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Annotation

This research work is focused on study of problesharacterisation and possibilities of
composite systems utilisation with filler from hgghilic natural cellulose fibres (bam-
boo, flax, hemp and recycled paper — PSP) embeidtizthe various polymer matrices
(hydrophobic thermoset epoxy resin — EP and thelastip polypropylene — PP, and
hydrophilic thermoplastic polyvinyl alcohol — PVA)dhesion between fibres and poly-
mer matrices was studied. Two ways of modificati@re followed — utilisation of ma-
leic anhydride — MAPP coupling agent and surfaeattnent of polymer particles by
cold plasma.

The thesis is subdivided into theoretical and e®perimental part. The second one has
three main parts:

1. measurement of mechanical properties — tensilagitneand Young's modulus
of used polymers and produced composite systenfsfilér from cellulose fi-
bres in dependence on filling fraction;

2. defibrillation of natural cellulose fibres;

3. measurement of water absorption of complete corntgpaystems and cellulose
fibres.

Evaluation of tensile strength and Young's moditudependence on fibres type and
their amount were measured on the basis of teteste Homogeneity of prepared test
pieces and adhesion between fibres and polymemmwatre checked by SEM. The wa-
ter absorption of prepared composite systems andelulose fibres was characterised
by measuring its initial and final mass.

Dependence of mechanical properties on fillingtfoacwas proved according to theory
in majority cases. The highest increase (by 50 f4gmsile strength was found for PP
filled with 4 wt. % of MAPP and 30 wt. % of PSP ri@s and for moulded PVA with the
same amount of PSP fibres. The best results of §fsunodulus (increase by 600 %)
were obtain after embedding 30 wt. % of hemp filboethe cast PVA matrix.

Defibrillation technology of natural cellulose fés was developed. Improvement of as-
pect ratio and overall adhesion of cellulose fidoepolymer matrix was proved.

Study of the water absorption proved an enhancewfergsulting composites after in-
corporation of natural cellulose fibres to the moér matrices. Embedded 9 wt. % of
PSP fibres maximally enhanced the water absorfya? 500 %, in case of EP matrix.

Homogenisation that was influenced by processinthatksignificantly impacted prop-
erties of the composite systems. Extrusion followgdnjection moulding was superior
to cast method.

Key words. natural cellulose fibres; fibre — polymer matrigteesion; mechanical prop-
erties of composites; defibrillation; water absoqpt



Anotace

Tato prace se zabyva problematikou vyuzifrq@nich rostlinnych vlaken (bambusu, Inu
a konopi) a celulézovych vidken z recyklovanéhoipafPSP) jako vyztuzujicich pruk
syntetickych polymernich matric na bazi reaktogldB) a termoplagt(PP, PVA) a vyb-
rem vhodné metody praipravu vzork.

Zasadni odlisnost v hydrofiitpouzitych slozek (kroghPVA), vedla ke studiu moznosti
zkvalitréni adheze mezi pouzitymi matricemi a vliakny. K entini charakteru mezifazové-
ho rozhrani bylo vyuZito chemické cesty, Upravyyp@rni matrice vaznyniinidlem (an-
hydridem kyseliny maleinové MA) a #pobu fyzikalniho, p kterém byl povrchiastic po-
lymeru ugeného k dalSimu zpracovani upraven studenym plarmat

Prace je roz&lena nacast teoretickou, iedkladajici sokasny stav problematiky &st ex-
perimentalni, ve které jsou na zaklazkousky tahem hodnoceny z&kladni mechanické pa-
rametry (mez pevnosti v tahu a Yourgmodul pruznosti) vyrobenych vzarks zavislosti

na mnoZzstvi pouZzitych vidken ve zvolené polymeratrioi. Z charakter lomovych ploch
sledovanych vzork posuzovanych rastrovaci elektronovou mikroskogié bhhodnocena ho-
mogenita kompozitnich systéna kvalita dosazeného mezifazového rozhrani. Dalkena
zaklad mikroskopického stanoveni rozni celul6zovych makrofibril a mikrofibril byl sle-
dovan stupe defibrilace celul6zovych PSP vildken &mim navlhavosti samotnych celu-
l6zovych vidken i vzork kompozitnich materiél byla dopl@na gedstava o hydrofili
vznikajicich systérin

Z hodnoceni provedenych experimene Zejmé, Ze plniva na bazi celulézovych vidken
prispivaji pozitivié ke zmén¢ zakladnich mechanickych parantet nejvyrazijSimu zvy-
Seni meze pevnosti v tahu (aZ o 50 %) dochézipag vstikovanych vzork PP modifi-
kovaného anhydridem kyseliny maleinové s 30 hmaiviws procenty PSP vlaken stéjn
jako vzorki PVA s 30 hm. % PSP vlaken. Maximalniho zvySeni ngmya modulu (aZ
0 600 %) bylo dosazeno ¥ipact odlévanych vzork PVA s 30 hm. % konopnych vlaken.

Na zaklad sowasnych znalosti o metodach defibrilace celul6zowiéiken byl navrzen
novy zpisob, kterym bylo ziskano za pouziti 10% roztoku Na@Oltrazvuku a homogeni-
zéru v redlnéntase dostateé mnozstvi vodni suspenze celulézovych makrofébritikro-
fibril.

Nejvyssi navlhavost (zvySeni az o 2 500 %) byla ¢fama u vzork epoxidové pryskijce
plnéné 9 hmotnostnimi procenty celulézovych PSP viakescyklovaného papiru.

Z vysledka meteni vyplyvéa, Ze mechanické vlastnostippavenych kompozit jsou zavislé
nejen na typech pouzitych polymernich matric, nampetrech vyztuzujicich vlaken a kva-
lit¢ vytvoreného mezifdzového rozhrani, ale i na vzdjemné gemipaci slozek systému
béhem zpracovani a zvolené metapracovani #bec. Metodu extruze s naslednymiist
kovanim do forem lze profipravu vzork povazovat za vhodisi nez metodu odlévani
z vodnych roztok.

Kli ¢ova slova: prirodni rostlinn& vlakna; adheze vlakno — polymandtrice; mechanické
vlastnosti kompozit defibrilace; navlihavost.
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1 Introduction

Cellulose is a ubiquitous structural polymer thahfers its mechanical properties to
higher plant cells. A cell wall is a dynamic st in all terrestrial and aquatic plants.
Its constituting material must be synthesised farm that is able to undergo extension.
The primary cell wall is essentially a compositsteyn consisting of a framework of

cellulose fibrils embedded in a cementing matrixotifer polymers, mostly lignin and

hemicelluloses. Cellulose chains are aligned pelrail one axis in order to create ele-
mentary fibrils — “nanofibres”. This perfect orgsation confers to the microfibrils me-

chanical properties that are close to the theadetiinit of cellulose.

Such microfibrils can be extracted from the biomags mechanical treatment follow-
ed by a chemical treatment extracting purified wdele. A mechanical treatment al-
lowed to obtain homogeneous suspensions of aquespensions of individualised mi-
crofibrils.

Cellulose fibres — a rediscovered raw reinforcingtemnial — could be used in a number
of applications ranging from fibres for plasticinfercement to gel forming and thick-
ening agent. These have been reported in a numipapers and patents. Methods have
been developed to extract microfibrils not onlynfravood pulp fibres [1-6] but also
from parenchymal cell walls that constitute magitdvers from the food industry [7—
16].

Nowadays plant fibres are being accepted as glagsreplacements in composite man-
ufacturing. Currently cut long vegetable fibresnfrglants like abaca, bamboo, flax,
hemp, jute, sisal or fibres from recycled paperuamed. Long fibres are used in form of
woven and non-woven textiles. Most of this resedrab concentrated on using com-
mon plant fibres or secondarily thickened, higHyngated fibre cells. These are tens of
microns in diameter and may be many millimetregyladowever, all plant cells, in-
cluding those that are not elongated, have thengiateto provide reinforcement be-
cause each cell can supply cellulose microfibrilhvinteresting mechanical parame-
ters.

Natural fibres offer several advantages compardt wather commonly used artificial
fibres (especially glass-fibres):
o Plant Plant fibres are renewable raw material.

o Environmentally friendly qualities, easier healtidasafety management, potential-
ly lower cost.

o These fibres have a low density, high specificrgjtie and Young's modulus (desir-
able fibre aspect ratio), and a relatively reactweface, which can be used for
grafting specific groups.

o Cheap waste sources of cellulose material couldskd as the starting material for
composites manufacture.



o The abrasive nature of these fibres is much lovenpared with glass-fibres,
which may represent important advantages regartiiag processing behaviour,
material recycling or process of composite matgiiralgeneral.

o Natural fibre reinforced plastics by using biodefgiale polymers as matrices are
most environmentally friendly materials which candomposted at the end of their
life cycle.

o At the end of life cycle, plant fibres could be dsded in soil or combusted. The re-
lease amount of CQs acceptable for the environment. Leftovers bfds could be
used as fertilisers, too.

Cellulose fibres in connection with biodegradabidymers offer use of composites as
fully biodegradable materials. Biodegradable polgsnare a re-emergent field. A vast
number of biodegradable polymers have been sys@rsand some microorganisms
and enzymes capable of degrading them have beetifiiele.

Environmental pollution by synthetic polymers haswaned dangerous proportions in
developing countries. As a result, attempts havenhbwade to solve these problems
through slight modifications of polymers structuessl make these everyday use poly-
mers biodegradable.

The thesis is subdivided into a theoretical andrt@xperimental part. Results of the ex-
periment have three main parts: defibrillation atural cellulose fibres, measurement
of water absorption of fibres and complete compgositstems and mechanical proper-
ties — tensile strength, Young's modulus, straims#d polymers (hydrophilic thermo-
plastic polyvinyl alcohol, hydrophobic thermoplaspolypropylene and hydrophobic
thermoset epoxy resin) and produced composite ragsteith hydrophilic cellulose fi-
bres (bamboo, flax, hemp and recycled paper) les. fil



2 Current State of the Art

2.1 Natural Fibres as a Filler

A largely underutilised source of polymeric matkyigs woody and vegetable biomass.
Trees and plants contain cellulose, hemicellulose lgnin, representing an abundant
source of renewable polymers that possess higradalility. Cellulose in particular re-
presents the most common existing natural polymer.

A natural plant fibre for example stalk consistsseferal cells. These cells are formed
of crystalline microfibrils based on cellulose ashain, which is the essential compo-
nent of all plant fibres. In 1838, Anselme Payeggasted that the cell wall of large
numbers of plants consist of the same substanedhith he gave the name cellulose.

It is generally accepted that cellulose is a lineandensation polymer consisting of
D-anhydroglucopyranose units (often abbreviate@ra@sydroglucose units or even as
glucose units) jointed together IP¢1,4-glycosidic bonds (Fig. 2.1.1.). It is thus a
1,4$-D-glucan. The pyranose rings are in ffle conformation, which means that the -
CH,OH and -OH groups, as well as the glycosidic bamd,in difference to the starch
molecules amylose and amylopectine equatorial kesgpect to the mean of the rings.

Fig. 2.1.1.Structural unit of cellulose [17].

The molecular structure of cellulose is responsilole its supramolecular structure

(Fig. 2.1.2.) and this supramolecular structureeeines many of its chemical and

physical properties. In the fully extended molecaldjacent chain units are oriented by
their mean planes at an angle of 180° to each.othess, the repeating unit in cellulose
is the anhydrocellulobiose unit and the numberepieating units per molecule is half
the degree of polymerisation. This may be as hgyh4a000 in native cellulose, but pu-
rification procedures usually reduce it to somaigadf about 2 500 [6, 12, 17].

The degree of polymerisation shows, that the lemdtthe polymer chains varies de-
pending on the type of natural fibre (Tab. 2.1.1).

Solid cellulose forms a microcrystalline structuvggh regions of high order — crystal-
line regions,andregionsof low order —.amorphous regionn native cellulose, ondis-



tinguishes two types of crystal structure, namglgnd } where the cellulose chains are
nearly packed in the same way, but in differentralesymmetry. Within a given
micro-fibril, the cellulose molecules are organiseda perfect parallel mode without
any chain folding. Thus, each microfibril can bensidered a polymer whisker having
mechanical properties approaching those of therétieal properties of crystal [12].
Naturally oc-curring cellulose (celluloseg) I crystallises in monoclinic sphenodic
structures. The mo-lecular chains are orientedbie fdirection [6, 18—20].

Tab.2.1.1

Degrees of polymerisation (Pof various natural fibres [18]
Fibre P,
Cotton 7 000
Flax 8000
Ramie 6 500

Enzyme rosettes have been found arrayed hexagandilyndles of 100 or more which
wander around the cell membrane leaving behind thémail of cellulose nanofibre, the
so-called elementary fibril approximately 6 nm iiardeter containing approximately
40 molecular chains. These aggregate into largerafitorils in diameter of 5-50 nm
and thousands of nanometres long. Figure 2.1.2vslaomicrograph of a fracture sur-
face area of a plant cell wall built up from bursdtd these microfibrils. There are many
ways of nomenclatures of cellulose fibres and figdrl.3. shows one possibility of
these ways of sorting. The microfibril is not tbgatrystalline since it contains sugars
other than glucose (usually mannose and xylose2(9, These microfibrils are con-
nected to a complete layer by amorphous lignin laewiicellulose and withstand nor-
mal turgor pressures in the cell and provide thsue stiffness needed for the plant to
function. Theoretical and experimental researchdmasvn that these cellulose microfi-
brils could have a Young's modulus of up to 130 @Ra strength of up to 7 GPa [10].
Multiple of such cellulose-lignin/hemicellulose &g in one primary and commonly

bl

/ 4 ‘ .
: ’ / A - o L
.1 3z 2000x 10kV 37mm 4.1 32 11000x 10kV 12mm

three secondary cell walls stick together to midtipyer-composites — the cell wall.

Fig. 2.1.2Example of real natural composite system — platitveall and demonstration of inside
structure built up from bundles of macrofibrils icrofibres embedded mainly in secondary cell
wall. (Fracture surface of one plant cell embeddgublypropylene matrix.)



CELLULOSE MOLECULE

Cellulose crystal lattice:

x...hydrogen bonding (21.0 kJ/mol)
y...van der Waals bonding (8.4 kJ/mol)
z...glycosidic bonding (126.0 kJ/mol)

ELEMENTARY FIBRIL "nanofibre" CELLULOSE CRYSTALLITE "bundle of nanofibers"

gnin
pectin

protein
hemicellulose

to 12 nm™~—
MACROFIBRIL (bundle of microfibril) FIBRIL (bundle of macrofibril)

PLANT CELL

cellwall  middle lamella inner secondary cell wall
(1000500 nm)

tertiary lamella

outer secondary cell wall
(75+200 nm)

middle lamella

—
primary lamella
(0.5 nm)

fu /W'm\]"

I
1”;';\ i il !

