spatial arrangement of cellulggeemicellulose and lignin in the cell waif
lignocellulosic biomas# adapted from re®. Hierarchical structure afellulosefiber is adapted
from ref®®,
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1.3 Structure of cellulose

1.3.1 Molecularstructure

From a definition point of viewgellulose is a linear chain of ringed glucaeseleculeswith aflat
ribbontlike conformatior?’” As shown in the molecular structure represented in the-bigiom
inset of Fig. 1-3, the repeated unit isomprised of two anhydroglucose rinlysked together
throughan oxygen covalently bonded to the C1 of one glucose ring and the C4 of the adjoining
ring (1f 4 linkage) namelyb-1,4-glycosidic bonc® The degree of polymerization (DP) of
cellulose is defined by the number of repeateitl, and the DP is in the rangedj000 to 15000
depenihg on the cellulose source materi&The hydroxy groups ofb-1,4-glucan cellulose are
placed apositions CJsecondary)C3 (equatorial and C6 (primary), and th€H,OH side group
is arranged in &rans-gaucheposition relative to the G&5 and C4C5 bond<. Theseabundant
hydroxyl groupshave high ability to fornstrong intrachain and interchdiwydrogen bonds which
are conductive to thghysical properties of cellulosaAs a consequencmultiple cellulose chains
form elementary fibrilof 1.53.5 nmin diameter.Theseelementary fibrils further aggregate into
larger microfibrils with the diameterof 5-10 nm and several microns in lengthnally, the
microfibrils and their bundlestypically 1020 nm acros§° along with hemicellulose and lignin

form the secondargell wall.
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perpendicular vieleft) anda longitudinal view(right) of a36-chain elementary fibrivf cellulose

Ib. Axes a, b and definethe monoclinic unit cell made up of two chains eé&norigin (OR)chain
and center (CErhain of cellulose b. In the perpendicular viewthe 36 cellulose chains are
hexagonally arranged in the transverse section of the elementaritigile 18 chains (in pink
color) represent the outer chains that sheath othecrgstalline 12 chains (in orange coloand
inner 6 chains form the crystalline core the longitudinal view there is an alternated
displacement between OR and CE sheets byircthe parallel sheetof cellulose b.5! (e)
Schematigllustration oftwo suggested hydrogen bopaitterrs withinthe hydrogerbonded plane
((110) plane for cellulosedland (200) plane foc e | | u). Moseehin Iddtted linesrefer to
intrachain hydrogen borgjthick dotted lins referthe interchain hydrogen bosidarrows show
the donoracceptordonor directions’
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1.3.2 Crystallinestructure

As a result of the supramolecular structure of cellulosilosemicrofibrils consist ofboth high

order (crystalline) andisordered (amorphoudike) regions, as illustrated imé bottomleft inset

in Fig. 1-3. Depending on theifferent crystal packingshere aredur different polymorphs of

cellulose Cellulosel, II, Ill, andlV. Among them, cellulose I isaturally producedby various

organisms andit is sometimescalled finaturab cellulose®” Cellulose Ihastwo crystal forms

namelyl U a,nvkichdoéxist indifferentproportions depending on the organis@allulosein

higher plants (e.gotton,treeg cell wallsand intunicatesa r e r i ¢ h isome éldag andvh er e ¢
bacteriaare predominantly composed of £f As illustrated inFig.1-4a,c e | | u bppeas a | U
onechaintriclinic unit cell(P. symmetry while cellulosd Displays awo-chainmonoclinicunit

cell (P1symmetry. Forc e | | u |l o s ethelutitcell paiameters a@=0.672 nm, b = 0.596

nm, ¢ = 1.040 nmJ= 118.08, b = 114.80, o = 80.375. Forcellulose b unit cell, the unitcell

parameters are = 0.778 nm, b = 0.820 nm, ¢ = 1.038 i, 9C°, b = 9C°, 2 = 96.5°.5" For both

c el | u bndls fehe ¢ellilose chains making up the sheetsparallel and aligned along the
crystallographic eaxis as displayed ifig. 1-4b. Figs. 1-4cand4dillustraie aperpendicular view

to the caxisof a36-chainelementary fibrilo f c el bndces e ul ODse |Mthe respe
molecular levelc e | | ul os e | dimilaa codformafion anth ehaire packing in thé a

planes®® The main difference betweehese twopolymorphsis the relative displacement of
hydrogenrbondedplanes) . e . (110) plane for cell vnhteese | U a
axis directionMore specifically hydrogerbondedplanesinc el | ul ose | U al ways
the molecular axis by +c/4vhereas or cel | ul o s e bétWeerhydregentiandeg | a c e m

planesalternates betweetc/4 and-c/4.%’
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1.3.3 Hydrogenbonding

For bothc el | ul os e | U, aaemdrkatdeeféature is dhatecellllag®minsare welt

stabilized within the sheettiydrogenrbonded plang by intrachainand interchain( O g HO)

hydrogen bonds interactipas illustrated irFig. 1-4b.6* As shown inFig.1-4¢ two coexisting

hydrogen bond patterisve been proposed, which are vagscribed irthe previous work? It is

reported thatc e | | ul os e I b has #®0%hof Gype A hydgrogencbend t a g e
configurationin the hydrogenbonded planes h a n ¢ e | resulting is @betterlbonding

geonetry. Moreover, within other planeglp0)and (010p | ane f or cHO)4nd(l-ose | U
10) plane f)dimhec emlulmbleds e fl thydr oigbelievedbto be diigheri n  c e
than that in the e | | u.f*dmisc el lU u lshomwskighdr btabilitythanc e | | ulThis e | U
inferencehas been supportedby the fact thatheating of thecellulose U causes irreversible
conversion taellulosel b.5% From theType A hydrogen bonds patteffig. 1-4€), it is clear to see

that te intrachain hydrogen bosdinclude O3bHt O5 and O2b H 06 bonds while the
interchain hydrogen borsdare dominated byO6bHt{ O3 bonds. As show itdrig. 1-5a, the

intrachain hydrogen bosdimit the rotation ofglucose units in the linear chains around the
glycosidic linkagesand contribute to the linear configuration of cellulose chaihereas the
interchainhydrogerbonds are beneficial to the sheet stabffitifurther, the intersheet interactions
involved both GH{ O pseudo hydrogen bonds and van der Waals interactions ensure the sheets
stack on top of each other to form a 3D crystal struéu@rossand Ch@® investigated and
compared the interaction networkofe | | ul os e | Ubyasingall-at@m noledulars e | b

dynamics simulations
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Figure 1-5. (a) Schematic diagram of hydrogéond network and layer structure for cellulose

| B (b) Average number of hydgen bonds per glucossf c el | ul ose | Uf%and ce
Schematicillustratiors of cellulosemolecularchain (c) andcrystal planeqd) of cellulosel b
showingamphipathicity?” (e) Water wetting of the 200) and (L10) surfacs of cellulosel £?

As indicated inFig. 1-5b, wh i | e b ot handlefossestlmasiehe $atdeamountof
intrachain and interchainydrogen bondsellulosel as two more intersheet pseudo hydrogen
bonds per glucose than celluldsdThis finding again proved the fact thallulosel s the more

stable form In addition, he number ofc2 H{ O pseudo hydrogen bonger glucosas much
15



higher than the sum aftrachainandinterchain hydrogen bondalthough individualCe2 H{ O
pseudo hydrogen borgshows a much loweinteraction eneng of 2 kcal/mol tharO2 Hi{ O

hydrogen bondb6 kcal/mol), the large amount of thepseudo hydrogen bosagblusvan der Waals

interactiongmakeintersheet interactions stronger than interchain interactions

1.3.4 Wetting behavior and amphiphilic character

In general naturalcellulose isconsidered as highly hydrophilic due to #rastenceof abundnt

hydroxyl groupsHowever,severalstudieshaveproven that cellulosalsoexhibits a hydrophobic
charactedue toits anisotropicsupramoleculastructue. Asillustrated inFigs 1-5c¢ and5d, the

surfacesof cellulosel fare topographically and chemically heterogeneaesplenty of -OH
groupsappearmn the(110) and (110) surfacesvhile the(200) surfacehas the mostCH groups
exposurewith buried -OH groups thus leading to thamphipathicityof cellulose®® Fig. 1-5e

displays thewater wettingbehavioro f the (200) and (11Quysingsur f ac
atomistic moleculadynamics simulation® It can be clearly seen thé200) surfaceexhibits a

much highercontact angle thagl10) surfacgeindicatinghigher hydrophobicity.
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Figure 1-6. Schematic illustration of disintegrdion of cellulose in water (a) and
polydimethylsiloxane(PDMS) (b) medid® (c) AFM image ofesterifiedcellulose nanofibrils
(CNFs) producedhrough onestep mechanochemicasterification by ball millingn DMF; (d)

magnified AFM image of the CNFs and the corresponttieight profile’* () AFM image of
cellulose nanoshee(€NS) preparedby ball milling in PDMS; (f) AFM image ofthe CNS after
sonicationin ethanolfor 60 min and the corresponding height profile.

Based on theamphiphilic natureof cellulose Zhao et af® proposeda theory of cellulose

disintegration along the crystallographic plaree induced by mechanical force and
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microenvironmentapolarity. As illustratedin the crosssection ofcellulosemicrofibrils (Fig. 1-
6a), elementary fibrilsn the microfibrils are associated with each other throalgise contactAs
descrbed abovedifferent crystallographic planeschibit differentsupramolecular structuseAs
a consequencéhe interactions ofthese planesvith different solventsvary from each othef?
Therefore,it is expected thaboth disintegration and reorganizationtloé cellulosemicrofibrils
will be affected bychanging theéype of mediunduringmechanicashearing’® For instancewhen
mill cellulose inpolar solventsuch asvater,dimethylformamide (DMFanddimethyl sulfoxide
(DMSO), cellulosenanofbrils (CNFs)canbe obtaired as illustrated irFigure 6aThis result is
probably attributed tpolar solventdiavegreataffinity to hydrophilic (110) and (110) surfaces
thuscan penetratinto theinterstitial space betwedhese hydrophilic planes tietightly bound
elementary fibrils During the ball milling processthe strongimpact and frictional shear
accompanyingvith thesolventswelling effectcause théig micrdfibril bundlesdisintegrated into
CNFs.Intriguingly, the fibrillation efficiency could beemarkablyenhancedy simultaneouly
appling esterifcation during ball millingMore importantly the functiorality of the asprepared
CNFs could be tuned by changiesterifying agent&* For exampleby milling corncob cellulose
in DMF with hexanoy! chloridasesterifying agenthin andhydrophobic CNFs witthe diameter
approx.1.52.8 nmcould be obtainedas shown ithe AFM images (Figsl-6¢ and 6d)In another
case hydrophilic CNFs could bprepared bynilling cellulose in DMSO witlsuccinic anhydride
It was found thathe succinylatedCNFs exhibited great dispersibility in aqueous media wih

Zeta potential around4 mV.”