Fig. 2.1.3.Scheme of plant cell architecture. These scherfigtices illustrate plant cell architecture
from cellulose chains, cellulose micrifibrils anéonofibrils. This scheme was create for important
idea of used filler size. Compilation of data froefs. [5, 6, 9, 10, 13-17, 19, 20].

These cell walls differ especially in their compimsi (the ratio between cellulose, lig-

nin and hemicellulose), in the orientation (spaagle) of the cellulose microfibrils and

in their thickness. The characteristic values fase structural parameters vary from
one natural fibre to another (Tab. 2.1.2 and Tah32.
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The spiral angle (Tab. 2.1.2) of the fibrils and ttontent of the cellulose (Tab. 2.1.3),
determine generally the mechanical properties @fcéllulose based natural fibres [18].
Due to their biological origin, cellulose fibressglay a unique structural hierarchy: they
are composed of an assembly of microfibrils, whickheir turn consist of a number of
cellulose molecules.

The density of cellulose is approximately 1.5 gicso it is then possible to compare its
mechanical performance (strength and Young's majlmith those of other engineer-
ing material. We can conclude that cellulose is ighdperformance material,
comparable with the best fibres technology can peed

The fibre properties and fibre structure are inficed by many conditions and vary ac-
cordingto their areaof growth its climateandtheageof theplant Further the techni-
cal decomposition of the fibre is another importidtor which determines the struc-
ture and the characteristic values of the fibrevel$ [18].

Tab. 2.1.2
Structure parameters of different cellulose baserabfibres [18]

Fibre Spiral angle [°] Cross-sectional Cell-length L L/D-ratio
area [mm] (D is the cell
A.10° [mm?] diameter) [-]

from footstalks

Jute 8.00 0.12 2.30 110

Flax 10.00 0.12 20.00 1687

Hemp 6.20 0.06 23.00 960

Ramie 7.50 0.03 154.00 3500

from leaves

Sisal 20.00 1.10 2.20 100

Pineapple 14.00 - - -

from fruits

Coir 41.00-45.00 1.20 3.30 35
Tab. 2.1.3
Chemical composition of different cellulose basatural fibres [18]

Fibre Cellulose Lignin Hemicellulose  Pectin Wax Water
[wt. %] [wt. %] [wt. %] [wt. %] [wt. %] [wt. %]

from footstalks
Jute 61.00-71.50 12.00-13.00 13.60-20.40 0.20 0.50 12.60
Flax 71.00 2.20 18.60-20.60 2.30 1.70 10.00
Hemp 70.20-74.40 3.70-5.70 17.90-22.40 0.90 0.80 10.80
Ramie 68.60-76.20 0.60-0.70 13.10-16.70 1.90 0.30 8.00
Kenaf 31.00-39.00 15.00-19.00 21.50 - - -
from leaves
Sisal 67.00-78.00 8.00-11.00 10.00-14.20 10.00 2.00 11.00
Pineapple 70.00-82.00 5.00-12.00 - - - 11.80
Henequen 77.60 13.10 4.00-8.00 - - -
from seeds
Cotton 82.70 - 5.70 - 0.60 -
from fruits
Coir 36.00-43.00 41.00-45.00 0.15-0.25 3.00-4.00 — 8.00

11



Climatic conditions, age and the digestion progefisence not only the structure of fi-
bres but also the chemical composition. With theegxion of cotton, the components of
natural fibres are cellulose, hemicellulose, ligpectin, waxes, water and water solu-
ble substances, with cellulose, hemicellulose agmin as the basic components with
regard to the physical properties of the fibre [18]

2.2 Polymers as a Matrix

Besides the fibres, also the matrix strongly infices properties of the resulting com-
posite system. Natural fibres can be used as remficents in both thermoset and ther-
moplastic matrices. At the moment, materials withventional thermoset binders such
as epoxy resin (EP) correspond to the requirenfentagher performance applications.
They provide sufficient mechanical properties, antggular stiffness and strength, at ac-
ceptably low price levels [18].

Epoxy resins are widely used in industrial appiaa, such as adhesives, bonding,
construction materials (flooring, paving, and aggtes), composites, laminates, coat-
ings, electronics, air- and spacecraft industriestile finishing, leisure goods and so

on. Due to their excellent mechanical and chenpecaperties, EPs are also one of the
important materials used as the matrices for fremeforced plastics. Recently, instead
of synthetic fibres, the use of natural cellulobeds as reinforcements in polymer com-
posites has gained popularity in engineering appbas. Various researchers have in-
vestigated the strengthening effects on the plibnés embedded in polyolefins, poly-

styrene, polyester and epoxy resin matrices [18-24]

Epoxy resins are polyether resins containing mioa@ tone epoxy group capable of be-
ing converted into the thermoset form. These resinder curing, do not create volatile
products in spite of the presence of a volatileesal. The epoxies may be named as ox-
ides, such as ethylene oxides (epoxy ethane), 2edgxide. The epoxy group also
known as oxirane contains an oxygen atom bondeld twid carbon atoms, which in
their turn, are bound by separate bonds as showigure 2.2.1. [20].

-CH-CH
A
O
Fig. 2.2.1.0Oxirane epoxy group contains an oxygen atom bomdédtwo carbon atoms.

The curing of the epoxy group takes place eithéwéen the epoxide molecules them-
selves or by the reaction between the epoxy grodpother reactive molecules with or
without the help of the catalyst. The former iskmoas homopolymerisation, or correc-
tive curing. The latter is an addition or catalytiering reaction. The both reactions re-
sult in coupling, as well as in crosslinking.

Although a great variety of curing agents (hardeghbased on amines, amides, phenols,
thiols, carboxylic acids, and acid anhydrides exist number of hardeners available for

12



high-performance applications and prepreg manufacit particular is limited. The
curing agent must have latent reactivity for theuteng resin and prepreg to possess ac-
ceptable out-time (good tack and drape, generaliyafminimum of 10-14 days at am-
bient temperature), and for the resulting curedesygo have both a high glass transi-
tion temperature (@ and a maximised resin modulus [20-22].

Primary and secondary amines are widely used te epoxy resins. The reaction be-
tween the oxirane group of the epoxy resin witlnariy amines is shown in Fig. 2.2.2.

R'- c\H -/CH_, +RNH, k;, ——» R'CH(OH)CHNHR?
o
R'- C\H > CH + R'CH(OH)CHNHR?> k, —— [R'CH(OH)CH,].NR"

ki, k—Vvelocity constats of reaction
R', R, R" — organic functional groups

Fig. 2.2.2.Scheme of instant chemical reaction.

The curing of epoxy resins is an exothermic processulting in production of limited
size molecules, having molecular weights of a feausands. Epoxy resins have a very
wide molecular weight distribution. This can berasted by comparing the weight av-
erage, molecular weight (WM and number average molecular weight,)\Malues. The
greater the difference is, the wider the distribitis. Epoxy resins are noncrystalline,
and cured resin finds its structural applicatioefoty the heat distortion orygT18, 20—
22].

In comparison with composites based on thermoplastiymers such as polypropylene
(PP), thermoset compounds have a superior theralailis/ and lower water absorp-
tion. However, the demand for improved recycling@gEpts and alternative processing
techniques are expected to result in a substitwtidhe thermoset polymers by thermo-
plastic polymers.

Composites fabricated from thermoplastic materigtscally have a longer shelf life,
higher strain to failure, faster consolidate andirethe ability to be repaired, reshaped
and reused. However, these materials frequentfierstrom a lack of adequate fibre-
matrix adhesion. In addition, the use of thermdpiasntroduces the problem of ade-
guate fibre penetration. Thermoplastic polymersidbundergo chemical reactions, like
thermosets which during their curing cross-link pgodymer molecules, but only physi-
cal changes. Thermoplastics also can react witltehelose of the fibres. Thermoplas-
tic melts, as opposed to thermosetting resins lagyl have a substantially higher viscos-
ity. Thermoplastic matrices must be able to withdthigh temperatures in order to af-
fect a sufficient reduction in viscosity. Additidnaroblems caused by the high matrix
viscosity during consolidation include de-alignmehteinforcing fibres during consoli-
dation as well as the introduction of voids withire final composite product [25]. A
common problem associated with these compositemgsis also a poor interfacial ad-
hesion between the low melting, non-polar and hyldobic matrix material and the hy-
drophilic filler, resultingin poor mechanical properties thfefinal material . All these
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problems can be solved by appropriate compositecition and arrangement proce-
dures. General parameters affecting the propestipslymer composites include:

o the properties of the additives (inherent propsrtsize, shape);
o the composition;

o the interaction of components at the phase bouesglasihich is also associated with
the existence of a thick interface, known alsohasimterphase; which, considered a
separate phase, controlling adhesion between thea@uents;

o the method of fabrication.

Polyolefins are at the top of the list of commodgilymers, accounting for 90 % of all
plastics manufactured. They are manufactured fretrofeum-based feedstocks. Poly-
ethylene (Fig. 2.2.3.), for example, is polymerigenin the monomer compound ethyl-
ene, CH=CH, where the = symbol indicates a double bond. Dohblel is shorter and
stronger in a thermodynamic sense but it is moesitally reactive compared to a sin-
gle bond. When ethylene is polymerised the doubledbis replaced with two single
bonds, one of which attaches to another ethyler@omer in the polymer chain. Single
bonds between carbon atoms are difficult to break they are stable). In part, polyeth-
ylene owes its stability to this uninterruptedrggrof carbon-carbon single bonds. Poly-
olefins are generally inexpensive and their physpcaperties, such as melting point,
strength, and resistance to a lot of chemicalsuseéul for a wide range of applications.
It is their favourable cost-performance ratio thetkes them the commodity leaders.
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Fig. 2.2.3.Polymer chain of polyethylene (PE).

Polypropylene (Fig. 2.2.4.) differs chemically frgmolyethylene only in having a side
chain group attached to every other carbon atorthencase of PP, the side chain is a
methyl group (CH) which causes stiffening and less stability wiglgard to oxidation.
The backbone chains of the two polymers are theesBwolypropylene is an economical
material that offers a combination of outstandiygical, chemical, mechanical, ther-
mal and electrical properties not found in any bthermoplastic.

Polypropylene provides excellent resistance to mitgaolvents, degreasing agents and
electrolytic attack. It has a lower impact strendpht its working temperatures and ten-
sile strength are superior to low or high densalypthylene. With respect to polyethyl-
ene it is characterised by lower mass, low moistirgorption rate and is resistant to
staining. This is a tough, heat-resistant, seméngaterial, ideal for the transfer of hot
liquids or gases. It isecommendedor vacuumsystemshigherheats angbressureslt
has excellent resistance to acids and alkalindspdr resistance to aromatic, aliphatic
and chlorinated solvents.
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Fig. 2.2.4.Polymer chain of polypropylene (PP).

Polyethylene and polypropylene are resistant tarenmental degradation, even in
compost environment they can last many years. Boliene and polypropylene do de-
grade in the environment by oxidation. Natural agyl can accelerate the oxidation,
giving rise to photo-oxidation (photodegradatiohpe carbon-carbon chains are bro-
ken, and the plastic will become brittle and evahlyudisintegrate. The degradation rate
is however, very slow (nonetheless, anti-oxidastabilisers still are added to polyeth-
ylene and polypropylene to prolong their usefudtiihe).

Many polymers are also found abundantly in natbl&ural polymers tend to be de-
gradable because organisms have evolved enzymegsattk them. Attention has rea-
sonably turned to such polymers as potential fee#istfor compostable plastics. These
manufactured biopolymers are inherently biodegrkjand as they are made from re-
newable resources they have the additional beoiefibt depleting fossil resources [24,
26].

It is not easy to decide how to classify biodegkdelgolymers. They can be sorted ac-
cording to their chemical composition, synthesighuod, processing method, economic
importance, application, etc. Each of these clesdibns provides different and useful
information. In the present overview, we have chote classify biodegradable poly-
mers (hereinafter called biopolymers) accordingh&r origin into two groups: natural
polymers, polymers coming from natural resources synthetic polymers, polymers
synthesised from natural oil.

From the chemical point of view, biopolymers ofurat origins can be divided into six
sub-groups:

o polysaccharides (e.g., starch, cellulose, lignmtjr);

o proteins (e.g., gelatine, casein, wheat gluteh,asid wool);

o lipids (e.g., plant oils including castor oil andiraal fats);

o polyesters produced by micro-organism or by pldatg. polyhydroxyalcanoates,

poly-3-hydroxybutyrate);
o polyesters synthesised from bio-derived monomeslylgrctic acid);
o a final group of miscellaneous polymers (naturabers, composites) [27, 28].

Biopolymers from mineral origins include four sutmgps:
o polyvinylalcohols;

o aliphatic polyesters (e.g., polyglycolic acid, gmlyylene succinate, polycaprolac-
tone);
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o aromatic polyesters or blends of the two types.(@gybutylene succinate tereph-
thalate);
o modified polyolefins (polyethylene or polypropyleméh specific agents sensitive
to temperature or light) [28].
Following table 2.2.1 shows another, a little biiren complicated dividing of bio-poly-
mers.

Tab.2.2.1
Classification of biopolymers [29]
Renewable Resource- Microbial synthesised Petro-based synthetic Petro-Bio (Mixed)

based Sources
PLA Polymer (From Polyhydroxy alka- Aliphatic poster Sorona
Corn) noates (PHAS) Aliphatic-aromatic Biobaset/pre-
Cellulosic plastics Polyhadoxybutyrate polyester thane
Soy-based plastics co-valerate (PHBV) Polyestatami Biobased epoxy
Starch plastics Polyvinyl alcohol Blends etc.

Vinyl polymers, with few exceptions, are generaliyt susceptible to hydrolysis. Their
biodegradation, if it occurs at all, requires amdakion process, and most of the biode-
gradable vinyl polymers contain an easily oxidisafunctional group. Approaches to
improve the biodegradability of vinyl polymers aftanclude the addition of catalysts to
promote their oxidation or photooxidation, or botlhe incorporation of photosensitive
groups, e.g. ketones, into these polymers hasalso attempted.
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Fig. 2.2.5.Polymer chain of polyvinyl alcohol (PVA).

Polyvinyl alcohol (PVA) (Fig. 2.2.5.) is the mostadily biodegradable of vinyl poly-
mers. It is readily degraded in waste-water-actigaiudges. The microbial degradation
of PVA has been studied, as well as its enzymaggratiation by secondary alcohol
per-oxidases isolated from soil bacteria of theuBemonasstrain. It was concluded
that the initial biodegradation step involves tmzynatic oxidation of the secondary
alcohol groups in PVA to ketone groups. Hydrolysfsthe ketone groups results in
chain cleav-age. Other bacterial strains, such lagobBacterium and Acinetiobacter
were also effec-tive in degrading PVA [30].

PVA can form complexes with a number of compounusizas been used in the detoxi-
fication of organismsWhenit is used in a low molecular weight form, i.e. belds/00Q

it can be eliminated from organisms by glomeruilénation. PVA has also been used as
a polymer carrier for pesticides and herbicides B21.
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2.3 Fibre-matrix Adhesion

Adhesion between fibre and matrix is widely consedea necessary condition to ensure
good composite mechanical properties. If thereoigahesion between the two compo-
nents, the composite will respond as if it were ltkiék matrix material with voids re-
taining the shape of the included fibres (at lovaiss). At higher strains, Poisson's ef-
fect can bring mechanical friction forces betwe®s fibre and matrix phase, thus caus-
ing the fibres to bring about a greater influentenaterial properties.

Three general theories can be used to describedtinesive interaction between two sur-
faces:

o mechanical interlocking;
o inter-diffusion;
o adsorption and surface reaction [33].

First mechanism of adhesion occurs when a poroumwghly surfaced substrate is
brought into contact with a surface that is abldléay and fill the projections of the
rough surface. Once the surfaces fully solidifynechanically interlocked bond is cre-
ated [33].

When it may be possible for molecules of one sertacdiffuse into the bulk of another
surface and set up an interphase, an inter-diffuadhesive interaction occurs. This in-
terphase represents the elimination of the joisingace and replaces it with a relative-
ly smooth gradient from one bulk material to thieest Depending on the affinity of the
molecules toward each other, the interphase makibg50-100 nm) as in the case of
most polymers or relatively thick (10 um) [33].

Adhesion by adsorption and surface reaction pracbgdhe chemical attraction of spe-
cific sites by both of the surfaces to be joine8][3 hese are frequently due to Van der
Waals forces, ionic interactions, or strong covaieteractions. In this type of adhesive
interaction, the water absorption of one surfacealiguid is particularly important —
namely, the surface energy of the solid, the serfansion of the liquid and the viscous
behaviour of the liquid. Wetting of a solid by guid is a precursor to adhesion, howev-
er, it is not a sufficient condition in forming xang adhesive joint.

Adhesion in thermoplastic composite systems is llyseahanced using fibre surface
treatments. There are several possibilities:

o surface treatment (e.g. plasma, silanisation);

o coupling and compatibilising agents (e.g. maleicyanide, benzoylperoxide);

o change of fibres morphology (e.g. milling, cutting)
Reinforcing fillers are characterised by aspedbrat defined as the ratio of length to
diameter for a fibre, or the ratio of diameterhickness for platelets and flakes.

A useful parameter for characterising the effectess of filler is the ratio of its surface
areaA, to itsvolumeV, which needs to be as high as possible for effectivdaeiament.
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Figure 2.3.1. shows relation between area/volurtie A4V and aspect ratia for fibres
and for platelets [34].
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Fig. 2.3.1.Surface area-to-volume rathgV, of a cylindrical particle plotted versus aspedtior
a = I/d [34].

In developing reinforcing fillers, the aims of pess or material modifications are to in-
crease the aspect ratio of the particles and toaweptheir compatibility and interfacial
adhesion with the chemically dissimilar polymer matSuch modifications may en-
hance and optimise not only the primary functiorthed filler (in this case its use as a
mechanical property modifier), but may also introglor enhance additional functions.
Table 2.3.1 shows particle morphology of differgmte of fillers.

Tab. 2.3.1
Particle morphology of fillers
Shape Aspect ratio Examples
Cube 1 Feldspar, calcite
Sphere 1 Glass spheres
Block 1-4 Quartz, calcite, silica, barite
Plate 4-30 Kaolin, talc, hydrous alumina

Flake 50-200++ Mica, graphite, montmorillonite nelags
Fibre 20-200++ Glass fibres, wood fibres, asbd#toss, carbon fibres, carbon nanotubes
++ means that the aspect ratio is 200 and more

The modification of the surface of cellulose midoafs to make them compatible with
non-polar polymers has been attempted. In someoappes, corona or plasma dis-
charges have been used. In other attempts, thesiadh&f hydrophilic cellulose to hy-
drophobic polymer matrices has been increased dwsle of coupling agents. Interac-
tion of cellulose with surfactants has been anotveer to stabilise cellulose suspensions
into non-polar systems. Such stabilisation was alsueved with surface grafting or
derivation, figure 2.3.2. shows an example of gngfimaleic anhydride with polypro-
pylene on cellulose chain. In the latter casectialenge has been to keep the integrity
of the core of the cellulose microfibrils while mfythg only the polarity of their skin
[1, 12, 35-37].
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The inherent polar and hydrophilic nature of tlgmdicellulosic fibres and the non-polar
characteristics of the polyolefins result in diffites in compounding/blending the fi-
bres and matrix. Maleic anhydride (MA) grafted pobpylene (MAPP) has been
shown to function efficiently as a coupling agemt plant fibores — PP systems. This sys-
tem was chosen because of low melting temperatuiteeopolypropylene and that's
why it is suitable for natural fibres. The malerthgdride present in the MAPP provides
polar interactions such as acid-base interactiomscan covalently link the hydroxyl
groups on the lignocellulosic fibre. It is reportét due to thermodynamic segrega-
tion, the MAPP gets localised on the cellulosiadilsurface in a PP matrix during the
processing stage [38, 39].

The interactions between non-polar thermoplastich s PP and any coupling agent,
such as MAPP, are predominantly caused by chaangl@ment. Stresses applied to
one chain can be transmitted to other entangleohgl@d are distributed among many
chains. These entanglements function like physioaés-links that provide some me-
chanical integrity up to, and above, thg But become ineffective at much higher tem-
peratures. When polymer chains are very shortetieelittle chance of entanglements
between chains and they can easily slide past mother. When the polymer chains are
longer, entanglement between chains can occum dippage becomes more difficult,
and the viscosity of the polymer becomes highemiAimum chain length or a critical
molecular weight (M is necessary to develop these entanglementsa ypcal poly-
mer has a chain length between entanglements éeuniva a M varying from 10 000
to about 40 000. The Mraries, depending on the structure of a polymer.example,
linear polyethylene has advlor entanglements of about 4 000, while for polyeste,
the M. is about 38 000. Factors such as the presencgdodden bonding or side chains
that affect the glass transition temperature ofpblgmer will also affect the Mof the
polymer melt. It is also important to note that fitee surface is likely to act as a
boundary and restrict the mobility of the polymenletules, and the minimum entan-
glement lengths (M will vary according to the fibre surface charaistigcs.

A maleic anhydride grafted PP that has a high MAteot coupled with a relatively
high molecular weight has resulted in efficient pasites. That MAPP is reported to
have a M of 20 000, a M of 40 000 and was about 6 % by weight of maleicyan
dride. Any free anhydride present in the MAPP camglicate the understanding of the
characteristics and function of the MAPP on thepprties of the fibre — matrix inter-
phase. The free MA may preferentially bond to aldé -OH sites on the fibre and re-
duce the interaction between the MAPP and the fibuoethermore, free MA bonded to
the fibre surface can change the surface energktiee fibre surface. Use of a MAPP
with higher molecular weights, but lower MA conterihan the MAPP mentioned ear-
lier, result in composites with lower propertiefiebretically, extremely long chains of
MAPP with substantial amounts of grafted MA woulel &n ideal additive in plant fi-
bres — PP composites, creating both covalent bgrdirthe fibre surface and extensive
molecular entanglement to improve properties of itlierphase. However, extremely
long chains may reduce the possibility of migratodthe MAPP to the fibre surface be-
cause of the short processing times. If thed¥ithe MAPP is too high, the MAPP may
entangle with the PP molecules so that the polangs on the MAPP have difficulty
“finding” the -OH groups on the fibre surface [38].
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As follows from the above review, a good adhesietwieen the fibres and the matrix is
prerequisite for optimal load transfer from the rnxainto the fibres for all composites

and the knowledge of the fibre surface propertidshglp to optimise the interactions

between the fibres and the matrix. Although thenubal treatments of fibre surfaces
have been somewhat successful in improving thefad@l bonding, there are unre-
solved pollution problems related to the dispogathemicals after treatment, plus the
high cost of chemical treatment.

A new approach to the modification of natural filn@rfaces offers plasma treatment.
Plasma technologies present an environmentallpdheand versatile way of treating
natural plant fibres in order to enhance a vargdtgroperties such as water absorption,
liquid repellency, dyeability and coating adhesi®hese technologies are suitable for
modifying the chemical structure as well as theogppphy of the surface of the materi-
al. Cold plasma techniques are dry, clean procesgbsut environmental concerns.
Plasma can be defined as partially ionised gashasta collective behaviour. One of
the main advantages of this approach is that thdifroation is confined only to the sur-
face of the materials without interfering with théulk properties. Energetic species
present in the discharge, such as electrons, fimesradicals and photons, have energies
high enough to alter all chemical bonds in the axeflayers of natural polymeric sub-
strates. Proper selection of starting compounds external plasma parameters (e.g.
power, pressure and treatment time) allow creadiodesired characteristics on ligno-
cellulosic substrate surfaces [40—-42]. In a colbpla treatment system, depending on
the type and nature of the gases used, a varietyrédce modifications can be achiev-
ed. Surface energy can be increased or decreassg;lmking can be introduced, and
reactive free radicals and groups can be produoethe case of wood surface activa-
tion, this process increases the amount of aldegyaigos [18].

For the treatment of natural fibres this means kyatrophilicity as well as hydropho-

bicity may be achieved; moreover, both the surf@wmistry and the surface topogra-
phy may be influenced to result in improved adhesio repellency properties as well
as in the confinement of functional groups to théasce [18, 41-44].

2.4 Nanofibrecomposites

Importance of the aspect ratio (ratio of lengtHibfe to its diameter) of fibrous filler
follows from the previous text. Nanofibres are thest suitable type of filler from this
point of view — it is possible to produce themfaritlly or they can be found in nature.

2.4.1 Artificial Nanofibres

Nanofibres and nanotubes of carbon and other ma#eare the most fascinating nano-
materialsplayinganimportantrole innanotechnology today. Thainiguemechanical
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electronic, and other properties are expectedsaltren revolutionary new materials and
devices (Tab. 2.4.1). They are used for severalevatlded applications such as medi-
cal, filtration, barrier, wipes, personal care, pasite, garments, insulation, and energy
storage. Special properties of nanofibres make thatable for a wide range of appli-
cations from medical to consumer products and firwhustrial to hightech applications
for aerospace, capacitors, transistors, drug dglisgstems, battery separators, energy
storage, fuel cells, and information technology][45

Carbon nanotubes are one of the most commonly orexdi building blocks of nano-
technology. With one hundred times the tensilengfife of steel (Tab. 2.4.2), thermal
conductivity better than all but the purest diamasat electrical conductivity similar to
copper, but with the ability to carry much higherrents, they seem to be a wonder ma-
terial [46—48].

In fact nanotubes come in a variety of forms: lastgprt, single-walled, multi-walled, o-
pen, closed, with different types of spiral struetuetc. Each type has specific produc-
tion costs and applications. Some have been prddadarge quantities for years while
others are only now being produced commercialhjhwiliécent purity and in quantities
not greater than a few grams.

The term nanotube is normally used to refer tocdmbon nanotube, which has received
enormous attention from researchers over the é&gtylears and promises, along with
close relatives such as the nanohorn, a host efasting applications. There are many
other types of nanotube and nanofibre, from varimasganic kinds, such as those
made from boron nitride, to organic ones, suchhasd made from self-assembling cy-
clic peptides (protein components) or from natyraltcurring heat shock proteins (ex-
tracted from bacteria that thrive in extreme envwinents). However, carbon nanotubes
excite the most interest, promise the greatesetyanf applications, and currently ap-
pear to have by far the highest commercial poteptd.

Carbon nanotubes were synthesised in a carbonsiganige in 1991. Since then, other
authors have reported the growth of carbon nanstfiimen an arc-discharge [49] and
other methods have been developed to synthesistules. Carbon nanotubes have al-
so been produced by vaporisation processes ussegsleelectron beams and solar ener-
gy. Catalyctic pyrolysis and chemical vapour depasiof hydrocarbons are now wide-
ly used for carbon nanotube growth as simple afidi&it methods [49-58]. In addi-
tion to carbon nanotubes, similar methods have losed for the synthesis of carbon
nanofibres, also known as carbon filaments sineeeddrly 1950s. Carbon nanofibres
can be grown using catalytic decomposition of hgdrbons over transition metal parti-
cles such as iron, cobalt, nickel, zinc and thdmya at temperatures ranging from
500 to 1 000 °C [54Microwave plasma enhanced chemical vapour depasi@BCVD)
process, used for the preparation of diamond aachaind-like carbon films, has been
recently developed successfully for the growtharbon nanotubes and carbon nanofi-
bres. Recently the first evidence of carbon nameilgrowth at room temperature using
radio frequency PECVD have been published. Nanstabe nanofibres need not be of
carbon alone and various other elements (e.g. bdw@re been incorporated into nano-
tubes and nanofibres [59, 60].