As stown in Fig. 1-6b, nompolar solventssuch aspolydimethylsiloxane (PDMS$S)tolueneand
stearic acidexhibit strong affinity to hydrophobic (200) surface¥/hen mill cellulose in these

nonpolar solventdhreaking interfacesnainly take place at thenterstitial space between these
18



hydroplobic planeswhile thehydrophilic (110) and (ILO) planesstill keep connected, resulting
in the formation ofcellulose nanosheets (CN3s displayed inFig. 1-6e, thin CNSwith the
thicknessaround 4.2 niiwhich is consistent with the thickne§35 nm) of elementary fibril}
and variedateral size and shapeere successfully producéyg milling cellulosein PDMSfor 12
h (5 min pause after every 20 nhin addition,Fig. 1-6f shows the AFM image of th&€NS after
sonicatng in ethanol for 60 minlt is clear to se¢hatsome CNS canbe spread into 4.2.5 nm
wide elementary fibrils with fadike shapesindicating that the CNS can be furtliésintegra¢d

into nanofibrils

According to the above discussiangan be concluded thte solvent polaritplays anmportant

role on the hydrogen bonds or van der Waals force among cellulose molecular @rains
crystallographi@lanes during mechanicdisintegration/® This funcdamental knowledge provides
the evidence fothe fact thamost of the cellulose nanomaterigiooduced from lignocellulosic
biomassexhibit fiborous morphology, sincehe processing medfar the production of cellulose

nanomaterialgs mainly inaqueous solution.
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1.4 Cellulose nanomaterials
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Figure 1-7. Hierarchical structure of cellulose and its nanomaterials t{/pes

Over the past two decade=llulose nanomateriglalso known as nanocellulodegve attracted
rapidly growing scientific and technological interest from both academic and industrial researchers
due to theiuniquenanastructue and impressive physicochemical propersash asigh tensile
strength(2-6 GP3 and elastic modulus (1360 GPa), high specific surface area (up to several
hundreds of rfig), low density (1.6 g/ch), reactivesurfaces combined with biodegradability and

renewability ’® "®Therefore, cellulose nanomaterials have been widely ustiddrse fields such

asreinforcingagens, coatingsrheology modifierspptical materialselectroconductive materials
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sensors, anbdiomedical material® 8'Based on the size, morphology and preparatohniques,
cellulose nanomaterials are mainly divided into cellulose nanostructure materials (e.g. cellulose
microcrystals, cellulose microfibrils) and celluloeancobjecs or nandibers (e.g. cellulose

nanocrystal§CNCs, CNFs) as summarized iRig. 1-7.”*

Crystalline regions
(a) = (b)

Fiber deconstruction ’
= g fibef - Amorphous (dlwn‘hnd) ;
//% Pretreatment and shear regions n = -
S ..

be's Cellulose Nanofibrils A‘/ \A Ao/

(CNF) Acid Hydrolysis

.7 Cellulose nanocrystals V

: 1SH6) TR, TR BETRS

-
AMERKAN ‘ IEXE THE UNIVERSITY OF
WY N L MAINE Yoar . corce

Figure 1-8. (a) Schematic illustration of CNFs and CNCs production from fiber cell walls by
mechanical and chemical treatments, respectffglly) Schematics of idealized cellulose fibers
showing one of the suggested configurations of the crystalline and amorphous regions, and CNCs
after sulfuric acid hydrolysis of the amorphous regions, exhibiting the characteristic sulfate half
ester surface groupsrined as a side reacti8h(c) Representatives of institutions and enterprises

of the industrializationof CNCs and GIFs® (d) Representates of feedstocks used for the
production of CNCs and CNF$é photographs were adapted framrw.google.com

Compared to cellulose nanostructure materials, CNCs and CNFs possess higher specific surface
area and more uniform particle size distribution tiaxge been widely investigated in recent years.

As shown inFig. 1-8a, CNCs and CNFs are the two main categ®of cellulosenancobjects
21



produed from lignocellulosic biomasd o date, a variety of lignocellulosic biomass such as
cotton, microcrystalline cellulose (MCC), wood pulp, and different kinds of agricultural wastes
have been used as the feedstocksHergroduction of CNCs and CNFsiq. 1-8d). Also, the
industrialization ofCNCs and CNFsas been realized by some companies (e.g. CelluForce,
Nippon Paper Group) on the tepserday scaleas listed irFig. 1-8c. According to a recent report

by Zion Market Researglglobal nanocellulose market was valuedgbrox.232 millionUSDin
2017and the number @nticipatedo reacharound 784 milliorlJSD by the end of 2024Notably,
CNFsaccounted for the major markédtase in 2017 and isxpectedo continue its dominance

during the forecast period

1.4.1 Preparation of cellulose nanocrystals

In general, CNCs, sometimes termed as nanocrystalline cellulose (NCC) or cellulose nanowhiskers
(CNW), are rigid rodike particles of 1880 nm in diameter and several hundred nanometers in
length, and they are mostly crystalline in nafiifEhe typical method for the preparation of CNCs

is inorganic strong acid hydrolysis, sulfuric acidhe most commonly used acid for producing

sulfonated CNCs with good dispersibility in wat®r Some other inorganic acid such as

hydrochloric aci¢t” 88 phosphoric acid® °° hydrobromic acicd®* and nitric acid®® °*have been
invented for the preparation of CNCs as wéls shown inFig. 1-8b, during sulfuric acid
hydrolysis process, thamorphous regions of cellulose are more easily degraded while the
crystalline regions of cellulose are remained as CNCs because of their inherent structure
stability.®>” % Also, the introduction of sulfate half ester surface groups would ent®@VZhCs

with good dispersibility in aqueousedia®® Strong acid hydrolysis is indeed a simple and time
saving method for the preparation of CN€sHowever, certain issues such as harsh corrosion of
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equipment, severe environmental pollution, large water usage, and low production yield need to
be well addressed Thus, some sustainable and environmentally friendly methods based on the
replacement by recyclable chemicals have been invented recently to address the above drawbacks,
such as sati acid (e.g. phosphotungstic acid) hydrolysig€®organic acid (e.g. formic acid, oxalic

acid) hydrolysi$® °#%° and ionic liquid'®® %lor deep eutectic solvents aenent!0? 103

1.4.2 Preparation of cellulose nanofibrils
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Figure 1-9. (a) Representatives ahechanical fibrilation approacheand the corresponding
instrumentsaandtheir schematic diagram®-1° (c) Systematic diagram of preparation of CNFs by
surface carboxylation using TEMPO oxidati3h (d) Schematic illustration of how the fibers
quaternization enhanced thilrillation process®
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CNFs, sometimes termed as nfiimidllated cellulose (NFC), are flexible fibdike with a diameter

less than 100 nm and the length of 500 nm or even longer, which are composed of both amorphous
and crystalline domain$® Different from CNCs, CNFsare mainly obtained by mechanical
treatment of ellulosic fibers, such as higtressure homogenization, microfluidization, grinding,

ball milling and ultrasonicatiaf# 110111

Fig. 1-9aillustrates the correspondingstrumens and theilschematic diagrasa Among them,
high-pressurehomogenizatiorand microfluidization are the most widely used methods for the
preparation of higiguality CNFst!2Basically, botthomogenization and microfluidizatidallow
similar working mechanism just with different configurations. In generahdnggenizer works
atapressure below3D MPawhile the mcrofluidizer carprovide a pressure ov2s0 MPa During

the mechanical fibrillation processethomogenier ormicrofluidizercangenerate various forces
such as high pressure, high shear, high speed and turbulence through the rapid change of pressure,
which are able to break down the cellulose fibers and finally release aggregated nahtfibrils
However, mechanical fibrillatiohy high-pressure homogenizatian microfluidizationfor CNFs
production is very energy intensivéis estimaed that the energy consumption is in the range of
12-70 MWh/t11* Another issuewith homogeniation and microfluidiation is clogging when
processingellulose fibers, which is mainly attributed to the fact that long cellulose fibers tend to

form entanglemerst**?

In order to reduce energy consumption and avoid clogging issue, gretreatment methods have
been proposeih recent yearsincluding enzymatic hydrolysi¢>” minerd acid hydrolysig;t®
119 TEMPO-mediated oxidatiof?® 12! carboxymethylatiof?? 122 quaternizatio,*?* 2> among

others.Among themgenzymaticor acidhydrolysisis intendedto break down the big fibers into
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small pieces, meanwhile swelling the cellulose fibdiise otherpretreatmentpproaches are
designed to introduce surface charges onto the cellulose fillersiegative or positive chage

on the surface of cellulose fibers could reduce energy input needed for fibrilgtedactrostatic
repulsionand toenhance colloidal stability of the final CNE¥. For example, a large amount of
negative carboxyl groups could be introduced on the cellulose pulp by TEMPO oxidation, which
can selectively oxidize theettulose C6 hydroxyls to carboxylaté&'?® the mechanism of
oxidation reaction is as shownHhig. 1-9b. After mild mechanical disintegration, transparent and
geklike CNF suspension could be obtained. Also, the mechanical energy consusaiffgion
TEMPO oxidation wassignificantly reduced fron¥0 MWh/t (without pretreatmeftto 1-10
MWh/t. Chaker and Bouft®® demonstrated another strategy by introducing positive quaternary
trimethylammonium groups on the surface of cellulose fiber to increase the electrostatic repulsion
and finally enhanced the fibrillatn efficiency, as shown irfrig. 1-9c. Saini et al?® evaluated that

the energy consumption at fibrillation stagmuld bereduced by five times by using this cationic
modificationpretreatment. More interestingly, the introduced cationic groups endowed the final
CNFs with antibacterial properties, which could be applied into food packaguhgpiomedical
applications. Nevethdess, the aboveconventional pretreatment methods sti#icé several
deficienciessuch ashigh cost of enzymes and chemicals, tioo®suming process, difficulty to
recover chemicals and environmental issdé3$hus, it isof critical importanceo developmore

cost effectivesustainabl@nd environmental benigimetreatment methodolodgr thepreparation

of high-quality CNFs
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1.4.3 Application of cellulose nanofibrils

When compared to CNthe selfassembled nanostructure (e.g., filmerogel of CNCsis very

brittle due to the lack of an energyssipating amorphous phase and its inability to form entangled
networks!?® Also, the largescale production for CNCs is still limited tbe method by sulfuric

acid hydrolysis which inveesserious environmentahallengeandhigh production cost° Thus,
considering mechanical performance, environmental aspects and ecqotioefiosus of thisvork

is on highperformancenananaterials derived from CNHor multifunctioral applicationslt is
reportedthath e Youngds modul us and t sisisthdrangesot20engt h
36 GPa and-B GPa, respectively, which is comparable to those of commercial multiwalled carbon
nanotubesyetwith much lower pricé*! More importantly, the density of CI$ks in the range of
1.321.58 g/cm, far lower than traditional engineering materials (e.g., mass density of steel ~7.78
g/en?).?° This puts CNEin a highly attractive place in an Ashby pl&id. 1-10a), surpassing
traditional materials like metals, concrete, glasses and ceramics. Such outstanding properties of

CNFsmake them an attractive building block for strong and light structural materials.
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Figure 1-10. (a) Comparison of the specifrmodulusand specific strength of CNFbacterial
cellulose BC) and Cellulosé against a wide range of materi&t8(b) Comparison of the specific
stiffness and specific strengthmmdnocelluloseNC) neat films, BC neat films and NC reinforced
matrix against other traditional materiafs.