Generally, polymeric nanofibres are produced by edectrospinning process. Electro-
spinning is a process that spins fibres of diansetmging from 10 nm to several 100 nano-
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Tab. 2.4.1

Properties of nanoreinforcement [48]

Property Exfoliated Carbon Exfoliated Cellulose Graphite
Clay Nanotube (NT) boron Nanowhisker Nanoplatelet
nitride NT
Physical platelet cylinder layer needle/whisker platelet
structure ~(1x100) nm ~ (1x100)nm ~ (1 x100) nm
Chemical SiO,, AlOs, graphene (chair,boron nitride cellulose graphene
structure MgO, KO, zigzag, chiral)
Fe,03
Interactions  hydrogen bondIT —IT hydrogen hydrogen Im-TII
dipole — dipole bond bond
Tensile 0.17 TPa (1.00-1.70) TPa 1.00 TPa ~ 130 GPa ~1.00 TPa
modulus
Tensile ~1.00 GPa 180 GPa ? 10 GPa ~ (10-2Pa
strength
Electrical 10"~ 10°Qcm ~50x 1¢° Qcm insulator 16°% 10 ~50 x 10°
resistivity Qcm Qcm|
~1Qcm-L
Thermal 6.7 x 10'W/mK 3 000 W/mK conductor insulator 3 000 W/rhK
conductivity 6 W/mK L
Thermal exp. (8-16) x 1 -1 x 10° ~1x10°  (8-16)x1C¢ -1x10°
coefficient 29 x 10°L
Density 2.8-3.0g/cthh 1.2-1.4g/lcth ~2.0g/cm 1.2 g/cnd ~ 2.0 g/cni
Tab. 2.4.2
Some mechanical properties of carbon nanotubesmpared to conventional materials [47]
Property Graphite  Carbon MWNT* SWNT** Steel
Crystal Fibres
Tensile Strength [GPa] 100 3-7 300-600  300-1 500 0.40
Elastic Modulus [GPa] 1000 200-800 500-1000 1 000-5000 200.00
Specific Strength [GPa clg] 50 2-4  200-300 150-750 0.05
Specific Modulus [GPa cify] 500 100-400 250-500 500-2500 26.00
Strain to Failure [%] 10 1-3 20-40 20-40  25.00

* multi-walled nanotube
** single-walled nanotube

metres (continuous nanofibres). This method haa keewn since 1934 when the first
patent on electrospinning was filed. This technglegables production of continuous
nanofibres from polymer solutions or melts in haactric fields. A thin jet of polymer

liquid is ejected, elongated, and accelerated byethctric forces. The jet undergoes a
variety of instabilities, dries, and is depositedeaosubstrate as a random nanofibre mat.
The interest in the electrospinning and electrospamofibres has been growing steadily

since the mid-1990s, triggered by potential apgbbees of nanofibres in the nanotech-
nology. Fibre properties depend on field uniformipplymer viscosity, electric field

strength and DCD (distance between nozzle andatotle Although diameters as small
as 3 to 5 nanometres were reported, nanofibresleantan about 50 nm in diameter
cannot currently be produced uniformly and repdwtid most materials systems [61—

66].

Another technique for producing polymeric nanoftbie spinning bi-component fibres
such as Islands-In-The-Sea fibres in 1-3 denianfdnts with from 240 to possibly as
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much as 1 120 filaments surrounded by dissolvablgnper. Dissolving the polymer
leaves the matrix of nanofibres, which can be frrdeparated by stretching or mechan-
ical agitation. The most often used fibres in teishnique are nylon, polystyrene, poly-
acrylonitrile, polycarbonate, PEO, PET and watensia polymers. The polymer ratio is
generally 80 % islands and 20 % sea. The resuttargfibres after dissolving the sea
polymer component have a diameter of approxima@@ nm. Compared to electro-
spinning, nanofibres produced with this techniqué ave a very narrow diameter
range but are coarser [62].

However, these nanomaterials, produced mostly loyhsyic bottom-up methods, are
discontinuous that leads to difficulties with thallgnment, assembly and processing in-
to applications. Partly because of this, and desmnsiderable effort, a viable reinforc-
ed supernanocomposite is yet to be demonstratachn®ed continuous fibres produced
a revolution in the field of structural materiatsdacomposites in the last decades. Fibre
properties are known to substantially improve vaittlecrease in their diameter. Howev-
er, conventional mechanical fibre spinning techagjoannot produce fibres with diam-
eters smaller than about 2 micrometres. Most comialefibres are several times that
diameter, owing to the trade-offs between the teldgical and economic factors [62].

The process of making nanofibres is quite expensorapared to conventional fibres
due to low production rate and high cost of techggl In addition, the vapours

emitting from solution while forming the web needlte recovered or disposed of in an
environ-mentally friendly manner. This involves #drthal equipment and cost. The

fineness of fibre and evaporated vapour also rarsgsh concern over possible health
hazard due to inhalation of fibres. Thus the cingiés faced can be summarised as:

o economics;

o health hazards;

o solvent vapour;

o packaging, shipping, handling.
Because of its exceptional qualities there is agoory effort to strike a balance be-
tween the advantages and the cost [45].

Several types of nanoscale filler are already coromly important, including fillers
based on carbon nanotubes and nanofibres. Theséibras of diameter up to 200 nm
are being produced as e.g. HILLS, Inc.; eSpin, I8&ll, Inc; HELIX, Inc. [49-55].

2.4.2 Natural Fibres

Natural fibres can be processed in different waygi¢ld reinforcing elements having
several mechanical properties. The elastic modofiusilk natural fibres such as wood
is about 10 GPa. Cellulose fibre with modulus upi@ GPa can be separated from
wood, for instance by chemical pulping processeluchfibres canbe further subdivid
ed according to hydrolysis followed by mechaniaalrdegration into microfibrils with
the elastic modulus of 70 GPa. Theoretical caltatof the elastic modulus of cellu-
lose chains have given values of up to 250 GPaghexythere is no technology availa-
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ble to separate these from microfibrils (Fig. 24[23]. The best experimental estimate
for the Young's modulus of cellulose (and, for thwdtter, for other linear polysaccha-
rides in the cell walls) is approximately 130 G atrength of up to 7 GPa [10, 24].
This would give them a greater energy absorbingloidify than the best synthetic fi-
bres, e.g. Kevlar 14%ibres have a stiffness of 180 GPa and a strenigt.4 GPa. The
highest stiffness and strength measured for whbleem fibre cells is 80 GPa and
2 GPa, respectively, for flax. However, these ammmosed of only 65 % cellulose [10],
so strength and stiffness are, as expected, Idvear that of cellulose microfibrils. In
principle all plant cells, including those that a@ elongated into fibres, could provide

Young’s
Structure Process Component  Modulus
WOOD 10 GPa

Pulping —

SINGLE PULP 40 GPa
FIBRE

Hydrolysis
———— (O1OWEA DY m—
mechanical

disintegration

t_ﬂ—” 2 MICROFIBRILS 70 GPa

No existing
technology

CRYSTALLITES 250 GPa

high quality microfibrils for reinforced compositeanufacturing.

Fig. 2.4.1.Correlation between structure, process, resultomgponent and Young’s modulus were
redrawn after [33].

Cellulose can be used as a microfibrillar fillehiah is accessible in terms of available
amounts and preparation. They can be extracted finenbiomass by a chemical treat-
mentleadingto purified cellulose followed by a mechanical treatment in order to ob-
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tain a homogeneous suspension due to the individdi@n of the microfibrils.
Composite materials with an acceptable level opetision should be processed
mixing them with thermoplastics, water soluble poérs or latexes as the matrix.
Indeed, after drying, cellulose microfibrils strdywgnteract through hydrogen bonds
and cannot easily be dispersed again.

This hydrogen bonding is best exemplified in papkere these secondary interactions
of the macrofibrils provide the basis of its medbahstrength. This may increase their
manufacturing complexity. The dispersion level elidose fibres within a thermoplas-
tic matrix is naturally subordinated to the prooegdechnique used and to the physico-
chemical nature of the matrix, but also to thedibhape before adding to the polymer
and to their interaction degree. The extractiop stecellulose microfibrils from the cell
wall is therefore important in the final propertigssuch composites [16].

2421 Methods of Cellulose Nanofibres Production

There are a lot of papers, which deal with possigsl of defibrillation of cellulose
fibres in nano scale. The description of the masdumethods reported in literature
follows.

The kraft pulp in a 3 % water suspension was diééibed in paper [5] by using a refin-
er and then passed through the micro-gap of amigbsure homogeniser resulting in a
large pressure drop causing shearing and impacedan the pulp. The homogeniser
treatment was repeated up to 30 times to obtaferdift degrees of microfibrillation.
Then, the microfibrillated kraft pulp fibre was $etted to centrifugation to increase the
solid content to 10 % (wet weight basis). Pulpdtwere defibrillated and branched to
form a web-like structure, part of the pulp wasusztl to 10 nm widths.

Hepworth and Bruce [10] made a composite to shaw ithis possible to exploit the
benefits of the nanocomposite structure of celllsvalithout the need to completely
separate the microfibrils from fragments of primarkant cell wall. These results
showed that primary cell wall material could be duse@ make composites with useful
and good properties. Possibility of microfibrilspaeation from cell wall material has
been also demonstrated in this thesis. These érimgurocedures involve harsh chemi-
cal and mechanical treatments that may signifigamttiuce the strength of the microfi-
brils. Fragments of plant cell wall were extracfemn a vegetable parenchyma tissue
and pressed together with PVA to form a composiees

Swede root was the source of the cell wall mateéniahis experiment. It is composed
mostly of fluid filled parenchyma cells with somecsndarily thickened and elongated
vascular cells. Fresh root tissue was used asefbapreparation of a fine paste using
a food processor. The wet paste was then suspandedo detergent to destroy the
lipid membranes and allow the cell contents toXteaeted into the external fluid. After

2 h, the swede pulp was collected in a muslin dittér (50 um pore size) and washed
with distilled water for 1 h. The paste was thesuspended in 0.5 M HCI for 2 h at 50
°C to remove some of the pectins that hold celigetioer (in paper [16], solid residue
was treated with dilute.05 M HCI for 1 h at 85 °C The pulp was collected in a muslin
cloth
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filter and washed in distilled water, before begrgund into a smooth paste by hand
using a pestle and mortar. The paste was placedaimiuslin bag between two metal
plates and pressure was applied using a clampuegg out more than 90 % of the wa-
ter.

Producing microfibrils from sugar beet pulp, potptdp and opuntia pulp are presented
in several papers, a majority of them from Dufreshal. [14-16, 30]. All these meth-
ods are very similar to each other.

A dried pulp was dispersed in water for 10 min wédttblender at a concentration of
2 % w/w (the slurry was then poured on a 0.25 mewesand washed with water, to re-
move most of the remaining starch granules in ma[&5] and [30]). The product was
concentrated and resuspended in 2 % NaOH solulioned the solubilisation of pec-
tins and residual starch. The alkaline suspensias shaken for 2 h at 80 °C and then
filtered and washed. A second extraction was peréar under the same alkaline condi-
tions and the alkali-insoluble product was bleachw#ti sodium chlorite following the
method of Wise et al. [67]. The resulting bleacpeaduct consisted essentially of indi-
vidual parenchymal cell rests and vessels togetligr about 9 % minerals. Some of
this mineral was removed by washing the rests bfuceler running water on a gon
mesh nylon sieve. In papers [15] and [30], thelteguinsoluble residue was bleached
with a sodium chlorite NaCl© (After this bleaching treatment in a buffer mediy so-
dium acetate buffer, pH = 4.9 for 2.5 h at 70 °d #me cellulose residue was washed
extensively with distilled water and freeze-driadoaper [15].)

The purified pulp was disrupted in a blender op=tadt 18 000 rpm for 15 min at a
concentration between 1 % and 2 %. The pulp wateta#. The sample which had
reached a temperature of 60 °C was immediatelyeeaith a laboratory scale Man-
ton-Gaulin homogeniser 15MR-8TBA (APV Gaulin In&/jlmington Mass). The sam-
ple was passed fifteen-time at a pressure of &b&@®and the temperature was kept be-
low 95 °C. A creamy suspension resulted that neflbeculated nor sedimented when
diluted with water. Isolated cellulose microfibriteid about 2—4 nm in diameter [14]
and the length was much higher (tens, sometimedrbda of nm), leading to a practi-
cally infinite aspect ratio of the microfibril [1:2 16, 30].

The method of Dufrense et al. [14-16, 30] of sep@mamicrofibrils from sugar beet
root tissue was not found to produce the requiregree of breakdown of swede root
tissue, so a similar procedure was developed buagusnger mechanical processing
stages and different equipment during the initiabcpssing. The first two steps
produced purifiedell wall fragmentsn which the structuref the cellulose cell wallvas
maintained. The third processing stage of mechhtreament produced fibrillated cell
wall material, containing separatedcrofibrils [9].

First the root material had to be broken down todpce fragments of cell wall. The
swede root was peeled to remove the waxy cutialeepdermal layers that have thick-
er cell walls, and cut roughly into 10 mm cube&5kg of these was placed in a labora-
tory blender with 0.5 | water and liquidised fomtn. The material was passed over a
150 um sieve and put into electrically driven mortar gestle device, and processed
for 3 h, by which time it had a smooth texture withvisible lumps. The material was
removed and cooked in a microwave oven for 3 mims Taused cells and pieces of
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cells that were still attached to each other t@s#p, as a result of the solubilisation of
pectin bonds. The cooked material was replaceemtortar and pestle and processed
for a further 0.5 h to complete the size reduction.

The second step was a chemical extraction whichpegermed to remove as much of
the non-cellulose components of the wall as possibé. pectins, hemicelluloses and
proteins, so as to leave the cellulose fibrillaglskon of the wall. To achieve this, the
cell wall suspension from stage 1 was incubatedstineéd with 2 % sodium hydroxide
for 2 h at 80 °C, and passed over a 23 um nyloresimder vacuum. The filtrate was
placed into a solution of sodium chlorite buffetedoH 4.9 with sodium acetate for 2 h
at 70 °C and then washed with 5 | of water, to lteauB8 g of purified cell wall materi-
al, with a dry matter content of about 4 %.

Last step was to separate the microfibrils in thiéwall fragments from each other, the
purified cell wall material was further process@d?2 % suspension of the purified cell
wall material in water was passed through a homisgenin which the liquid and its
suspended particles were pressurised to 500 bathasdorced through an aperture so
that the liquid was subjected to a high shear fldhe forces thus generated on the cell
wall particles fragments were sufficient to sepausdime of the microfibrils. This mate-
rial was cooled and kept at 2 °C until needed.

Three hours of grinding in a pestle and mortar ceduthe swede tissue to fragments
that range in size from 1 to 400 um in diametee $imallest particles are fragments of
cell walls while the largest fragments are clustdrseveral cells. The additional cook-
ing stage after the pestle and mortar treatmehowed by more grinding increases the
number of smaller cell wall fragments in the ramdel-50 pm. Subsequent filtering
through a 23 pm sieve removed particle of the sfaadividual cells or larger, leaving
a paste that was found to be composed of cell fragiments of less than 10 pm. No
whole cells were observed. Examination of the fragts by light microscopy showed
that there were equal numbers of fragments in thet4 pum and the-® um range.

However, there were still many fragments of celllwlaat had not been fibrillated. It
was not possible to quantify the proportion of mateseparated. In a typical set of
views, the amount of sample was too small to beessmtative and fibrils were often
tangled together, so neither the size of micrdBbnor the proportion could be esti-
mated with useful accuracy.

2.4.2.2 Patents

Many patents devoted to preparation of celluloserafibrils have applied similar de-
fibrillation methods of as described in the aboventroned articles but not all of them
produce fibres in nanoscale. They use misnomert afdke fibres are macrofibres. For
example, preparation of microfibrils is reportecpatents from textile industry [68—70],
but these microfibrils are about 20 um or lessiamzbter.

Also preparation of cellulose fibres of the lengththousands of nanometres or less
long is known inpapermakinge.g.,wood chips tafull chemicalor semiehemicalproc-
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ess for the purpose of separating the cellulosediltherein from other naturally in-
cident components. In such chemical process, thmlwbips are cooked with suitable
chemicals in an agueous solution, usually at edelV&#mperatures and pressures. The
object is to dissolve the naturally incident ligmind other extraneous compounds, leav-
ing the cellulose intact and in fibrous form. ThHgextive can be carried out to a com-
mercially satisfactory degree [1, 35]. Without legt— the energy required to vaporise
the water contained in lignocellulosic materiahpplied not by thermal external heating
but using of microwave or radio wave radiationadtequency within the range from
about 10 to about 300 000 MHz [2]. In this casefilies are thousands of micrometres
long.

Microfibrils sheets can be produced by forming &naiibril suspension into paper as
described in literature [3]. Examples of usablehuds include treatments using medi-
um stirring mills, vibration mills, high-pressuremogenisers, stone mill grinding, and
so on. Usable dispersion media are preferable yetieylene glycol, methanol and eth-
anol. In consideration of paper production, flyditonditions in which microfibrils do
not flocculate, etc., the concentration of the saspon is about 0.01 to 10.00 wt. %.

In patent [7], the process of the present inventieolves simple but effective chemical

and pressure mixing processes, such as homogenisgieration. The process yields
refined cellulose products from any cellulose seumcluding even minor amounts of

wood fibres as additives, but more preferably frioanvest residue crop fibre and other
crop waste fibre sources such as silage, stal&g(ilecluding tree leaves), and the like.

After dewatering, the microfibre or microfibrillateor highly refined cellulose formed a

very hard solid material. Further investigationtbe mechanical properties of samples
indicated a potential for making materials simtasynthetic polymers that can be used
in manufacturing industry.

The process is intended for the formation of cortjmrs and comprises:
o providing a composition comprising non-wood celkddibre;
o mechanical reduction of the size of the cellulobeefto less than 2 mm;

o reducing the binding effect of lignin on the midbwé content of the cellulose ma-
terial to form a first fibre product (this is dobg expanding the fibres into microfi-
bre components, essentially breaking the bindingmof the lignin on the micro-
fibres, and/or by actual amount of lignin preseantsaid composition comprising
cellulose fibre);

o providing pressure of at least 2 MPa (up to 14 MPaore) the fibre product while
a liquid is present;

o removing pressure within a time interval, whichlwiuse cellulose fibre to break
down into a second fibre product comprising midys in liquid;

o optional hardening of second fibre product by reataf at least some of the lig-
uid.

The process reduces the amount of lignin by weidgtgolids in fibre product to less
than 1.00 % or down to essentially 0.00 %. The c¢gdn of the amount of lignin is
based upon controlling the relative ability of filees to be handled during subsequent
processing. Larger amourdslignin, suchas the midrange of abou6by weight of fi-
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bre, found in corn cellulose fibre composition, uees the free moving action of indi-

vidual fibres and subsequently the microfibres. Diveing action and/or presence of
lignin can reduce the surface expansion effect (aegratio of surface area after expan-
sion as compared with the surface area before sigpgnand reduces the ability of the

microfibres to intertwine and entangle, and thuduoes the structural integrity and/or
the final product.

The reduction of the amount of lignin is perforni®da process gaining cellulose fibre
with alkali metal hydroxide (e.g. aqueous sodiundrbyide) at temperature between
40 and 110 °C, with 100 °C being the presently fsad operating temperature, or by
an alcohol cooking system using 50 % aqueous etr@oking at 185 °C for 30 to
60 minutes.

The resulting fibre products of the process arméer “highly refined fibres”. These fi-
bres should be clearly distinguished from the Shpeoduced by alternative technology
discussed above. For example, with the millingealfutose fibres, internal surface area
reaches approximately 1.C*tg with very fine milled fibres [7].

The invention [8] is focussed on the nanofibrildiielh are embedded in the secondary
cell wall. Those cellulose nanofibrils have diametethe range of 5-60 nm and the
length in thousands of nanometres. A method has Beeeloped to manufacture those
nanofibrils at a high yield from natural fibres.

A process for obtaining cellulose nanofibrils frovatural fibres involves heating a pulp
suspension to 80-90 °C, extracting the cellulosatemial with an acid (dilute HCI of
1 M conc.) followed by the extraction of pulp witlase (conc. less than 3 % wt./wt.),
and then pouring liquid nitrogen into the pulp &eeping the sample in liquid nitrogen
for 5-10 minutes to freeze the cell wall water #meh applying high impact for break-
ing the cell walls and hence liberating the midsafs from the secondary cell wall. The
step is then followed by high pressure defibrilatby passing the 2 % w/w suspension
of the liquid nitrogen crushed sample through hpgéssure defibrillator using PANDA
2K by NIRO SOAVI® unit subjecting the treated suspension to a highsure. The re-
sulting suspension reaches more than an 18 % gfeldnofibrils entangled together.

2.4.3 Nanocomposites

Nanotechnology is now recognised as one of the proshising areas for technological
development in the 21st century. In materials netedhe development of polymer na-
nocomposites is rapidly emerging as a multidisogoly research activity whose results
could broaden the applications of polymers to tteagbenefit of many different indus-
tries.

These materials offer improvements over conventioamposites in mechanical, ther-
mal, electrical and barrier properties. Furthermtrey can reduce flammability signifi-
cantly and maintain the transparency of the polymatrix. (In the case of layered sili-
cate — clay nanocomposites, loading level2 &6to 5 % of weight result in mechanical
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properties similar to those found in conventionainposites with 30 % to 40 % rein-
forcing material [71].)

These attractive characteristics already suggestiaty of possible industrial applica-
tions for polymer nanocomposites:

o automotive (gas tanks, bumpers, interior and ext@anels);

o construction (building sections and structural psne

o aerospace (flame retardant panels and high perfareneomponents);

o electrical and electronics (electrical components arinted circuit boards);
o food packaging (containers and wrapping films).

Polymer nanocomposites represent a class of tweeppalymeric materials (thermo-
plastics, thermoset or elastomers) in which the sizthe dispersed phase range on the
nanometre length scale with small quantities. Sirtyilto the conventional fillers, nano-
fillers can be classified by their aspect rati@disnensional nanofillers with nanometre
sizes in all dimensions comprise precipitated ondd silica, glass beads as well as sili-
con-titanium oxides and silsequioxanes preparedorgel processes. Cellulose whisk-
ers or carbon nanotubes are nanofillers with twuoedisions in the nanometre scale.
Plate-like fillers with one dimension on the namelesuch as layered silicates form the
third group of nanofillers. Polymer nanocompositéfer properties not yet attained
with conventional filler technology. The dispersioihnanoscale particles leads to a sub-
stantial increase in the number of second-phadiclearper volume of material com-
pared to macroscale particles even at low loadjngsally below 5 wt. %). Almost the
entire polymer is located at the interface of thadfillers and thus the materials proper-
ties are dominated by the interfacial interactidvisreover, the arrangement of the na-
noparticles can strongly influence the propert@&satial orientation of spherical, fibrous
or plate-like nanoelements into one-, two- or thd@eensional arrays with varying de-
gree of order leads to self-assembling superstrestwith novel structure property rela-
tionships.

While natural or synthetic microfillers are usedesmsively to modify polymer proper-
ties, the use of performed nanofillers is rathentied because of dispersion problems
and viscosity build-up relating to strong interpzet interactions [71].

There are some patents which describe preparatidrmpeocessing of nanocomposites.
Polymers, metals and ceramics are used as matficesiocomposite systems with sev-
eral types of fillers. A lot of these patents ded@h particulate inorganic filler. Clays
[72—74], silicate and organophyllosiclicate [75—0rf]graphite [78] are used in nano-
composites with polymer matrix.
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3  Target of the Research Work

This research work is focused on investigation tdfsation of natural cellulose fibres
and microfibres in composite systems with polymatres.

In order to characterise the selected systems thign aims of studies were observed:
defibrillation of natural cellulose fibres, measuent of water absorption of fibres and
of complete composite systems, and measurementeghamnical properties (tensile
strength and Young's modulus) of these composithsee types of polymer matrix
were selected: epoxy resin representing hydrophthieianoset and from thermoplastic
polymers hydrophobic polypropylene and hydrophlatyvinyl alcohol. From the pro-
duced cellulose fibres bamboo, flax, hemp, andaledypaper were selected as filler.

The aim of the work is to obtain original basicaaxh results in characterisation of
mechanical properties of composite systems withrdpfulic natural cellulose fibres as

a filler and hydrophobic or hydrophilic polymer megs. Selection of the topics is

based on the fact that defibrillated and nondédféied cellulose fibres in combination

with degradable polyvinyl alcohol matrix could hgvetential of usage as fully biode-

gradable composite systems. Possibility of adhesmgmovement between hydrophilic

fibres and hydrophobic polypropylene matrix as hyossed thermoplastic is studied.

Influence of various types of modification by salt®was observed — maleic anhydride
grafted polypropylene as a coupling agent and axygeair plasma surface treatment of
polymer. Characterisation of composite systems wiitely used constructional ther-

moset epoxy resin is studied as supplementaryndsea

The goals of this PhD thesis are summarised irgddtowing four sub-goals:

1. to suggest and develop a method of preparatioomposite systems test pieces
on polymer matrix base with natural cellulose féhes a filler by using different
techniques;

2. characterisation of mechanical properties and inyason of decisive factors
influencing these properties;

3. characterisation of behaviour of produced compssigh respect to water and
humid environment;

4. to develop a defibrillation method of natural cklke fibres and to verify possi-
bilities of composite systems preparation with éhiégres.
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4 Materials

4.1 Fibres

4.1.1 Defibrillated Fibres

Cellulose fibres Cware F10.2 (Fig. 4.1.1.) withddnup to 2 mm, produced by compa-
ny CWA, Cellulosewerk Angelbachtal GmbH were usaddefibrillation.

Two types of cellulose fibres from recycled papgegP fibres from company PSP Pa-
pierschaum AG) were used: PSP-grey, fibres fromeadhned recycled paper and PSP-
white, fibres from bleached recycled paper. Bopiesyof fibres were in the same size as
Cware F10.2 fibres — up to 2 mm (Fig. 4.1.2.).

N

ok 3 420
cware C ref 200x 20kV 36mm F———200 ym ——

Fig. 4.1.1.Sample of Cware F10.2 cellulose fibres.
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Fig. 4.1.2.Sample of unbleached PSP cellulose fibres fromctedypaper.
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4.1.2 Nondefibrillated Fibres

Nondefibrillated fibres were used to form composygstems with several types of poly-
mer matrices. Recycled paper — PSP-grey cellulisesf from company PSP Papier-
schaum AG were used as nondefibrillated filler, too

Bamboo fibres (Fig. 4.1.3.) of technical qualitpguced by the company PMG Geotex
GmbH. were also tested. Their length was up ton3% and diameter up to 0.5 mm.
The density of these technical fibres was 1.5 g/cm?3

y 4 % 4

Fig. 4.1.3.Sample of bamboo fibres.

Flax fibres (Fig. 4.1.4.), from Holstein Flachs qumy, have brand name Konfektion-
lerte Kurzfaser. These technical fibres had lengiito 6 mm, diameter up to 0.4 mm

and density 1.4 g/cms.

Fig. 4.1.4.Sample of flax fibres.

Technical hemp fibres (Fig. 4.1.5.) with name Skperfasern SKF2 were purchased
from company BaFa GmbH. These fibres were up tar8lamng, their diameter was up
to 0.5 mm and density was the same as in the d¢dxdibres, that were 1.4 g/cm3.
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Fig. 4.1.5.Sample of hemp fibres.

4.2 Polymers

4.2.1 Epoxy Resin

As thermoset epoxy resin marketed by Spolek pronati®u a hutni vyrobu a.s., Usti
nad Labem with brand name ChS-Epoxy 371 (data $shdetb. 4.2.1) was chosen. The
used resin was lightly yellow with density of 1.4&m3. The glass transition tempera-
ture was 48 °C.

Tab. 4.2.1
Technical data sheet of ChS-Epoxy 371
Property Value
Viscosity [Pa s/23 °C] 20-70
Tensile Strength [MPa] 42

Young's Modulus [MPa] 2500
Flexural Strength [MPa] 88

Hardeners are necessary for thermoset in proced3iethylentriamin with brand name
P11, marketed by Spolek pro chemickou a hutni wrals., Usti nad Labem too, was
used as the hardener in this case, with harderongditton of 25 °C and 48 hours of
hardening time.

4.2.2 Polypropylene

Two types of polypropylene were used. One was bg&reous copolymer polypropyl-
ene (block copolymer) with brand name Domolen 2d48chnical data in Tab 4.2.2)
from company DOMO. This PP was a heteroplastiooper with PE-units, its densi-
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ty was 0.91 g/crh(ISO 1183) and melting point 163 °C (ISO 3146)wits formulated
with a nucleation and antistatic stabilisation ek

Tab. 4.2.2
Technical data sheet of polypropylene Domolen 2448
Property Test method Value

Melt flow rate

MFR 230/2.16 [g/10 min] ISO 1133 6
Technical properties

Tensile modulus of elasticity (v = Imm/min) [MPdFO 527-2 1150

Tensile yield stress (v = 50mm/min) [MPa] ISO 527-2 24
Tensile yield strain (v = 50mm/min) [%] ISO 527-2 7
Tensile strain at break (v = 50mm/min) [%] ISO 327- >50
Charpy impact strength notched + 23 °C [K)/m ISO 179/1eA 18
Charpy impact strength notched — 30 °C [K)/m ISO 179/1eA 5

Domolen 2448 L was used in composite systems vetlyaled paper fibres as filler
with and without maleic anhydride coupling agent.