As summarized irFig.1-11, CNFs exhibit remarkable tendency to form thdienensionally
entangled networks suitable to fabricate hmgrformancenananaterials such as cellulose
nanopaper (CNR)hydrogel, and aerogel,ud to the high aspecttia and semucrystalline

structure®®
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Figure 1-11. Examples of the sedissembled structures of CNFs and their potential applications.
The images of nanopapers are adapted from'{ef§® The image of3D-printed hydrogelis
adapted from ref* The images of aerogel are adapted from ¥&fd3° The otherimages are
adapted fromvww.google.com

1.4.3.1Cellulose nanopaper

CNP is usually prepared from CNkEspension by a sedissembly process in which the solvent is
removed and the CNFinally form the CNP*?° As illustrated inFig. 1-12, casting and filtration

are two popular appaches for CNP productidd’ Among them, casting is a simple but time
consuming process, by which CNF suspension is usually kept in an open Petri dish, and the solvent
is allowed to evaporate, finally leaving the saésembled CNP® Normally, a slow drying rate

is necessary to reduce wrinkling problem and make flat, and unifornt&NRis process usually

takes several days to obtain final CNP. Filtration, which is similargapermaking process, is a

relatively fast method to prepare CNP. Typically, filtration process involves two separate
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operations: (a) filtration of CNF suspension under vacuum or pressure and (b) drying {e.g. air
drying, ovendrying, hotpressing) of ths obtained CNF gefé® 1 The total time of filtration

process is reported to be a few hours instead of days, which is much faster than the casting method.
As shown inFig. 1-10b, when compared to single CB/both specific modulus and strength of
selfassembled CNP are lower, bustill surpasses most engineering polymers, and comparable

to some metal¥’ Recent works have shown that CNP is a promising material for use in
photovoltaic cell$#? as visual display substrat& energy storage electrode matetfdletc., in

light of its good thermal stability, lowoefficient of thermal expansidg10 ppm/K and tunable

optical properties besides mmability and superior mechanical properfitis!46

Casting

Evaporation

CNF
Suspension

CNP

Filtration Drying

Figure 1-12. Schematic of casting and filtration methofis the preparation of cellulose
nanopaper (CNP)
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1.4.3.2Hydrogel and aerogel

Other than CNPCNFs could form mechanically stable se@l§sembled hydrogels via specific
crosslinking strategy (e.g.metal cation crosknking). For instance, Dong and -weorkers*’
repated the hydrogelation of TEMPO oxzeéd CNFs with different kinds of metal cations (e.g.
Ca*, Zre*, CUu*, AI** and Fé*). They found that the storage moduli of the fabricated hydrogels
were strongly related to valency of the metal cations and theimgireiiiength with carboxylate
groups on the CNF&.he driving force of crosslinking was proposed to be a screening effect of
the repulsive potentials on the CNFs surfaces by strong-catabxylate bondingMoreover,
CNFscanbe used as reinforcing ageffs polymeric hydrogel networks by physical or chemical
strategiesto prepare composite hydrogels wigmhancedmechanical propertyUp to now,
different kinds of methods include straightforward mixingclic freezethaw praessing, free
radical polymerization, UV/ion mediated crdgsking, and 3D printing have been exploited for
incorporating CN¥s into various types of network polymers suchpagy(vinyl alcohol)(PVA),
polyacrylamidespoly(ethylene glycol)as well asome kinds of natural polymers (e.g. alginate,
gelatin)®® In general, aerogels are porous materials with low density and large specific surface
area which usually prepared by replacing the solvent of the hydrogels with gas with very moderate
shrinkage of the hydrogel solid netwotihus,CNFsbasedhydrogels can biirther converted to
CNFsbasedaerogelsby replacing water with air through freedeying or supercriticatlrying.

Due to the high surface area, controllable porosity and good biocompatibihtifs based
hydrogels anderogels anbe used for variety é applications such asensors?éenergy storage

devicest*® biomedical implant§® etc.
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1.4.3.3Rheology modifieandreinforcing agent

In addition, CNFs caiind water stronglyand their suspensions agueous mediunasually
exhibit high viscosity aalow solid contente.g, 0.53.0%). In general, CNFauspensions exhibit
shearthinning behavior, i.e., breakdovan change of the viscoelastic structure of the suspensions
inducel by shear forcé*® Due to this uniquéhixotropic behavigrCNFs have been widely used
as the rheology modifier in the fields obsmetis, food additives, rlling fluids, and paper
coatirgs. Moreover, CNFs have been proven as promising reinforcing agent (i.e. nanofillers) for a
variety of polymers such as polyethylene, polypropylgg@yamides poly(lactic acid) and
polycaprolactong®® For example, aNano Cellulose VehiclgNCV) was developed by a
consortium headed by Kyoto Universitp 2019. The NCV was designewards better
sustainability and lightweight manufacturibng using CNFs reinforced resins or plastics to replace
traditional metalsThe CNFs reinforced nanocomposites apeto5 times strongryet 1/5 of the
weight of conventional steel pandisis reported that wst of the bodywork and a significant part
of the tubcan becrafted fromthe CNFs reinforced nanocomposites. Eventually, the NCV can
achieve 10%otal weight savings andignificantreduction of C@ emissionsvhen compared to
theconventional vehicleHowever,due tothehigh hydrophilicity of CNFs and the hydrophobicity

of mostaforementionegolymers,compatibilitybetween CNFs and polymer matrices is the main
challenge so fal®?In order to solve this problerdifferent standalone surface treatments, such as
grafting with monomers, silylatiorsurfactants, acetylation, and esterification have been applied
to CNFsto decrease its hydrophilicity to facilitate better dispersiopoilymer matrices®® Such
modifications are, however, tedious and often involve hazardous chemicals and impractical
solventexchange protocofé? In this regard, developingne-pot synthesis approach to produce

hydrophobicity CNE or green and facile modification methodology is highly desirable.
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1.5 Conducting polymers

For a long timesynthetic polymes such aplastics, rubber, an@sinshave beeronsidered to be
non-conductive andhave beenvidely used as insulating materialsaar daily life. However, the
fact thatpolymers do not conduct electricity welsangedy scientists in th&ate 1970s In 1974,
avisiting scientisin Hideki Shirakaw@ kboratoryat University of TsukubgJapai mistakenly
addedtoo muchZieglerNatta catalyst(1,000 times the conventional amounthen he or she
synthesied polyacetylengPA). Eventually,a glittering andsilvery PA film was obtainedather
thanthe anticipated black powddBy chance the shining PA filmcaught the eyes of Alan G.
MacDiarmidin the tea brealafter a lectureat Tokyo Institute of TechnologyLater on,Hideki
Shirakawawas invited byAlan G. MacDiarmidto the University of Pennsylvania study this
fascinatingPA film, whereAlan J. Heegeranexpert in physis, joined this projecas well*>*In
1977, it was reportedor the first timethat theconductivityof the AsFs-dopedPA film can reach
as high a®$60S/cm. In addition, the conductivitpf the PA film can beuned over the full range
from insulator to semiconductor to metal changingthe types and amounts dbpants(e.g,

chlorine, lvomine, ioding andAsFs).1%% 156
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Figure 1-13. Chemical structures of repeat unit in various conducting polymers

Since thenas shown in Figuré-13, a variety ofintrinsically conducting polymer¢lCPs), also
called electrically conducting polymersor synthetic metals such aspolyaniline (PANI),
polypyrrole (PPy), polythiophene (R)Y poly(3,4ethylenedioxythiopheng)oly(styrene
sulfonateYPEDOT:PSS have been developgghichinitiated an interesting field of researth

In 200Q Alan G. MacDiarmid, AlanJ. Heeger, and Hideki Shirakawa received the Nobel Prize in

Chemistryfor the discovery and developmentlGiPs

In addition tolCPs, there aréwvo other types of conducting polymearsluding conductivefiller

compositesand ionically conducting polymersBasically, conductive filler compositesare
consisted otonductive filles such as metal or carbandinsulating polymer matrixn which the
conductive fillerdform aconnecteaetwork throughout thpolymer matrix*> In order toachieve

electical conductivity, the conductive filles must be present at a certain concentration, known as
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percolation thresholdNormally, high aspect ratio fillersuch asandibers areprore to achieve
higher conductivity at a lowethreshold, as they are able to sparger distances through the
polymer matrix at the same weightvhen compared totheir granular counterparts®® The
conductive filler compositdsave beemvidely used in diverse fields shi@sconducting adhesives
printed circuit boards aircrafts and spacecradt and so forth In general, onically conducting
polymers often named aspolymer electrolytes are composed of polymematrix (e.g.
polyethylene glycdl high-dielectric solvent or plasticizerand inorganic salts forming a
mechanically stablpolymer network with the electrolytes entrapped ingblymermatrix.1°° The
conductivityis derivedfrom the transport of ions alorand betweeithe polymer chaig andcan
be adjusted by varying the relative proportions of eaamponent'®* Due to the advantages of
flexibility, shape versatilityandeasyprocessabilityionically conducting polymersxhibit great
potential forapplicationssuch as fuel cells, supecapacitors, batteriegmctuatorssensors, and
flexible electronics® In thisthesis we mainly focus on the design and application of [OPe
structure conduction mechanisnsynthesis, and application k¥Pswill be discussed in detail in

the following sections.