Used coupling agent — maleic anhydride grafted aygropylene was from company
DuPont. Brand name is Fusabond P MD353D and itavakemically modified poly-
propylene with melting point 136 °C (ISO 3146).

The other one was heterophasic copolymer polypevgyl(block copolymer) with
brand name BE170MO (technical data in Tab 4.2@nfcompany Borealis A/S, char-
acterisedy highimpactstrengthcombinedwith high stiffnessandgood flow properties.

Tab. 4.2.3
Technical data sheet of polypropylene BE170MO
Property Test method Value

Melt flow rate

MFR 230/2.16 [g/10 min] ISO 1133 13
Technical properties

Tensile modulus of elasticity (v =1 mm/min) [MPdEO 527-2 1250

Tensile yield stress (v = 50 mm/min) [MPa] ISO 527- 25
Tensile yield strain (v = 50 mm/min) [%0] ISO 527-2 6
Hardness, Rockwell [R-scale] ISO 2039-2 86
Charpy impact strength notched + 23 °C [K)/m  ISO 179/1eA 8
Charpy impact strength notched — 20 °C [K}/m SO [79/1eA 4

This PP had density 0.902 g/&¢SO 1183) and melting point was 230 — 260 °C (ISO

3146).

BE170MO was used in composite systems with bamlbdwemp fibres as fillers with
and without plasma treatment of polymer matrix.yPmpylene was treated by cold
plasma with oxygen gas or air.

36



4.2.3 Polyvinyl Alcohol

Polyvinyl alcohols (types 4-88 — homopolymer and 4586 — copolymer) marketed by
Kuraray Specialities Europe with brand name Mowiare used (data sheet in Tab.
4.2.4). Used Mowiols were flammable white powdefgnging to yellow in colour up-
on heating, with specific gravity 1.25-1.32 [g/crafid bulk density 0.4—0.7 g/cm3.

Tab. 4.2.4
Technical data sheet of PVA 4-88 and GF 4-86 [29]
Property Value

Viscosity* (DIN 53 015) [mPa s] 40+0.5
Degree of hydrolysis (saponification) [mol. %] 87.7 + 1.0
Ester value [mg KOH/g] (DIN 53 401) 140.0 £10.0
Residual acetyl content [wt. %] 10.8+0.8
Volatile content [wt./wt. %] <5.0
Methanol content [wt./wt. %] <3.0
Ash content** [wt./wt. %] <05
pH 5-7

* of a 4 % aqueous solution at 20 °C
** calculated as N@

Mowiol is manufactured from polyvinyl acetate bg@holysis using a continuous proc-
ess. The both used types of PVA were partially blyded. Their glass transition tem-
perature is 58 °C and they melt at 150-190 °C. &hgmtially hydrolysed Mowiols
dissolve in water much faster than the fully hygseld grades. Mowiols are not soluble
in animal, plant and grease oils and neither oggaalvent. They soften or are soluble
in acids and alkalis.
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5 Methods

5.1 Preparation of Fibres

The defibrillation treatment was applied on thrgees of cellulose fibres: Cware F10.2
and fibres from recycled paper PSP-grey (unblegched PSP-white (bleached). Be-
fore treatment, the fibres were scanned by fibmityucontrol and characterisation sys-
tem Fibreshape System by Innovative Sintering Teldgies Ltd.

Fibres were treated by several mechanical, chenaiedl mechano-chemical methods.
These methods are summarised in table 5.1.1.

Tab.5.1.1
Mechanical and chemical treatment of fibres
Method Cware F10.2 PSP-grey PSP-white

Referential X* X X
Friction X - -
Milling X - -
Ultrasonic 2h,3h 24 h 24 h, 100 h
NaOH 2% 10 % 10 %
5% NH;+ 95 % - - 12 h
H,0,
Homogeniser - 30 MPa/10 min -

*x means used method

Mechanical treatment by friction was made in chainmortar and pestle and a coffee
mill was used for milling.

An ultrasonic cleaner for aqueous cleaning agentsdél Sonorex Super Compact Ul-
trasonic Cleaner, company Bandelin) was used easoliic bath.

Two types of chemical bath were used in ultrasoleicice. The first one was the solu-
tion of 2 % or 10 % of NaOH in distilled water. Teecond one was solution of 5 %
NH3 with 95 % HO,. Fibres treated by these chemicals were washirdjdtyled water
sequentially.

The used homogeniser produced by the company APY68er, Gaulin LAB 1 DTBS

is device which is able to treat 60 I/h with maxirpeessure 70 MPa. Homogenisation
is a mechanical treatment of the water solutiorth wimall particles and fibres which
are brought about by passing solution under higisqarre through a tiny orifice, which
results in a decrease in the average diameterramtigease in number and surface area,
of the particles.

The homogeniser consists of a 3 cylinder positigégop pump. It operates on a similar
basis as a car engine and a homogenising valvepliimp is turned by electric motor
through connecting rods and crankshatft.
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3, 6, 9 and 30 wt. % of defibrillated and nondefiated fibres were used to form test
pieces. All fibres were dried for 24 hours at apenature of 105 °C before processing.

5.2 Composite Processing

5.2.1 Casting of Epoxy Resin

Casting method was used to obtain test pieces miposites from epoxy resin with
hardener in ratio 100:7 with or without naturallgkelse fibres.

Three-pieces-forms made from dural in combinatiah wolymethyl methacrylate with
breather holes for evacuation or hardening by presabove atmospheric (&7
0.1) MPa were used. Chemically indifferent solutafnbeeswax in petrol as thin film
was used for separation in this case. Test pietfes 0.1) mm long with area of cros-
section (32t 0.6) mnt were discarded and deburred.

Polymer and composite test pieces were storedrmatdé chamber (RUMED 4101) for
16 hours at 23 °C and 48 % humidity according tom®IN 50 014 before measure-
ments of mechanical properties.

5.2.2 Extrusion of Polypropylene and Polyvinyl Alcohol

The extrusion process was used to prepare granofigiere polymers (PP and PVA),
polymers with coupling agent, cellulose fibres aodpling agent together with natural
cellulose fibres.

Every compound was dried at a temperature of 6QptBymers) and 105 °C (fibres).
Polypropylene and the coupling agent maleic anklgdwere dried for 16 hours, polyvi-
nyl alcohol and fibres for 48 hours. The procesgiagpmeters of extrusion which were
the most suitable ones and were discovered anddtese shown in Figs. 5.2.1. and
5.2.2.

Temperature profile
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Fig. 5.2.1.Parameters of extrusion of pure PP and PP withiaesli
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Temperature profile
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Fig. 5.2.2.Parameters of extrusion of pure PVA and PVA witHites.

In this case, extrusion machine type ZE 40A x X .BT (company Berstorff) was
used. The extrusion unit consists of two screws wdiameter 43 mm and length
1 500 mm. The polymers with additives (coupling ragand fillers) were melted and
mixed in the extrusion machine after reaching thadting point of polymer matrix.
Composite was extruded after mixing with screws endled in suitable environment
(water or air). Such composite strings go to thigrmg machine, where they are granu-
lated with a blade.

5.2.3 Injection Moulding of Polypropylene and Polyvinyledhol

The extruded granulates were used as initial natir the next operation — injection
moulding.

Injection moulding machine was used to producepistes for tensile and impact tests
from the produced composites. Injection mouldingcpss was done by a machine from
company Boy type Boy 22S Dipronic.

Each granulate was dried for 24 hours before psigsDry granulate was put into the
injection moulding machine and plasticised. Togethigh mixing, the granulate was

heated up with heating units until it reached thadtimg point (temperature parameters
of injection moulding are in Tab. 5.2.1). After @&ing the optimised injection mould-

ing temperature, the polymer or composite was tageinto the form of the test piece
(type 1B for tensile test according to DIN EN 10P@2d it was cooled down for few

seconds. Test pieces were cooling on air aftergogiiected from the form.

This method was used for polymer matrices of palyvialcohols Mowiol 4-88 and
GF 4-86 and polypropylene Domolen 2448L with anthaiit MAPP coupling agent.

Similar method of plasticising was used to fornt f@eces of composites with polypro-
pylene BE170MO matrix with and without plasma tneat. In this case after homoge-
nising and plasticising, composite material was toua compression mould with the
chamber size 150150°11.8 mm and closed in heated-platen press produgezbin-
pany Fontjne Holland fot min at a temperature @00 °Cand pressing powerf00 kN.
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Compression mould was cooled in heated-platen fimgsgater to a temperature of 30—
40 °C. Test pieces of the type 1BA were milled ofuéxcluded tablet according to the
normCSN EN ISO 527-2.

Tab.5.2.1
Temperature parameters of injection moulding adhlstby four Fe-CuNi — thermoelements
Material Jet 1. Heating zone 3. Heating zone
temperature [°C] [°C]
[°C] Material area

PVA 190 200 140
PVA + 4 wt. % MAPP 190 200 140
PVA + 30 wt. % PSP-grey 210 210 140
PVA + 30 wt. % PSP-grey + 4 wt. % 200 210 140
MAPP
PP + 30 wt. % PSP-grey 170 170 160
PP + 30 wt. % PSP-grey + 4 wt. % MAPP 170 170 160

* 2nd heating zone was not used

5.2.4 Casting of Polyvinyl Alcohol Water Solution

Various methods were used to form composites watianal cellulose fibres embedded
in polymer matrices. Test pieces of polyvinyl alobfwere cast from solution of poly-

mer and water (20 g of PVA in 100 ml distilled watevith or without embedded

natural cellulose fibres. Two methods of castingeaagplied.

One method was to cast water solution of polymeonposite to Petri dish)(150°120
mm). Test pieces type 2 according to the n@t8N EN ISO 527-3 were cut up of
excluded tablet after drying of cast material an ai

The other method was to cast water solution of pelyor composite material to two-
pieces forms made from stainless steel accordimgiim for test pieces type 1B for ten-
sile test DIN EN 10002.

5.3 Measurement of Mechanical Properties

5.3.1 Tensile Test

Mechanical properties — tensile strength and Yosingdodulus were measured with ten-
sile test on universal material testing machindn\aiitomatic recount produced by com-
pany Instron Corporation (Buckinghamshire, Englagge 4206.

The tensile test was based on the norm number EN33%7-4 at a temperature of
(23+2) °C and 50 % of relative humidity. Cross-headespand maximal loading
changed with used material of test pieces:

o polyvinyl alcohol matrix — 50 mm/min. and 0.5 kN;
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o polyvinyl alcohol matrix and polypropylene matrix2-mm/min. and 50.0 kN;
o polypropylene matrix — 20 mm/min. and 0.5 kN;
o epoxy resin matrix — 5 mm/min. and 5.0 kN.

5.3.2 Impact Test

As an additional method to determine mechanicgbgnttes, impact test was used. The
response of a material to abrupt loading is medsuree most common laboratory test
configuration is the pendulum machine. Zwick Pendumachine 5113 with 7.5 J ham-
mer was used.

Pendulum impact test machines measure the enesgyladal in fracturing the test spec-
imen. The measurement was made according to Chaopy, DIN EN 1SO 179.

Polymer and composite test pieces of the type 1& weepared for testing according to
norm ISO 3167. Test pieces were stored in a freezeyach testing temperature -30 °C
for 16 hours before measurement.

5.3.3 Scanning Electron Microscopy

Fracture surfaces of specimens from test piecedefwmile tests were observed with
Scanning electron microscope type JSM 540A prodigedEOL to evaluate distribu-
tion of fibres in matrix and adhesion between filked matrix. Sputter-coating (Sputter
Coater Edwards S150B) of the specimens with AuPslwgad.

5.4 Measurement of Water Absorption

Water absorption of the used natural celluloseeband composite systems with EP,
PP and PVA matrices was measured. The amount oftunei absorption was
determined by measuring its change in mass — diffsx between initial mass and mass
after expo-sure.

Test pieces with PP and EP matrices were storadcahstant temperature of 23 °C in
distilled water for 24 hours. Fibres and test psewgth PVA matrix were stored at a
constant temperature of 23 °C and constant 50 %elafive humidity for 24 hours.
Samples of cellulose fibres and test pieces of asigs were put in drying oven. Tem-
perature of drying oven was (1335) °C and samples and test pieces were removed at
fixed intervals and weighed on laboratory balan&RK EW220-3NM (company Kern
andSohn GmbH) After weighing, tley were réurned to the oven andelprocess was 1e
peated until the mass of samples and test piecesovestant. The rate of absorbed wa-
ter loss was fairly rapid in the early stages afdiboning, it was therefore necessary to
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make more frequent mass measurements. The ratelegasasing with time. The ab-

M = ijet_ Wdrymloq ]
Wdry

sorbed water content, M, can be determined as:

where the wet and dry mass of samples are dengtegidand wy [79].
%
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6 Results and Discussions

6.1 Mechanical Properties of Composites

Two types of polymer matrices are usually usedomgosite systems — thermoset and
thermoplastic. Three types of polymer matrix wezkested for this research work: ep-
oxy resin representing hydrophobic thermoset amal ttvermoplastic polymers — non-

polar polypropylene and polar polyvinyl alcohol.

6.1.1 Epoxy Resin

Epoxy resins are one of the most commonly usediceatin composite systems espe-
cially in combination with glass, carbon or ararfildes. The question is, whether natu-
ral cellulose fibres can replace these commorrdille

Based on preliminary experiments, the filling fiantwas restricted to 9 % in case of
composite systems made from epoxy resin. It wascdif to form test pieces at this
stage of filling mainly when flax fibres were usasia filler.

Figure 6.1.1. summarises the results of tensilength measurements of composites
with epoxy resin migix. The addition of3—9 wt. %of cellulose fibres results iredrease

Tensile Strength of Epoxy Resin Composites
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Fig. 6.1.1.Comparison of the tensile strength R1Pa] of cast pure epoxy resin and cast composite
systems with EP matrix and different cellulosedibgs a filler and its different filling fraction.
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Young's Modulus of Epoxy Resin Composites
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Fig. 6.1.2.Comparison of Young's modulus E [MPa] of cast mpexy resin and cast composite
systems with EP matrix and different cellulosedibrs a filler and its different content.

of the tensile strength from 4 % (6 wt. % of bamlhboes) to 44 % (9 wt. % of PSP-
grey recycled fibres) in comparison with pure ERrmd59 MPa).

The measured Young's modulus of the epoxy resirposites is in figure 6.1.2. Com-
posites with filler from bamboo fibres had the bestults of the Young's modulus — two
times higher modulus than that of pure EP (750 MPlag¢se composites also evidenced
the highest dependence on filling fraction valuédedied bamboo fibres. The other in-
vestigated fibres (hemp fibres and PSP fibres freaycled paper) showed much less
pronounced dependence on filling fraction, but atkese fillers resulted in en-
hancement of the Young's modulus with respect ¢optlre epoxy resin. The modulus
increased from 24 % for 3 wt. % of PSP-grey reaydileres up to 109 % for 9 wt. % of
bamboo fibres. (Tables of measured values are peApix A in Tab. A.1 — Tab. A.2.)

SEM picture Fig. 6.1.3. of fracture surfaces of posite specimens showed poor adhe-
sion between fibres and matrix except for hempefbrGaps between fibres and EP
were found and dispersion of fibores was not homegas. Few fibres could be seen,
pulled out of the matrix during tensile measurement

Basic theory of composite materials predicted iaseel values of tensile strength and
Young's modulus after embedding of reinforcingdibto a matrix [81]. Raising values
of Young's modulus measured in case of raisingmelof natural cellulose fibre rein-
forcement in epoxy resin matrix correspond to theory, whereas the trend of obtained
values of the tensile strength was just opposite.

The addition of 3-9 wt. % of cellulose fibres dexsed the tensile strength by 4 %
(6 wt. % of bamboo fibres) to 44 % (9 wt. % of P&®y recycled fibres) in comparison
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C) D)
Fig. 6.1.3.Fracture surface of epoxy resin composites.
A) Fracture surface of EP matrix with 9 wt. % of bawmffibres.
B) Micrograph of specimen fracture surface of EP matith 3 wt. % of flax fibres shows low fibre
— matrix adhesion and long voids on borders oeBhwith matrix.
C) Fracture surface of EP matrix with 3 wt. % of hefibpes — good matrix-fibre adhesion can be
seen from micrograph.

D) Micrograph of specimen fracture surface shows atmo adhesion and large and long voids
between EP matrix and 3 wt. % of PSP-grey fibrefilas

with pure EP matrix. This phenomenon could be arpth by imperfect adhesion be-
tween hydrophilic fibres and hydrophobic matrix adurrence of high amount of cav-
ities, as can be seen from the SEM pictures ofrure surfaces. Content of cavities
in composite systems has been reported to affguifisantly mechanical properties of
the composite material [80]. Cavities cause a @dsa®f efficient supporting cross-sec-
tion transferring load and they perform as a strager leading to reduction of tensile
strength [81, 82].

The increase in the Young's modulus of fillé&&P was givenby presence of
strengthening fibres, that bear part of the tensiod they imparted stiffness to the
reinforcing materi-al. According to that theoryisiag values of Young's modulus were
measuredn caseof raising volume of natural cellulose fibre reirdement in epoxy
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resin matrix especially by the composites withefillout of bamboo fibres. These
composites reached absolutely the highest valugsectively in dependence on filling

fraction. Young's modulus was two times higher thare EP in this case. The rest of
the used filler did not have so ex-pressive infteeon modulus of resulting composite
systems. Generally modulus in-creased by from 2@3%t. % of PSP-grey recycled

fibres) to 109 % (9 wt. % of bam-boo fibres).

Poor adhesion between fibres and matrix except banamd hemp fibres is evident
from micrographs (Fig. 6.1.3.) of these composjsemns fracture surfaces. Additional-
ly, the dispersion of fibres was not homogeneoud gaps between fibres and EP
matrix were found. Few fibres were pulled out frahe matrix during the tensile

measurement. Inhomogeneities evident from micrdggagre due to the technique of
their preparation — casting of highly viscous cosifm system with EP matrix and
cellulose fibres. Inho-mogeneity of test pieces waplanation of decrease in tensile
strength. Pressure form-ing in vacuum is more blatprocessing method as it inhibits
formation of cavities. Unfortunately, this methodswnot available in our laboratory.

6.1.2 Polypropylene

The present-day trend is the application of thedasif with natural cellulose fibres in
composites, both in the research and in the ingd(88&]. A lot of studies deals with ad-
hesion, and it is very common to use maleic ankigdacid as coupling agent. But it
could be possible to use polymer matrices treayguldsma.

6.1.2.1 Polypropylene with Maleic Anhydride Grafted Polypytene

Polypropylene Domolen 2448 L (Fig. 6.1.5. A) wagdigs a matrix for composites
with natural cellulose fibres. To increase the athe between fibres and hydrophobic
polymer, the maleic anhydride tends to be used esupling agent for grafting the

polypropylene surface. Composite test pieces wegpgoed from the pure and grafted
polypropylene both filled with PSP-grey recycleddese fibres.

Results of tensile strength and Young's modulussmesments are summarised in fig-
ure 6.1.4. In comparison with pure polypropylend aolypropylene with 4 wt. % of
MAPP as matrices, after embedding 30 wt. % of P&y-gecycled cellulose fibres,
ten-sile strength increased, and Young’'s modulusedk Tensile strength increased by
50 % after incorporating dry PSP-grey fibres to B with coupling agent as matrix.
Good results of Young’s modulus were reached byofigeire PP matrix with 30 wt. %
of PSP-grey. The Young's modulus increased by 260Ir4case of polypropylene
matrix with MAPP, the Young’'s modulus increased3ty% after incorporating PSP-
grey fibres.

47



Mechanical Properties of Polypropylene DOMOLEN 2448 1.
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Fig. 6.1.4.Mechanical properties (tensile strength [RIPa], Young's modulus E [MPa]) of
moulded pure polypropylene Domolen 2448 L and casitpaystems with 30 wt. % of PSP-grey
recycled cellulose fibres or 4 wt. % of MAPP anditttombination.

Compared to the previous mentioned results, Youngsdulus and tensile strength in-
creased evidently according to the theory aftdulose fibres were embedded. The ap-
plication of maleic anhydride coupling agent matkeachproved this trend. (Table of
measured values is in an Appendix B in Tab. B.1.)

Interaction between fibres and polypropylene matsith and without addition of
MAPP as coupling agent is evident from next pidurd-igs. 6.1.5. and 6.1.6. Improve-
ment d adhesiornhat participates onmprovement bmechanical propegs is evilent

250x 10kV 29mm
A) B)
Fig. 6.1.5.Fracture surface of polypropylene Domolen 2448 L.

A) The micrograph shows fracture surface of PP spatipnocessed by injection moulding. This
fracture is plastic and it shows typical behaviotipolypropylene.

B) Plastic fracture surface of polypropylene DomoldA&L with 4 wt. % of maleic anhydride
grafted polypropylene (MAPP) processed by injectitoulding.
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from these pictures. Maleic anhydride grafted padpylene changes properties of pure
polymer matrix and it behaves as plasticiser imeation with polypropylene.

s Lo R S NS e RSy _ it A s >. AP ) N
5.1 3z 250x 10kV 21mm —100 pm — . —100 pm —1
A) B)

Fig. 6.1.6.Fracture surface of polypropylene with 30 wt. %4&P-grey recycled cellulose fibres.
A) The micrograph shows fracture surface of compagiezimen processed from polypropylene as
a matrix with PSP fibres. The fracture surface ateavs ductile behaviour with typically pulled-out

fibres that refer to not really good adhesion.

B) Fracture surface of PP with 4 wt. % of MAPP andM0% of PSP-grey fibres also shows ductile
behaviour. The coupling agent has improved adhdstbmeen matrix and fibres, which is evident
from the picture.

Mechanical properties of polypropylene compositeanged according to the theory
[80—82]—tensile strengthby 50 % andYoung's modulus (practically about by 260 %)
increased after embedding 30 wt. % of PSP-greyctedyfibres to matrices from PP
with and without 4 wt. % of MAPP as coupling agente lower increase of modulus
measured by composites with added MAPP can be ieepldy acting of the coupling

agent in connection with PP matrix as a plasticiddirtest pieces could be considered
as anisotropic due to the processing by injectionlding.

Micrographs showed the difference between both madgewith and without coupling
agent (pure matrices Fig. 6.1.5. or composites &ib.6.). Composite processed from
polypropylene matrix with PSP fibres with 4 wt. % amupling agent MAPP showed
ductile behaviour and the coupling agent improveldesion between matrix and fibres
as it can be seen from micrographs of fractureaserbf composite with polypropylene
as a matrix and PSP fibres. This fracture surfaea showed ductile behaviour but with
typically pulled-out fibres which indicate poor adion between the matrix and the fi-
bres (Fig. 6.1.6.). Almost no cavities occurredhiese test pieces. It is a sign of the suit-
able processing method application.
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6.1.2.2 Polypropylene with Plasma Treatment

Only bamboo and hemp fibres were used for thisyshetause of easier processibility

to the polymer matrix due to their fibrous struetur

Tensile Strength of Polypropylene BE170MO Composites
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Fig. 6.1.7.The tensile strength [MPa] of pure polypropylend aomposite systems with PP matrix
and different cellulose fibres as a filler anddifferent filling fraction (one group of composites
with PP matrix was treated by oxygen plasma, tikers# by air plasma).

Fig. 6.1.8.Young's modulus [MPa] of pure polypropylene anthposite systems with PP matrix
Young's Modulus of Polypropylene BE170MO Composites
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and different cellulose fibres as a filler anddiferent content (one group of composites with PP
matrix was treated by oxygen plasma, the secorairtptasma).
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Tensile strength (Fig. 6.1.7.) decreased, in cormparwith pure polypropylene matri-
ces, after embedding 9 or 30 wt. % of bamboo orphBbmes to the pure polypropylene
BE170MO matrix and to the polypropylene matricesated either by oxygen or air
plasma. In case of plasma treated polypropylereintrease of adhesion was expected
but it did not happen. A lot of inhomogeneities aids were in all produced compos-
ites and no evident adhesion of treated polymerstaral cellulose fibres can be seen
from all micrographs Figs. 6.1.9. and 6.1.10.

Young’s modulus (Fig. 6.1.8.) increased after endibegifibres and it grew with the a-
mount of used fibres. Maximal increase of Young'sdulus was 30 % after incorpo-
rating 30 wt. % of fibres. (Table of measured valaee in Appendix B in Tab. B.2 —
Tab. B.3.)

Fig. 6.1.9.Fracture surface of heterophasic copolymer polygene BE170MO with 9 wt. % of
bamboo fibres.

A) Micrograph of fracture surface of composite spetireshows low adhesion between untreated
polypropylene matrix and bamboo fibres.
B) Micrograph of fracture surface of composite specirshows pure adhesion between PP matrix
treated by oxygen plasma and bamboo fibres.

C) Micrograph of fracture surface of composite spedrsizows low adhesion between heterophasic
copolymer PP matrix treated by air plasma and banfiboes.

Fig. 6.1.10.Fracture surface of polypropylene BE170MO witht9% of hemp fibres.
A) Almost no adhesion between untreated PP matrivhant fibres can be seen from micrograph.

B) Micrograph of fracture surface of composite spedairsigows pure adhesion between PP matrix
treated by oxygen plasma and hemp fibres.

C) Micrograph of fracture surface of composite specirshows imprint of bundles of hemp fibres
and low adhesion between them and PP matrix tréstedr plasma.
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Bamboo and hemp fibres were used as a filler incthraposite systems with matrix

made from polypropylene treated by air and/or orygkasma. Mechanical properties
changed due to embedding of mentioned naturallos#uibres but the tensile strength
even decreased by 30-48 %, in comparison with poigpropylene matrices, after

embedding cellulose fibres. It could be due to mpatible connection of hydrophobic

or hydrophilised polymer matrices and hydrophil@lulose fibres. Resulting compos-

ites had highly inhomogeneous structure — placéis partial or no adhesion and with

inhomogeneous morphology of fibres too. Inhomogeseiin structure could happen

due to the used processing method. The polymedagspother melting properties

which was found during melting experiments. The$iernt properties could happen-

ed due to possible cross-linking of particles stefayer in consequence of its interac-
tion with plasma respectively with plasma radiatig4).

Test pieces could be also considered as anisotdygdo the processing by compres-
sion moulding that leads to a large variabilitytbé measured values. Ends of fibres
considerably influence the decrease in tensilengtreof composites reinforced by short
fibres. Stress concentrations happen at the entdsedfbres and cause their separation
from matrix by microcracks even at low load. Itkisown from literature that shear
stress along fibres between surfaces could sepawatibres from matrix and these e-
mergent cracks begin extent. If it happens byilaikg, fibres would become ineffective
and composite material would behave like a bundléboes without matrix [80—82].
Demonstration or elimination of this effect regsimdditional study what is beyond the
scope of the presented work. Cavities and voids dha always present in composite
systems appeared as another effect. These cawitidsvoids did not cause only
decrease of efficient supporting cross-sectioresf pieces but they took effect as stress
raiser which led to decrease of tensile strength [8

Young’'s modulus increased after embedding fibresb inimcreased with filler content
by almost all types of these polypropylene compgosyistems except one — 30 wt. % of
hemp fibres embedded in pure PP matrix. Young'suh@ddecreased by 7 %. Maximal
increase of Young’s modulus was 30 % after incapog 30 wt. % of fibres.

In case of plasma treated polypropylene, the imered adhesion was expected but it
did not happen. A lot of inhomogeneities and veigse in all produced composites and
no evident adhesion of plasma treated polymeratoral cellulose fibres could be seen
from micrographs (Figs. 6.1.5.—6.1.6.). Influendeplasma treatment, air and oxygen,
was rather negative. In spite of the fact that amtimeof plasma treated polymers to met-
als was good as it was shown in [85], for orgaiiices sufficient adhesion was not
reached. It is obvious that affection of polymertigées surface layer in consequence of
its interaction with plasma respectively with plasnadiation happened and this prob-
lem should be studied further.

6.1.3 Polyvinyl Alcohol

6.1.3.1 Injection Moulded Polyvinyl Alcohol

Two types of polyvinyl alcohol were used. The firghe PVA GF 4-86 was used at the
beginning of the investigation. Small amount of plodymer, deficient for extrusion and
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injection moulding process, was mainly used fottings The second polyvinyl alcohol
4-88 (Fig. 6.1.12. A) had similar properties asdarthe solubility was concerned but
the mechanical properties were different.

Mechanical Properties of Moulded Polyvinyl Alcohol 4-88 Composites
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Fig. 6.1.11 Mechanical properties (tensile strength Rm [MRa&a}Ing's modulus E [MPa]) of
moulded pure polyvinyl alcohol 4-88 and composytstems with 30 wt. % of PSP-grey recycled
cellulose fibres or 4 wt. % of MAPP and their corrdiion.