1.5.1 Conduction mechanismif ICPs

15.1.1 Molecular gructure

The electricaland eleatochemical properties ofICPs are mainly attributed totheir unique

molecularstructure.ln order tounderstandhe phenomenon oélectrical conductivity in ICPs,
fundamenta insights intothe electronic configuration of moleculase necessaryCarbon is the
most important element IKCPs.As illustrated in Figsl-14a andl-14b, a carbon atom contains

six electronswhich occupy in the ground statéollowing the electromc corfiguration
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(19)%(29)4(2p)1(2py)1.2%2In this groundstate configuration, there are two unpaiesettrondn the
outer shellwhich areexpected taestablish twocovalent bonds to other atoms in a molecule
However this isnot going to occur in naturtn fact,experimendl results proved thaarbon atom
has abinding ability for four electronshrough hybridization i.e, carbon atom forms hybrid
orbitals As depicted irFig. 1-14¢ one of the electrons 2sorbital can be easily excitedto the
third empty2p orbital because ofhe small energy dference between 2s atite 2porbitals.For
exampletheenergy dif erencecan beovercomen the presence ohaxternal perturbation, such
as anearby hydrogematom?® Therefore a mixedstateconsisted obne 2s orbital and thre@p
orbitalscan beprodued. Further, thee possibléybrid orbitalscan be formed, they asg’, s,
and sphybrid orbitals In the case of Sphybrid orbitals the 2s andall the three 2p orbitals
participate in hybridizatiorresulting infour equivalent sphybrid orbitals Thesp® hybrid orbitals
look somehow likeasymmetric dumbbellandarrange in a tetrahedral geometag illustrated in
Fig. 1-14d. Each of thefour hybrid orbitals occupied with one electr@able to establisbne
covalent bond téhe neighboring atomsforming onell b .d~or éxamplemethane (Ch) is the
simplest hydrocarborfsllowing sp* hybridization In addition to methan¢hecarbonatomsin all
thealkaneshavesp’® hybridization Moving on tosg? hybridization the 2s andwo of the three 2p
orbitals participate in hybridizatiorieading to threesp? hybrid orbitalswhich also look like
asymmetric dumbbellfs shown inFig. 1-14¢ the resultinghreesg? hybrid orbitalsarrange in a
trigonal planar geometnyhich is in the same plan€heunhybridized2p orbital(usuallydenoted
as2p,) is perpendicular to thieybridizedplane.Ethyleneis a typical exampléo illustrate thesp?

hybridizationof carbon in a molecule.
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Figure 1-14. Schematic illustratiomof electronic structure of carbatomshowing theslectronic
density distribution of s and p orbitg), electronic configuration of carbon atom in the ground
state(b) and in the excited state (c). Notee tenergy levels show inverted values of the electron
binding energiesthe images are adapted fraef.1%2 Schematiaepresentation ahree types of
hybridization of carboyincluding sp (d), sg (e), and sp (f) ybridization

As displayed irFig. 1-15a two sg hybridized carbon atontsn forma G-C & bond byoverlapping
one of the three drbitals Each of heremaining four sphybrid orbitalscanmake sigma bonds
with hydrogen by sps overlap The left-out two urhybridizedand side-by-side 2p; orbitalsare
perpendicular to the plane of the hybrid orbit8isceeach othe 2p orbitalscontainsonevalence
electronand both ofwhich arein the bondingnolecular orbitglan additionabond called bond
can beformed between the two carbon atorAs.a consequenca,double bondormedbetween
the carbon atomis ethylenemolecule.Besides okthylengall thealkenes are doublébonded. In
each double bond, there is ainbondformed by overlaping sp? hybrid orbitalsa nd o n e

resulting from the overlap of the 2prbitals As for thesp hybridizationonly one out of the three
36
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2p orbitalsmixeswith the 2sorbital, resulting intwo sphybrid orbitals Acetylenecan be a typical
example, m whichtwo sp hybridzed carbon atoms arrange in a linear geometry andotire
unhybridized 2p orbitals are placed af.9Bimilar to the2p orbitalsin sp configuration, these
four unhybridized 2p orbitalsan form two" bonds between the two carbon atoiftsus,atriple

bondcan beformed between thevo carbon atoms iacdylene molecule

()

bond formed by
sp>-s overlap

bond formed by
sp2-sp? overlap

’=

Figure 1-15. (a) Schematic illustration adigma and pi bond hybridizatidor ethylene showing
dellocalized pi-electrors. The images are adapted from 1&f(b) The chemicalstructure otrans
polyacetylene showing #ernating single and double bondand the corresponding 3D
configuration showing ybrid sp? and 2p; orbitalsand conjugated bonds(c). The images are
adapted fronmef 16>

1.5.12 Conjugateddouble Bonds

Based on thehybridization phenomenan molecular structurdiscussed aboyall the electrons
are localizedn the bonds between two atonkoweverthe charge aaierslike electrons or holes

can be delocalized and mobile in theleculesunder certain condition® the case ofp
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hybridization Take 1,3-butadiengCH,=CHi CH=CH,) as an exampléhere foursp? hybridized
carbon atoma the moleculeshowingan alternation of single ambuble bonechamelyconjugated
double bondFrom the chemical structure ©f3-butadienewe can see th#tere is adouble bond
formed between the firgC1) and seconqdC2) carbon atora due to the overlapping tiie 2p
orbitals Likewise,a double bonatan beformedbetween thehird (C3) andfourth (C4) carbon
atomsfollowing the same ruleBy contrast, there isnly a single bondormed betweerC2 and
C3, which isbecause that tie is supposetb beno interaction between tta&p, orbitals ofthe C2
and C3 However,all thesefour 2p; orbitalsinteractwith each othem reality. The experiments
have proved that thkond lengthbetweenC1 and @, C3 and G} is around 134 pm, which is
similar to that of the normaC=C double bondnterestingly, théond lengtibetweenC2 and C3
is approximately147 pm, which is muclonger than the normal double bond absiously shorter
than a normaC-C singlebond(154 pm)%® This phenomenois mainly due to thelelocalization
of the " -electronsalong the carbon chaifhed e | o c al i z eledtranss thefobundatiore

of electricalconductivity ofICPs

() (b) A

A 1 node 8—8—

3 nodes

LUMO ,——  Antibonding n*  LUMO  2nodes

TA-TIR

A +l\\ :+ B ,%\ HOMO 1 node

HOMO _H, Bonding 8—8 8—%(‘

At
0 node

0 node

Figure 1-16. (a) HOMO/LUMO diagramandwave function®f " -electrondor ethylene (b) Wave
functions of “-electrons for 1,3butadiene (the diagrams are adapted from
http://cleanenergywiki.org/index.php?title=The_Polyene_Sgries
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Basically, the overlap of two atomic orbitalgill lead tothe formation of two molecular orbitals.
As illustrated inFig. 1-16a, when the2p; orbital overlaps with the othen the ehylenemolecule
two molecular orbitad including a bonding orbitaland anantibonding orbitalcan be formed.
Considering thevave functionof " -electrors, the positive combinatior{O nodes)results in the
formation ofa bonding molecular orbitalith the highest occupied molecular orbital (HOM®)
contrast,the negative combinatioiil nodes)eads to arantibondingorbital corresponds to the
lowest unoccupied molecular orbital (LUMQAs shown inFig. 1-17, the energy difference
between’ Homo and” *Lumo Of ethyleneis 6.7 eV. In the case of,3-butadienemolecule,which
can be considedeas the combination éofvo ethylene swinits four molecular orbitad including
two bonding and two antibondirgan be formedBased on thavave functionsllustrated in Fig.
1-16b, the positive combinatiofeads tothe formation otwo bonding orbitad, in which oneis
more stabl€0 node and the othrone is less stabld nodg when compared with theiomo in
ethylene Similarly, theantibbonding orbitalsnclude arelatively lowerenergylevel (2 node$ and
a higherenergy leve(3 node$, compared to the* Lumo of ethylene As a consequenctheenergy
difference betweennomo and " *Lumo of 1,3-butadienedecreased to 5.4 eVAs the umber of
carbonatomsincreasethe energy difference betweénomo and” *Lumo becomes smaller and
smaller Eventually,anenergy differencef aroundl.5eV can be achieved, whidhringsthetrans
polyacetylenan the semiconductingange (bandgagdrom 0.25to0 2.5eV). Asillustrated inFigs.
1-15b and1-15c, the2p; orbitalsof the” -bondswithin the transP A moleculeoverlap continuously
andthe” -electronsare able to move along the carbon skeletdmis, tle uniqueconjugated double

bondsof transPA allow electric flow®’
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Figure 1-17. Schematic ofenergylevel splitting and absorption in alkenes with increasing

conjugation length Note: the bandgap of polyacetylene depends on both degree of
polymerization and the effective conjugation length
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Figure 1-18. Energy bands of electrons aonductoy semiconductor and insulatarhe images

are adapted fromef.168
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In solid state physi¢cshe concept of energy bdshas been widely used to explain the electrical
conductivity ofsolids.TheHOMO levelsconstitute thevalence band (VB), and the LUMO levels
refer tothe conduction band (CByhewidth of the forbidden bandlso calledband gap energy,
between th&/B and CBdetermine the intrinsielectrical properties of the solid As shown in
Fig. 1-18, materials can be classified as conductor, semiconductor, and insulator basdzhod the
gap energyit is reported thatheenergy bandsan beappropriatéy used forconjugatedpolymers
with sufficiently largenumber of carbon atomiscluding most othe ICPssuch a$A, PPy, PANI,
PEDOT, etc®®

Table 1-2. Summary of théoand gapenergyandthe maimum conductivity of differeniCPsat
the doped state<® 171

Maximum conductivity

ICPs Band gapenergy (eV) Type of doping

(S/cm)
PA 15 n, p 200-100000
PTh 2.1 p 10-100
PANI 3.2 p 10-1000
PPy 3.1 p 10-75000
PEDOT 11 p 10-10000
PPV 2.5 p 30065000

Note: themaximumconductivity isfor the doped formof thelCPs.

Table 1-2 summarizes the band gap of different kinds of ICPs, as well as the maximum
conductivity of their doped formsAs mentioned earlier, the traf\ behaves like a

semiconductoat the undoped state. Depending on the band gap energy, some ICPs BRgh a
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and PANIwith higher band gap energgre insulating at the undoped stdigriguingly, the
conductivity of ICPscan be significantly regulated by a doping process throcigémical or

electrochemical oxidation or reduction.

1.5.1.3 Dopingprocess

In solid-state physicgerminology replacingpart of atoms in a host lattice widopant atoms with
less valence electromsll introduceadditional holegexcess charges)is processs called ptype
doping.Converselyif the dopant atoms witlmorevalence electronare introduced to thbost
lattice, additional electrons are providgeading to the-typedoping’? Similarly, doping process
for ICPsalsoincludesp-type doping and-type dopingyet following a different mechanisfnom
theinorganic semiconductarMore specifically, thedoping processf ICPscan beviewed as a
redox reaction, i.ethe neutrapolymercan be converted intcaonic complex which isansisted
of a polymeric cation or anioand a counteriotthat originated fronthe reduced form othe
oxidizing agenbr the oxidized form of theeducing agent’! The charge carriersan be created
during theredox reactionn the form ofpolarors, bipolaras, orsolitons in the polymershese
charge carrierscan be delocaed along the polymer chainwith good mobility which
significantly facilitiesthe electrical conductivityChemical dopinghas been widely used to alter
the electricalconductivity of ICPsFor thep-type doping also known a®xidative doping the
polymeris chemicaly treaed with an oxidizing agentvhich possesss electron withdrawing
groups,andtheelectricityis conducedpredominantly through hole transpaithile for then-type
doping alsoknown as reductive dopinghe polymer igreated by a redireg agentwith electron
donating grousp, leading toelectron conductorslake polyacetylene6 O as an exampley-

typedoping and ftypedoing can be written as:
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p-doping(oxidation with iodine) 00 -"00 60 ()

n-doping(reduction with alkali metal) 00 06 00 0@

In addition, he doping can be achieved by applying positive or negative potential to the molymer
in some specifielectrolytes, which called electrochemical dopin@Gompared to the chemical
doping electrochemical dopings more costeffective with less safety issuessince most of
oxidizing or reducingagents are not only costly but also harmful to humary bGdvioreover, the
doping levels carbe ready regulaed by controlling the electrochemical parametessich as
potential or current desity. As indicated inFig. 1-19, theelectrical conductivityof ICPs can be
controlledby orders of magnitude ranging from*Qinsulator) to 16 S.cm* (metal) by tuning

the density and mobility of charge carriémsthe doping procesdn the following sectionsthe
mechanism oflopingprocesdor enhanng the electrical conductivity of ICRsill be illustrated

from the point of viewof bandgaptheory.
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Figure 1-19. Chart showing the conductivif$/cm)of metal semiconductor and insulaj@as well
as polyaniline antrans polyacetylene (CH)before and after dopinghe images adaped from
ref174

Depending on théond structures in the ground statePs can be dided into two categories:

degenerat and nordegenerate systernia which thedegeneratéCP hastwo identicalgeometric

structures in the ground staivhile thenondegeneratéCPs pssess two differerground state

with different energiesAs shown inFig. 1-20q transPA is aunique ICPdue to itsdegenerate

ground statei.e. two geometric structurgphase A and phase) Bavethe same energyVhen

thetransPA containsan odd number of carbonthere willbean unpai r dadradical)el ect r
betweenA and B phaseswhich refers to a ndtral soliton (Fig. 1-20a). Normally, the neutral

solitors are not stable sincéhey can move along theolymer chain and can lestroyedoy

forming a double bondthen meet vth one anotheAlso, there argery limited number ofieutral
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solitors in theground state, this accounts for the low conductivity®($0cm) of undoped trans
PA. Importantly, theneutral solitos (Fig. 1-20b) can be oxidized or reduced to form positive
solitons Fig. 1-20c) or negative solitos (Fig. 1-20d) upon doping Fig. 1-20e illustrates the
formation of twopositively charged solitonsn the transPA chain From Figs. 1-20b to 1-20d,

we can see thatompared tdhe neutral solitos, boththe psitive andnegative solitonkaveno
unpaired spinwhich make them more stalds they can be delocalized along the polymer chain
without any possibility of beingdestroyed by forming ehemicalbond Since the' -electrors in

the transPA are able tdravel over a long distancthe regions of individual charged solitons can
overlap Eventually, thenteraction between charged solitarsults ina bandlike feature called
the soliton band®’ As shown inFigs. 1-20f and1-20g, asoliton banccan beformed betweethe

HUMO and LUMOIevelsand a higher doping level will lead tonader soliton band.
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Figure 1-20. (a) Schematic illustration of the geometric structofea neutral soliton on &ans
PA chain Bandstructureof transPA containing a neutral solitoft), a positively charged soliton
(c), and a neggively charged solitorfc). Schematic illustration ofthe formation of twopositively
charged solitonsn a transPA chain(e). lllustration of the formation of aoliton band wittigh
dopinglevel (f) andhigh dopinglevel (g). The image areadaped fromref 167 171

To summarythereare twoprerequisiteseed to be satisfied thake sur@polymer can efficiently
conduct electricityl) the polymer backbonkas conjugated double bondsich enable the -
electrons to be delocaédalong the polymer chai2) the charge carriers in the form of holes or
electronsneed to becreded by the doping procesghich are able taravel along thgolymer
backboneBriefly, the charge carrierare able tanovealong theconjugatedpolymer backbone
with uninterrupted paththus electrical conductivity can be achievdd. addition, the charge
carriers not onhtravel along the polymer chaitit also jumpirom one chain to anothefhe
later phenomenon has been descriptesht@schainhopping.Obviously,the hopping process is

the ratelimiting stepwhich determires the macroscopic electricalonductivity!’* Therebre, in
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order to achieve high electrical conductivitightly packedpolymer chainsre desiedto avoid

any obstacle in charge transpiortheinterchainhopping process

1.5.2 Synthesiof ICPs

Generally, ICPscan be synthesized by twmain approachs: chemicalpolymerization and
electrochemicapolymerization In thechemical polymerization process, ICPs syathesized by
oxidizing the monomeby some specific oxidizing agents.§, ammonium persulfateferric
chloridg in the presence of suitable countesofas dopary). For the electrochemical
polymerization the ICPs can bdirectly polymerized on theonductive substratey appying a
suitablepotential or currenin the electrolyteqas dopard). In general, hemical polymerization
is used toproducedarge quantity ofCPs However the aspreparedCPsis alwayscontaminated
with the oxidans which needfurther purification Compared withchemicalpolymerization, the
properties of ICPs can leasily contolled by the changing thepotential or current densitand
polymerization time Also, the polymer synthesized byelectrochemical polymerizatios free
from oxidant impurity For both thechemicalandelectrochemicapolymerization there aréwo

main stepsi) oxidation of monomer ang) polymerchaingrowth

a7



Aniline oxidation
(NH4)25208
NH, N Hy
+ HC]

Radical coupling

O O = OO

Dimer

Chain growth

Q_ (NH4)ZSZOS Q_
—<: :>— —<: :>—NH2

|0~

H H H
N NH N N
n
Polyaniline

Figure 1-21. Schene of thechemical oxidative polymerization of aniline.

As shown inFig. 1-21, thechemical polymerization of aniline taken as an exampléirstly, the
oxidant (ammonium persulfajetakesan electron from monomend forms a monomercation
radical Then, themonomer cation radicalouples with anothermonomerunit to form a dimer.
This processwill continue and finallylead topolymer chain growth until all the reagents are

consumed or reached equilibrium
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1.5.3 Applicationof ICPs

Capacitor

Energy harvesting

' Conducting
N polymers

0t

Chemical sensor EMI shielding

Antistatic agent

Figure 1-22. Potential applications afonducting polymersThe images are adapted from téx.

During the pastew decadeslCPshave been under intensive research and developménthn
academiaand industryworldwide. As summarized irFig. 1-22, ICPs have been widelysed in
variety of applicationgicludingenergyharvestingand storagée.g. solar cells, fuel cells, batteries,

supercapacitors, dielectric capacitors), antistatic agedstromagnetic interferencéEMI)
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shielding chemical sensors, biosensors, @ntiosion optical devicedhiomedical devicesamong

others!’™

1.6 Research objectives

As discussedibove, CNFsxhibit outstanding physiochemicafopertiesand have a variety of
applications However, the main hurdédor large-scale application of CNfarethe inability to
recover chemicals, high coandenvironmental issues order toovercome thesdrawbacksthe
first objective ofthis work is to provide a green and sustainable approach to coraeraste

materialnamelypaper mill sludg€PMS)to functionalizedCNFs.

As shown inFig. 1-23, PMS will be directly treated with formic acid (FA). After FA treatment,

the solid part from PMS will go to microfluidization to produce CNFs. On the other hand, the
liquid part (supernatant) will go to distillation to recover FA, and the solid residiledewn
collected as by products (e.g., glucose, xylose). Moreover, theepared CNFs can be used to
produce transparent CNP by a simple filtration process. Since FA is the only used chemical in the
whole process and it can be easily recycled with a tagycle rate over 90%, as well as the fact

that PMS is abundant and renewaltgoindustrial wastethe whole process proposed in this
work can be considered as a sustainable and promising method to valorize PMS into valuable

products such as CNFs, CNdhd carbohydrates.
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Figure 1-23. Schematic process flow diagram for tredorization ofPMS by FA hydrolysis and
the followedmicrofluidization

As displayed irFig. 1-24, the most widely used ICPs such as PPy, PANI and PEDOTtHack

ability to form structural materials due to their rigid structure and poor processability, which
significantly limited their practical application®n the contrary, CNFs show great tendency to

form stable structures such as CNP, aerogels and hydrogels. Therefore, the second objective of
this work is to design and fabricate CNFs/ICPs nanocomposite structuresQR) by
compounding CNFs with ICPsrtbugh different strategies. In tl&NFs/ICPs nanocomposse

CNFs serve as the building blocks and provide gtractural stability and the ICPs act as

conductive or active materialhe asprepared multifunctionalNFs/ICPs nanocompos#tshow
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greatpotential forvarious applications such as flexible supercapacitors, strain sensors, chemical

sensors, antistatic packaging materials, etc.

Figure 1-24. Photographs showing tf@lurein making pure ICPs bulk films (left) and the success
on the preparation of mechanically stabMFs/ICPsnanocomposites
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Chapter 2 Sustainable valorization ofpaper mill udgeinto cellulose

nanofibrils and cellulosenanopaper

2.1 Introduction

Cellulose nanofibrils(CNF9, as a kind of renewable and biodegradable nanomaterials have
attracted rapidly growing interests from both academia and industry in recent®&4aBue to

its unique nanostructure and physicochemical properties such as high aspect ratio, high specific
surface area, excellent mechanical properties, tunable surface chemistry, great biocompatibility
and biodegradabilitf* ’" CNFs have great application potential in the fields of reinforcing
nanofillers®! 8piomedicine®® "®optoelectronic devices°sensordd! 2and energy srage
devicest®*'® |n general, CNFs are mostly produced from raw cellulose materials via different
kinds of mechanical approachesich as higipressure homogenization, microfluidization,
grinding, ultrasonication, among othé?8.During the mechanical fibrillation, the generated
mechanical shear could breasveh cellulose fiber into aggregated nanofibrils with the diameter
below 100 nm and the length of 500 nm to several micfkowever, the mechanical fibrillation
process is very energy intensidee to the intense interand intramolecular hydrogen bonds
amongeellulose chaing®’ It is reported that the energy consumption is in the range@df\Wh/t

and 1270 MWh/t for grinding and homogenizan, respectively!* At present, te high cost
derived from high energy consumption is the main obstacle for the dscgler production and

application of CNFs.

In order to reduce the energy consumption, various pretreatment methods have been developed in
recent years, such as enzymatidioyysis®® 18 TEMPO oxidationt?! **carboxymethylatiort?®

quaternizatiort?* For example, it is reported that the mechanical energy consumptich lmeul
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significantly reduced from 70 MWh/t for unmodified CNFs preparatiod-i® MWh/t after
TEMPO oxidationdepending on the carboxyl contéht'® However, the above enzymatic or
chemical pretreatments do have several drawbacks like high cost of enzymes and chemicals, time
consuming process, inability to recover chemicals and environmental.1$8d&More recently,
organic acid hydrolysis has been considered as a sustainable and promising pretreatment method
due to the fact that organic asidre mild, recyclable, reusable, low corrosive and environmentally
benign. To date, two types of organic acids: solid organic acids and liquid organic acid have been
used in the pretreatmeptocessfor CNFs production. Solid organic acids such as oxadid,

maleic acid angb-toluenesulfonic acid were firstlysed to hydrolyze wood pufpr the cellulose
nanomaterials productiofi.lt is demonstrated that these concentrated dicarboxylic acid&0(50
wt.%) at elevated temperatures {BBO °C) were able to hydrolyze hemicellulose and
depolymerize cellulose, leading to the resultant solid part consisted of a small proportion of CNCs
and mgority of cellulosic solid residue (CSRY* 1%The CSR could be further converted to CNFs

with low-intensity mechanical fibrillatioh®> %8|t was found that both the-asepared CNCs and

CNFs exhibited high thermal stability and surface functionality with hydrophilic carboxyl
groupst®’ Notably, over 90%f thesolid organic acidin the liquid part could be recovered by a
conventional crystallization methd® For the first time recyclableliquid organic acid (FA)
hydrolysiswas developed for thereparation of cellulose nanomaterigl$lt was demonstrated

that FA as the simplest liquid carboxylic acid with high acidity could simultaneouslyliggdr

the disordered regions of cellulose and hemicellulose, swell and shorten cellulose fiber,
functionalize the surface by esterification, which have been proven as an effective pretreatment
for CNFs productiort? 29 After hydrolysis, the FA could be easily recovered by a simple

distillation process with a higtecovery rate over 90%n addition, the FA hydrolysis efficiency
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could be significantly enhanced by adding specific catalyst (e.g. HClz)F@@ich enabled the
integrated production of CNCs and CN¥Es% 2%ntriguingly, the FA could be directly used to
fractionate biomass feedstocks such as tobacco stalks and corn husk to produce valuable products

like xylose, lignircontaining CNFs and fictional cellulose nanopapers (CN#).202

In order to further reduce the cost of CNFs, different kinds of-eghastrial wastes such as
corncob residué®sugarcane bagas&€coconut hus®*have been investigated as the feedstocks

for CNFs production, instead of using the commercial bleached pulp, microcrystalline cellulose or
cotton. However, prior to the preparation of CNFs, purification of these feedstocks is usually
indispensable in which the lignin and other components shmulgmoved? In general, alkali
treatment (e.g. NaOH, KOH) and the followed bleaching (like NaG#zD,) are widely used for

the purification. Nevertheless, the purification procedkdefinitely increase the production cost

and cause environmental issues to some extent due to the alkali and bleaching agents are normally
unrecyclablé?®® Generally, paper mill sludge (PMS) which contains cellulose fibers and other
materials is produced during papermaking or paper recycling in large votfihEsditional

landfill is the common approach for PMS treatment. However, it is becoming increasingly difficult
and costly to construct and operate because of more stringent regulations, dignitaskin
availability, and public opposition in recent ye#t&Being a waste material, PMS carries zero or,

in most cases, negative cost of §ton for the dispas.2°” Unlike other agrendustrial wastes,

PMS has high carbohydrate content and low or no lignin content, as well adispelised
structure, the purification process is normally not necessary prior to the production of CNFs. Thus,
PMS could be used as a cpheand sustainable feedstock for the production of CNFs without the

concerns derived from purification.

55



In this project we aim to convert PMS to CNFs and CNP via a sustainable approach, as shown in
Fig. 2-1. Firstly, PMS was directly pretreated with FAfixed acid concentration, soli-liquid

ratio and temperature for different hydrolysis times(@). After centrifugation, the liquid part was
subjected to distillation for the recycle of FA and the solid part (CSR) was washed and diluted for
subsequemnnicrofluidization to produce CNFs. Secondly, the obtained CNFs suspension was used
to make CNP by a simple vacuum filtration process. To the best of our knowledge, there is no
report about producing CNFs from PMS using FA hydrolysis pretreatment combitied w
microfluidization. This study will provide a sustainable and economically feasible approach to

convert PMS into valuable nanomaterials.

Acid recovery (over 90%)

Microfluidization (2 passes)

CNP

2Ry
suspension } } \¥‘_j\ }
Vacuym “; /
I Ur?p . w

Vacuum filtration Drying under pressure

Figure 2-1. Schematic process flow diagram for the FA hydrolysis of Pdd8bined with
microfluidization to produce CNFs, along with the preparation of CNP.
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2.2 Experimental section

2.2.1 Materials

Theneverdried PMS with the moisturecontentof 75.65 + 0.5% was provided laypaper mill in

USA. The PMS mainly contains 68.10t9% cellulose, 13.5 £ 0.1% hemicellulose, 9.1 + 0.6%
extractives, 5.8 £ 0.1% ash, and less than 0.1% lignin. The formic acid (95 wt.%) was purchased
from Eastman Chemical Co. Dimethylformamide (DMF) was purchased from Alfa Aesar, USA.

All the chemicals wee used as received without further purification.

2.2.2 FA hydrolysis pretreatment

First, 41 g nevedried PMS (10 g in oven dry weight) and 259 mL 95 wt.% FA were added into a
500 mL spherical flask, the final concentration of FA was calculated to be 82.02 wt.%. Then, the
flask was heated up to 95 °C in an oil bath with magnetic gtiati®00 rpm for different hydrolysis

times (6 h) with an interval of 1 hour, in which the FA concentration, stoliliquid ratio and
temperature were fixed at 82.02 wt.%, 1/30 and 95 °C, respectively, for all the hydrolysis reactions.
Upon completionthe flask was immediately cooled down to room temperature with tap water,
and the mixture was centrifuged at 6000 rpm for 3 min to separate the supernatant and cellulosic
solid residual (CSR). Subsequently, the separated CSR was washed by succesdivgatientri

at 6000 rpm with deionized (DI) water until the pH near to 6.0. After washing, the CSR was diluted
with deionized water to a concentration of 1.0 wt.%, which can be directly used for CNFs
production by microfluidization. The yield of CSR was ctdéed based on the weight percentage

of the obtained CSR to the starting PMS. In order to facilitate discussion, the obtained CSR was

noted as CSR (where x stand for FA hydrolysis time). In addition, the separated supernatant was
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collected for recoveryfd-A and sugars by vacuum distillation. The recovery rate of FA was found
to be over 90%. Afterwards, the residual sugars were dissolved with the same volume of deionized

water, and the obtained solution was used to detect and quantify the hydrolyzedgudgt C.
2.2.3 Microfluidization

The above diluted CSR suspensions were directly fed into a microfluidizer1{RIEH,
Microfluidics Corp., USA) to mechanically fibrillate the CSR at 160 MPa for 2 passes through
two Z-shaped orifices in series with themiat er s o f 200 em afdlk 87 e
photograph andschematic illustrationof the microfluidizer is shown in Fig. 2-2. The
microfluidization parameters were kept same for all the CSR samples. Correspondingly, the
obtained CNFs were named as CKEBwvhere x represents FA hydrolysis time). We assume that
all the collected sample after microfluidization are CNFs, thus the yield obOBlEqual © the

CSRx yield. The energy consumption for CNFs production by microfluidization (with the same
model of microfluidizer to the one used in this work) was estimated to be 2221 kwh/t{fiimene
microfluidization at 1600 bar of a 2 wt.% fibrous systemsdhon the following equation (1)
proposed by Naderi et gP® the energy consumption for microfluidization in the current work

could be calculated to 8884 kwh/t, which is much lower than the reported value.

EC (kWhie] " Eq (1)

where p is the applied pressure; n is the number of passes through the microfluidizer; c is the

concentration of the fibesuspension.
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Figure 2-2. Photograph anthe £hematidllustration ofthemicrofluidizerused in this work.

2.2.4 Preparation of CNP

The asprepared CNFs suspension was diluted with DI water to a concentrationvaf %.2150

mL of the diluted CNF suspension was used to fabricate CNP by vacuum filtration using a
pol ypropylene filter membrane (diameter of 10
CNP was placed between two filter membranes and dried atCl@&r 2 h by using a hot plate

with 10 N force upon thenembranes. For comparison, paper sheet was prepared from PMS

suspension using the same procedure, and the resultant paper sheet was named3s PMS

2.2 .5Characterizations

2.2.5.1 Quantitative analysis of sugars in the supernatants

The sugarsin the supernatant from FA hydrolysis were quantitated by HPLC equipped with a

refractive index detector (Showa Denko K.K., Japan) and a Bitfag87P column (BieRad
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Laboratories, Hercule§A). Ultrapure water was used as the mobile phase at a flow rate of 0.55

mL/min and the column temperature was set to 85 °C.

2.2.5.2 Micrographs

The morphologies of PMS and the obtained CSR samples after FA hydrolysis pretreatment were

observed byising a microscope (Micromaster Model CK, Fisher Scientific).

2.2.5.3 Transmission electron microscope (TEM)

The morphologies of CNFs samples were observed by using a transmission electron microscope
(TEM, Hitachi H7600, Japan) with an accelerating votagf 100 kV. The procedure for the
sample preparation for TEM observation was identical to our previous4¥dBkiefly, CNFs
suspensionwith aconcentration of 0.01 wt.% wes®nicated for 10 minThen, one drop of the

CNFs suspensionasdroppedonto a carborsupported copper gridfterwards, thesamples were

placed in aszacuum overior 24 h to removenoisture. Finallythe dried samples were dyed with

2 wt.% uranyl acetaté20 L) for 1 hto enhance the contrast of TEM imag&he diameter

distribution of the CNFs was determined by ImageJ analysis software.

2.2.5.4 Attenuated total reflectioRourier transform infrared spectroscopy (AFIR)

FTIR spectra of PMSand CNFs samples were obtained on a Thermo Nicolet 6700 FTIR
spectrometer equipped with diamond ATR accessory and OMNIC 7.3 software. Prior to
measurement, adried PMS and freezdried CNFs samples were conditioned at 50% RH and 23

°C for 24 h. For eacimeasurement, around 10 mg dried sample was directly placed upon the
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crystal stage of the instrumeiihe spectra were recorded in the wavenumber range from 4000 to

400 cm? at a resolution of 4 chh

2.2.5.5 X-ray diffraction (XRD) analysis

X-ray diffracion patterns of the sludge and CNFs samplese characterized on an-rdy

di ffractometer (Philips XoPert MPD) with a Cu
45 kV and 40 mA. The range of scattering angl e
Prior to measurement, alried PMS, freezedried CSR and CNFs samples were individually

placed on a sample holder and leveled to get unifomay>exposureThe crystallinity index (Crl)

was calculated using the empirical equation shown as follows:

Crl (%) = (200-1am)/1200*100 Eq (2)

where boois the maximum peak intensity at lattice diffraction (203 the minimum intensity

between planar reflections (200) and (110).

2.2.5.6 Thermal gravimetric analyses

The thermasktability of PMS and CNFs samples were examined by a thermogravimetric analyzer
(TA instruments T650, USA). Each sample was heated from room temperature to 600 °C at a
heating rate of 10 °C/min under nitrogen (25 mL/ min) to record the thermogravimé&ia(t

differential thermogravimetric analysis (DTG) curves.

2.2.5.7 Dispersibility
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The dispersibility of CNFs in agueous and organic (DMF) phases was examined at a concentration
of 5 mg/mL. In order to get CNFs suspension in DMF, the CNFs aqueous sospe/as
exchanged with DMF by centrifugation twice. Afterwards, the CNFs suspensions in aqueous and
DMF were dispersed by magnetic stirring for 1 hour, respectively. Around 20 mL of the CNFs
suspensions were poured into a vial to check the suspensioinyst@hi pictures of samples were

taken after standing for 1 day and 30 days, respectively.

2.2.5.8 Degree of substitution

The degree of substitution (DS) of formylation was determined according to the usual back
titration method, as descripted in quevious work!'? Firstly, 0.3g ofthe freezedried CNFsand
30mL 0.2 N KOHin 50% aqueous alcohwleretransferrednto a 100 mLErlenmeyer flaskThe

flasks were tightly covered and placexhto amagnetic stirrer at 20@pm. The reactionwas
maintained at room temperature g% h. Afterwards30 mL 0.2 NHCI was addedhto the flask

After anotherone hour,the mixture was titrated with 0.1 NNaOH solution and one drop of
phenolphthalein was used @ indicator.PMS as the control sample was performed using the

same procedure.

The formyl contentvas calculated bgquation 8), as follows:

For myl V(i) NuachiMiorhy'8/0 W T 1 CEMH

whereVs (mL) is the volume of NaOH required for titration of the blavik(mL) is the volume
of NaOH required to titrate the sampMyaonis the normality of the NaOH solutioRlformy is the

molecular weight of the formyl group (29 g/mol), am{Qg) is the mass of sample used.
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The DS of formylationwas calculated bgquation 4), as follows

DS = (162 x Formyl) /Mtormy X 1007 ((Mtormy1 T 1) X Formyl)]  Eq(4)

where 162 is the molecular weight of the anhydroglucose units.

2.2.59Tensile test

Tensile strength of the CNP samples was examined by an Instron 4465 universal testing machine
following the TAPPIstandard method (TAPPI T497 and TAPPI T456). The tensile test experiment
was carried out under a temperature dfQ with a relative humidity of 50%. The initial distance
between the two clamps was set to 20 mm and the crosshead speed was maintammebiramn 5

The CNP specimens were cut into 1 cm x 5 cm segments. Before testing, the specimens were
placed at the conditions of 50% RH and 23 °C for 2Bive measurements were made for each

CNP sample and the data averaged to obtain a mean value.

2.3 Results and discussion

2.3.1 Preparation of CNFs from PMS

In order to investigate and evaluate the FA hydrolysis pretreatment, CSR samples were collected
at different FA hydrolysis time intervalBig. 2-3 displays the microscopy images of CSR fibers

at different FA hydrolysis time (6 h). Obviously, the lengtbf the CSR fibers significantly
decreased with the increasing hydrolysis time. Compared to the morphology of raw PMS fibers
(Fig. 2-5), the morphology of CSR changed inconspicuously while part of long fibers in the
CSR2 sample were broke up into fragn®nlt should be noted that clogging is of frequent

occurrenceduring microfluidization if the fibers are too long due to the narrow microfluidic
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channels, which results in many production stops for cle&firig.the current study, we found
thatless than 3 h FA hydrolysis pretreatment was not sufficient to get shogle@&R fibers for
smooth microfluidization. Thus, we mainly discuss the production and characterization of CNFs
and CNP samples obtained fron6 3 FA hydrolyzed CSR samples in the following sections.
From the magnified imagefFi. 2-4), we can clearly sethe morphology change from C8Ro

CSR6 with the increasing FA hydrolysis time. Although the fiber length in @SRd CSR2
samples is not significantly reduced, we do distinctly see a humber of small holes on the fiber
surface. This is because FAubd swell the fibers and part of hemicellulose and disordered region
of cellulose are hydrolyzed to sugatéWith the further extension of hydrolysis time, the fibers
structure is gradually changed to fragments and fiber fines, which would benefit to the subsequent
fibrillation for CNFs productionBased on the above discussiotie £hematic representation

(Fig. 2-6) of FA hydrolysis pretreatmentas proposed tolustrate thetriple purposesncluding
hydrolysis of the disordered regions of cellulose and hemicellulose, swell and stelltuérse

fiber, functionalize the surface by esterification between cellulose and FA
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Figure 2-3. Microscopy images of CSR fibers at FA hydrolysis time inter¢al£, 3, 4, 5 and 6
h) sowing a reduction in fiber lengths
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Figure 2-5. Microscopy images afaw PMSfibersat different magnification.
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Figure 2-6. Schematic representation of FA hydrolysis pretreatment showing the triple purposes:
hydrolysis of the disordered regions of cellulose and hemicellulose, swell and shorten cellulose
fiber, functionalize the surface by esterificatlmetween cellulose and FA

Fig. 2-7 shows the morphology of CNFs and the corresponding diameter distribution. Since we
used the same energy input and parameters in the microfluidization process for all CNFs samples,

the effect of FA hydrolysis pretreatment could be indirectlywaiald by observing the fibrillation
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degree of CNFs. As showniig. 2-7, large microfibril bundles with the diameter larger than 100
nm could be distinctly observed. The low extent of fibrillation in E\$ample could be evidently
attributed to the insfitient hydrolysis of CSE3, as we can clearly see some of big fibers (length

> 50 0 Fg.aB. Withrthe increasing hydrolysis time, more uniform CNFs could be obtained,
and the uniformity of CN#x in Fig. 2-7 is consistent with that of the CSRin Fig. 2-3. Finally,

the CNF6 sample shows the most homogeneous diameter distribution with majorétgafibers
showing a diameter below 20 nnit. should be noted that we only implementegads
microfluidization with relatively low energy input (e.g. 8884 kwh/t), which could be comparable
with or even lower than that for the widely used TEMPO oxidafibd°As summarized iTable

2-1, the chemical cost for TEMPO oxidation was estadao be around 224 USD/kg CNFs, the
extremely high chemical cost does not compensate for the energy savigsbly, the chemical

cost for FA hydrolysis is only 2.6 USD/kg CNFs, which is about 86 times lower than that for
TEMPO oxidation. Moreover, the production cost of FA hydrolysis method is much lower than
sulfuric acd hydrolysis and enzymatic hydrolysis pretreatment approaches, even though without
considering the raw material cost. It is worth noting that the price of bleached wood pulp is in the
range of 0.8L.2 USD/kg, while the PMS carries zero or negative cosidtlition, the separated
supernatant after FA hydrolysis can be directly reused-Btithes, as reported in our previous
study!'? Also, the hydrolyzed sugars can be recovered as valuabjgoldycts. Thus, the
production cost of the current method could be further reduced to some extent. Based on the above
discussionFA hydrolysis could be considered as a hidficient and coseffective pretreatment

approach for conversion of PMS to CNFs.

68



Table 2-1. Comparison of production cost (USD/kg CNF®cluding pretreatment cost and
mechanical fibrillation cost, FA hydrolysis pretreatment vs. traditional pretreatment niethods

Pretreatment Pretreatment cost .
Mechanical

Production cost

Chemical Enzyme Energy fibrillation cost

methods

TEMPO oxidation 224.02 - 0.60 1.69 226.31
Sulfuric acid hydrolysis 1.01 - 5.36 1.69 8.06
Enzymatic hydrolysis 12.22 0.70 0.40 1.69 15.01
FA hydrolysig$ 2.60 - 0.0Z  1.17 3.79

2the production cost of traditional pretreatment methods was adapted from the work by Delgado

Aguilar et al. (2015).

b the pretreatment cost of FA hydrolysis was estimatethe basis of 79% CNFs yield, 10% FA

loss, 600 USD/t 85% FA and energy cost o82.USD/kWh.

¢ the energy cost includes 0.007 US®LNFs consumed during FA hydrolysis pretreatment and
0.015 USDKkg CNFs consumed in the FA recycling process ($able 2-2 for detailed

calculation).
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Table 2-2. Theoretical calculation of energy consumption and cost during FA hydrolysis
pretreatment and FA recycling procéss.

Cost
Energy consumptior Amount of steamr
Processing section (USD/kg
(MJ/kg CNFs) needed (kd)
CNFs)
FA hydrolysis pretreatmeht 8.06 3.66 0.007
FA recycling process 17.00 7.72 0.015

2the energy consumption was calculated on the basis of 79% CNFs yield and 10% FA loss, under

the reaction condition &5 °C, solidto-liquid ratio of 1/30, and 82.0 wt.% FA.

b assume that the room temperature is 25 °C, the density and specifiaecity of 82.0 wt.%

FA are 1.19 g/crhand 2560 J/(kg °C), respectively.

¢ assume that the heating and cooling process consume the same amount of energy, the boiling

point of 82.0 wt.% FA is 107 °C.

dlow pressure steam of 200 kPa with 2201.56 kJ/kg gatlue was used to evaluate the energy
cost, as previously reported by Novo et'dlThe unit cost of the lowpressure steam is assumed

to be 0.002 USD/kg
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Figure 2-7. TEM images of CNFs (the scale bar in all images is 500 nm) and the corresponding
diameteristribution.

As shown inFig. 2-8, the yield of CNFs (equal to CSR) drops gradually with the increasing
hydrolysis time, which is attributed to the fact that more sugars could be hydrolyzed from the PMS,
as displayed ifrig. 2-8b. As we previously reported, the FA hydrolysis is relativeild compared

to traditional inorganic acid hydrolysishus, a high yield (e.g. 79 wt.% after 4 h FA hydrolysis)

of CNFs could be achieved, which is much higher than that-d628t.% by HSQ, hydrolysis?3

In addition, glucose and xylose in a yield range of @L&bwt.% and 5.9.43 wt.%, respectively

could be obtained during the FA hydrolyspretreatment process. These sugars could be
potentially used to produce platform chemicals (e.g. lactic acid, furfural) by fermentation or
catalytic reactiort® Therefore, the whole pretreatment process is green and sustainable, in which

the PMS could be alost fully converted to valuable products.
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Figure 2-8. Yields of CNFs (a), glucose and xylose (b) based on dry PMS.

2.3.2FTIR and XRD analyses of PMS and CNFs

To investigate the surface chemistry and crystalline structure, FTIR and XRD analyses of the raw
PMS and the aprepared CNFs were further conducted. As showiign2-9a, a new strong band

at 1717 crrt appears in the FTIR spectra of all the CNFs samplbgh is attributed to C=0
stretching from ester groups. Our previous studies have proven that the esterification between FA
and cellulose occurred during the FA hydrolysis pretreatdért?in order to quantify the degree

of esterificaton, titration analysis was carried out and the DS values of the obtained CNFs was
summarized irFig. 2-9b. The results demonstrate that the content of ester groups on the surface
of CNFs shows an upward trend with the increasing FA pretreatment tiagition, other bands

at 3335, 2918, 1645, 1429, 1161, 1105, and 897 ionthe spectra of CNFs and raw PMS are
nearlyparallel, indicating the main cellulosgdrystalline structure remains unchanged after FA

hydrolysis pretreatment and the followed roftuidization.
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As shown irFig. 2-10, XRD patterns of raw PMS and the obtained CSR and CNFs sanhigpésy

di ffraction peaks at 2 dorrespohding ® fhe {10), 61107, 200) 22 . 7 A
and (004) crystallographic planes of cellulos® Which again proves the unchanged cellulgse |
crystalline structure. Notablgeverale x t r a s mal | di ffraction peaks
36.3° can be clearly observed in all the CSR, CNFs and raw PMS samples. Based on the previous
studies, thesdliffraction peaks should be ascribed to the (001), (002), (003) and (131)
crystallographic planesf crystalline talc (MgSiO10(OH).), since talc is widely used as fillers in

the paper industr§** Similar XRD patterrs of PMSandCNFs have been reported by Adu ef&l.

As shown inFig. 2-10b, the Crl for the raw PMS is only %%, while the Crl for the CSR
dramatically increases to 65.2% after 3h FA hydrolysis pretreatment. The 11.4% increasement in
Crl is mainly attributed to the removal of hemicellulose and disordered regions of cellulose in
PMS, and the hydrolyzed sugaFsd. 2-8b) could be the evidence for this inference. When the
hydrolysis pretreatment was prolonged 4 h, the Crl kept increasing to 68.5 fet.J8R is due

to more hemicellulose and disordered regions of cellulose could be hydrolyzed to sugars, as
indicated inFig. 2-8b. However, with the pretreatment time continue to increase, a slightly
declined Crl of 66.3% and an obviously decreased Crl of 58.5% can be observed {f6ra@8R
CSR6, respectively. This is probably because that part of crystallinensegfaellulose could be
degraded with longer hydrolysis tifk&.In addition,Fig. 2-10d summarizes the Crl values of the
obtained CNFs after microfluidization. Compared to ©@&gamples, all the corresponding GNF

x samples exhibit a lower Crl value. Tiesprobably due to the damage of the crystalline domains

of cellulose during the mechanical fibrillation process, as we reported previbuisig. worth

noting that the Crl values for all the CNFs samples are still higher than that of the raw PMS, and
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4 h FA hydrolysis could be the optimal pretreatment for PMS, leading to the resultanti@NFs

the highest Crl (62.4%

2.3.3 Dispersibility ofCNFs

Fig. 2-11 displays the dispersibility othe aspreparedCNFs in water and DMF. Wh the
concentration of 5 mg/mL, all the CNFs samples exhibit very stable collsig@ensions in
aqueous media for over 3 mostkven though with the functionality of kind of hydrophobic ester
groups. This is probably due to the fact that a huge amount of hydrophilic hydroxyl groups exposed
on the CNFs surfaces during mechanical lfdiion process, which could improve their ability to

bind water molecules and thus facilitate the colloidal staBfftymportantly, all the CNFs
samples show a much clearer @ispon in DMF at the same concentration (5 mg/mL), indicating

a better dispersibility in DMF. This is because the introduced ester groups on the CNFs surfaces
improved their compatibility with organic solverf8 Thus, it can be expected that thepaspared

surface functionalized CNFs could be used as nanofillers for polymeric matrix materials (e.g. PLA)
due to the improved compatibility’ Additionally, it should be noted that the CNFs dispersions

in DMF become more transparent with the increase of FA pretreatmentTiiniseresult is
consistent with the fact that more uniform CNFs with smaliemrage diameteiF{g. 2-7) and

higher DS Fig. 2-9b) were obtained with the increase in pretreatment time. Smaller CNFs can
reduce the scattering of light improving the transparency of the suspension, and higher DS of CNFs

can increase theompatibility to the solvent
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In water In DMF

CNF-3 CNF-4 CNF-5 CNF-6 CNF-3 CNF-4 CNF-5 CNF-6

Figure 2-11. Dispersibility of CNFs in water and DMote: the concentration of CNFs in both
media is 5 mg/mL)

2.3.4 Thermal Stability of PMS and CNFs

Fig. 2-12 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of
the raw PMS and gsrepared CNFs. Correspondingly, the start decomposition temperggyre (

the decomposition temperature at 10% weight 10Bgs9f and maximum decompositio
temperature Tmaxy) are summarized iffable 2-3. As shown inFig. 2-12a, thermogravimetric
curves indicate thaaw PMS shows the lowedt and Tio%, While there is a notable increase in
both To and % for CNF-3. This is mainly due to the efficient removal of hemicellulose and
disordered regions of cellulose in PMS during FA hydrolysis pretreatment. Similar to the trend of
Crl results, CNFH4 shows the highe3t and Tio%, and the followed decrease of dhd Tiosfor

both CNF5 and CNF6 due to the ovedegradation of crystalline regions in cellulose.
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Interestingly,as shown irFig. 2-12b, the raw PMS shows the highestal and theTl max valuesof

CNF-3, CNF4, CNF5 and CNF6 could be sorted in a descending order. There are two possible
reasons causing this decreaseTimx 1) As we discussed in the XRD results section, the
mechanical fibrillation could cause damage of part of crystalline ohsned cellulose. Although

the raw PMS shows a relatively lower Crl, the crystalline regions in the raw PMS are not damaged;
2) With the increasing degree of fibrillation from CI8Ro CNF6, more uniform CNFs would
definitely have higher specific surfaaeea. It is reported that the increase in the surface area of
cellulose nanomateriatould accelerate their degradation, resulting in a reduggd/alue?*in
addition, it should be noted that the optimized sample (@Ngxhibited relatively higher thermal
stability than that of the CNFs produced B¥MPO oxidatior?'® sulfuric acid hydrolysi$'® and

carboxymethylaon?2°

pretreatment combined witmechanical fibrillation.The presence of
carboxyl or sulfonic groups could promote the thermal degradation of celldfo&@while the
presence of ester groups and talc is beneficial for the increase of thermal stalbileyGNFs

obtained in this work!? 25 Therefore, the obtained CNFs in the current work possess surface

functionality and high thermal stability showing great potential in reinforcing polymer matrix

25
100

O 2.0-
80 g
= X

”n 1.5
» 60 °
P -
= =

o 2 1.0+

© 40 2.0
s 3
@

Q 0.5

0.0 4

) ) I T ) L) 4 X 2.5 . | .. L) L L) 4 L}
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 2-12. TG (a) and DTG (b) curves 8fMS and CNFs.
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Table 2-3. Summary of thermal decomposition parameters of PMS and CNFs samples.

Samples To (°C) T10% ( °C) Tmax(°C)
PMS 171.1 276.7 342.7
CNF3 222.8 300.2 335.0
CNF4 228.2 304.1 333.3
CNF5 227.5 301.5 330.8
CNF6 176.5 295.0 323.1

Note:To, T10% Tmaxrepresenthe start decomposition temperature, the decomposition temperature

at 10% weight lossand maximum decomposition temperatuespectively.

2.3.5 Mechanical Properties of CNP

Fig. 2-13a shows the straustress curves of CNP samples and the control paper sheetRBMS

that directly made from PMS fibers. Correspondingly, tensile strengtn o6 s modul us
toughness are summarized kigs. 2-13b, 2-13c and 2-13d, respectively. Compared with the
PMSPS, the tensile strength of CKBPdramatically increases from 13.6 MPa to 72.4 MPa.
Moreover, CNP4 shows the highest tensile strength of 106.4 MPa, which is around 8 times higher
than that of the PM®S. The main reasdar the remarkable increase in tensile strength is due to

the much larger specific surface area offered by CNFs than that of PMS fibers. It is reported that
the larger surface area directly affects the number of hydrogen bonding and thus the final
mechangéal propertie$?? Another reason is due to the more compact structure of CNP than that of
PMSPS which is attributed to the significantly reduced size of CNFs compared to PMS fibers.

This inference can be verified by the fact that GABhows a higher density of 12823 kg/n?
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than that of PMSPS (788t 17 kg/n¥). For better comparison with other reported works, the tensile
strength of the optimal CNR could be converted to tensile indgiso called specific strength)
of 82.7 Nm/g, which is higher than the value (71.9 Nm/g) of RMfBved CNP reported by a

previous study!® and similar to that of the CNP made from commercial CN¥$23

Figure 2-13. Strainstress curves of PMBS and CNP samples (a), and the corresponding tensile
strength(b), Yangdés modul us (c¢c) and toughness (d).

In addition, although CN5 and CNF6 show higher degree of fibrillation and more uniform
diameter distribution than CN# (seeFig. 2-7), they exhibit lower tensile strengtfihis result is

probably attributed to the lower Crl and poor stress transfer between the slaoiébrils of
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