Figure 6.1.11. summarises the results of tensilength and Young's modulus of
moulded composites with polyvinyl alcohol matrixheltest pieces made from PVA 4-
88 with 30 wt. % PSP-grey produced by injection tdmg showed high tensile

strength. The tensile strength increased by 50t afcorporating of dry fibres to the
PVA 4-88 matrix. The PVA 4-88 with MAPP couplingead had higher tensile strength
in comparison with pure PVA 4-88 but after embeddihe PSP-grey recycled fibres
did not result in any increase in their tensilesgth.

Increase of Young's modulus by 85 % was recordedaise of PVA with 4 wt. %
MAPP matrix composite after incorporating dry PSBygfibres. Composite systems
with ma-trix from pure PVA did not increase theiodulus after embedding fibres.
(Table of measured values is in an Appendix C ib. Tal.)

lllustration of fracture surfaces of pure PVA aramposites with polyvinyl alcohol or
PVA with MAPP matrices and30 wt. % of PSHibres are in the followingSEMs.
Surprisingly it is evident, that addition of coumi agent to the composite system did
not change adhesion between fibres and matrix.

Test pieces of PVA were fabricated by extrusion amection moulding. These
processing methods are not recommended and everibgesby the producer of PVA
as impossible, but our test pieces produced byettexdinologies were satisfactory. The
injection moulding ®PVA was accomplished due to the posgipilo comparethe test
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pieces made from PVA with other test pieces of aositp systems produced by the
same technology.
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Fig. 6.1.12 Fracture surface of polyvinyl alcohol 4-88.

A) The micrograph shows fracture surface of speciofiéVA processed by injection moulding.
This fracture is brittle like the PVA GF 4-86.

B) Fracture surface of PVA 4-88 with 4 wt. % MAPP gessed by injection moulding.
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Fig. 6.1.13.Fracture surface of polyvinyl alcohol 4-88 compesi
A) Fracture surface of PVA 4-88 with 30 wt. % PSPygezxycled cellulose fibres. Micrograph of
fracture surface of inhomogeneous composite specghews large amount of cavities.

B) Fracture surface of PVA 4-88 with 30 wt. % PSPydileres and 4 % MAPP. Partially
inhomoge-neous fractures surface shows good adhbstaveen fibres and matrix with coupling
agent.

In comparison with pure polyvinyl alcohol, the sigéh increased according to the theo-
ry of used reinforcing fibres in composite matexif80—82]. PVA 4-88 with 30 wt. %
PSP-grey showed high tensile strength that inccelbgé0 % after incorporating dry fi-
bres to the PVA matrix. This happened due to gaudraction between the both
compo-nents because of cellulose chains react withl -OH groups in PVA chains.
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PVA with MAPP coupling agent had higher tensileesgth (of about 30 % more) in
comparison with pure PVA 4-88 but after embeddibget the tensile strength did not
increase. Dif-ferent strength of PVA 4-88 and PVA % MAPP could be explained by
using of cou-pling agent that behaved as plasti¢/s.

The Young's modulus decreased after embedding 3®amf PSP-grey fibres to the
PVA matrix. It could be explained by inhomogeneastisicture and large amount of
voids furthermore due to fast water absorptiona¥mer from air humidity during in-
jection moulding process and due to the fact thatpiasticiser was not present. In case
of PVA with 4 wt. % of MAPP, Young’s modulus incsead by 85 % after embedding
30 wt. % of PSP-grey fibres. It corresponds witbatty for calculation of mechanical
properties of composite materials [80—-82]. PVA 4v@ghout coupling agent had high-
er Young’'s modulus if compared PVA 4-88 with MAP&chuse the coupling agent be-
haved again as plasticiser in connection with PVa&trm. The polypropylene parts of
coupling agent in connection with matrix and fibbehaved as a joint and helped link-
ed chains to move.

As expected additional hydrophilization of hydrdghpolymer matrix did not cause
next changes in adhesion between polymer and ocsddlbres.

6.1.3.2 Cast Polyvinyl Alcohol

Natural cellulose fibres are suitable filler to hygdhilic polymer matrices such as poly-
vinyl alcohol, which is a polymer soluble in wat&mbedded cellulose fibres changed
their mechanical properties. The Young's modulugkety increased (in order of hun-
dreds per-cent) in comparison with the pure cabtvpoyl alcohol but, surprisingly, no
enhancement of the tensile strength was observed.

The tensile strength is in Fig. 6.1.14. Pure PVA4586 dissolved in water had strength
equal to 11.4 MPa. Tensile strength decreased edtkilose fibres were embedded into
the PVA matrix. Cavities (Fig. 6.1.16.) and undlged patrticles of PVA (Fig. 6.1.17.)
occurred in all test pieces and their number irswdawith increasing filler content. The
best result was obtained for 9 wt. % of filling @mendent on the type of cellulose fi-
bres. Hemp fibres and PSP-grey recycled fibres sHotlve best results in all experi-
ments. The only hemp fibres increased the tensigagth by 1.3 %. (Table of measured
values in an Appendix C in Tab. C.2)

The increase in Young's modulus which is shownigaré 6.1.15., in case of filled
PVA, is due to the presence of strengthening amkilfibres. Modulus of pure PVA
cast from water solution was 65 MPa. It increadéer mbedding the cellulose fibres
to the PVA matrix by 600 % in case of 30 wt. % @inp fibres. This was the best
result; flax, bamboo and PSP-grey fibres increassdlting modulus by 340-440 % (30
wt. % of filling). Only flax fibres did not provergwing tendency of modulus with
growing fill-ing fraction. (Table of measured vatuie Appendix C in Tab. C.3).
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Tensile Strength of Polyvinyl Alcohol GF 4-86 Composites
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Fig. 6.1.14.Comparison of the tensile strength RMPa] of cast pure polyvinyl alcohol and cast
composite systems with PVA matrix and differentudeke fibres as a filler and its different filler
fraction.

Young's Modulus of Polyvinyl Alcohol GF 4-86 Composites
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Fig. 6.1.15.Young's modulus E [MPa] of cast pure polyvinylaol and cast composite systems
with various content of cellulose fibres.

Following five micrographs siw an overview bfracture surfaces of cast composite test
pieces with PVA GF 4-86 as a matrix and celluloatural fibres as a filler (bamboo,
flax, hemp, PSP-grey and PSP-white).
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Fig. 6.1.16.Fracture surfaces of cast PVA GF 4-86 as matrik wérious types of fibres.

A) 9 wt. % of bamboo fibres — partial adhesion casd®n in places of impurities (rests of middle
lamella).

B) 3 wt. % of flax fibres — partial adhesion can berson bundles of fibres.
C) 3 wt. % of hemp fibres — fibres are covered by P¥iatrix — proof of good adhesion.

D) 3 wt. % of PSP-grey fibres — partial adhesion leermvmixture of different recycled fibres and
PVA matrix can be seen from the micrograph.

E) 3 wt. % of PSP-white fibres — low adhesion betwaixture of different bleached recycled fibres

3.1 5z 250x 10kV 34mm +—100 pm —

and PVA matrix can be seen from the micrograph.

Fig. 6.1.17 Fracture surface of cast polyvinyl alcohol GF 4-86.

Particles of undissolved PVA granules are seehérupper part of the micrograph. These specimens
were not homogeneous as it can be seen from thregnaph.
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Mechanical properties changed after embedding efattove mentioned natural cellu-
lose fibres. Tensile strength of composite systeagajnst all expectation, did not in-
crease almost in all cases. According to the th¢gy, low filling fraction (3 wt. %)
decreased tensile strength, which then increas@dndt % of filling and subsequently
declined with 30 wt. % of embedded fibres. By imsiag the degree of filling, amount
of cavities and voids increased resulting in desgea# efficient supporting cross-section
of test pieces [81]. Hemp fibres and PSP-grey fedyfibres showed the best results. In
case of hemp fibres the tensile strength increapdd 1.3 %.

Young's modulus markedly increased (in order ofdneds of per-cent) in comparison
with the pure polymer. Modulus of pure PVA was 69%&1 Maximal increasé¢by
600 %)was reached after embedding of 30 wt. % of hentiplose fibres to the PVA
matrix. Flax, bamboo and PSP-grey fibres resultechodulus enhancement by 340-
440 % when the same filling fraction as for composystem with hemp was used.
Young's modulus increase of filed PVA GF 4-86 weaused by presence of
strengthening fibres that bear part of the tensi®he interaction between the
hydrophilic filler and the wa-tersoluble polymer tm&a — polyvinyl alcohol happened
due to hydrogen bonds.

Fibres were covered by the matrix can be seen froonographs (Fig. 6.1.16.), it ad-
verts to good adhesion between strengthening filimespolymer matrix. PSP-white re-
cycled fibres are the exception, because the anih@gs low. This can be explained by
chemical pretreatment that bleaches fibres andanhged surface property of cellulose.
Considerable inhomogeneities evident from microlgsapould be explained by the
technique of their preparation — casting of polyfnem water solution. Inhomogeneity
of test pieces explains the tensile strength deerdaarge amount of cavities decreased
efficient supporting cross-section of test piecd.[ Not only adhesion influences me-
chanical properties but also cavities that faiedemove. The method of cavities elimi-
nation in processing opens new problems to solve.

PSP-grey fibres seem to be a very interesting fidkcause of their possible re-use as a
filler in biodegradable composite systems.

6.2 Defibrillation of Natural Cellulose Fibres

Cellulose microfibres were extracted from a biomassnechanical and chemical treat-
ment, used methods are summarised in table 5.hdpfer 5 Methods, subchapter 5.1
Preparation of Fibres).

Tab. 6.2.1
Result parameters of Cware F10.2 fibres from Fimpe System
AverageValues
Counted fibres 1886.0000
Fibre thickness [um] 17.4000
Fibre length [um] 161.5000
Aspect ratio [-] 0.2290
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Cware F10.2 cellulose fibres and fibres from reegigpaper PSP-grey (unbleached) and
PSP-white (bleached) were used for defibrillati@nly fibres with length between
5 um and 150 um were taken into an account by nealsmeasuring possibilities of Fi-
breshape System device. Results of some param@m@unt of counted fibres, size
and length of fibres and aspect ratio) of Cware.EHhd PSP fibres are in Tab. 6.2.1
and Tab. 6.2.2.

Tab. 6.2.2
Result parameters of PSP-grey fibres from Fibrest@stem
AverageValues
Counted fibres 108.0000
Fibre thickness [um] 18.9300
Fibre length [um] 251.4000
Aspect ratio [-] 0.0038

The volume fraction of fibres length [%] was chaegised in dependence on thickness
and in dependence on length. The cellulose Cwade2Hibres were more homogene-
ous than PSP fibres. Over 16 % of Cware F10.2dilwere about 20 um thick and a-
bout 200 um long (graphs in Fig. 6.2.1. and micpyrFig. 6.2.3. A). PSP fibres were
formed by an inhomogeneous mixture of recycledeBbirom paper. Considerable a-
mount — of about 20 % of fibres — had thickness @B0and about 16 % 150 um. Ma-
jority of PSP fibres was about 250 pum in lengtheSédnresults are in Fig. 6.2.2.

There were two steps of the mechanical treatmeinfirgt the fibres were disintegrated
in a chemical mortar and pestle. Milling in a cefimill, tested as the second step in the
first experiments, did not contribute to furthdsrés defibrillation, but only reduced the
fibres length as shown in 6.2.3. B. Much betteultssvere obtained by using treatment
in ultrasonic bath combined with additional cherhitaatment as the second step for
defibrillation.

PSP fibres (Fig. 6.2.4. A) treated chemically b$o5NH; + 95 % HO, were only
bleached and no defibrillation was observed (Fig.46 B). As the best chemical, the
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Fig. 6.2.1.Volume fraction of cellulose Cware F10.2 fibresdé [%] in dependence on
thickness [um] and length [um].
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Fig. 6.2.2.Volume fraction of recycled PSP-grey fibres leng#} in dependence on thickness [um]
and length [um].
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cware F mill 200x 20kV 36mm
A) B)
Fig. 6.2.3.Sample of cellulose Cware F 10.2 fibres.
A) Referential sample of Cware F10.2 consists of §ilwih length from tens to hundreds of
micrometres. Mean width of the fibres is about ZDgm.
B) Cware F10.2 fibres after mechanical treatment watén process of milling, their length is
shorter and mean width of fibres is smaller.

10 % solution of NaOH in distilled water, was fourdhis method resulted only in par-
tial defibrillation what is demonstrated in nextamugraphs (Figs. 6.2.5. A-D). The
mean width, as low as several hundreds nanometees achieved as demonstrated in
Figs. 6.2.5. C and 6.2.5. D. The duration of chafmti@atment was 24 hours. Addition-
al increase of the treatment time up to 100 howsndt show any changes as can be
seen from micrograph Fig. 6.2.6.

PSP-grey fibres (Fig. 6.2.7. A) were treated chailyicand mechanically. Because of
good results of treatment with solution of 10 % Mh(D distilled water, this chemical

was used as bath for ultrasonic treatment for 2drhAfter first mechano-chemical

treatment, additional treatment in homogeniser uwsesl. This method led to the defib-
rillation, as it is evident from micrograph Fig267. B.
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PSP_white 12h US 5%NH3+95%H202_330x ——90 ypm —

Fig. 6.2.4.Sample of recycled cellulose PSP-white fibres.

A) Referential sample of PSP-white (length to thousafhdicrometres, mean width about 3®).
B) PSP-white fibres after chemical treatment — blaagby 5 % NH + 95 % HO,.

PSP_White un 1000x 10kV 22mm ] —— 30 ym ——

—— 30 pm ——

§ 181mm

i

PSP_White 24hUS in 10%NaOH 10000x 8kV 11mm

_
——3pm——
A)

PéP:White 24hUS in 10%NaOH 15000x ’IOkV"I{1 mm +F——2pm——
B)
C) D)

Fig. 6.2.5.Sample of PSP-white fibres after 24 hours in sirac in chemical bath.
A) andB) Defibrillation is evident from the micrographs.
C) andD) Mean width, in hundreds of nm, of some defibriltaparts of fibres is in the micrograph.
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——80 pm ——

PSPwhite 100h 10 %NaOH_400

Fig. 6.2.6.Structure of defibrillated sample of PSP-whitedbafter 100 hours in ultrasonic bath
with 10 % NaOH.
Longer time of PSP-white fibres defibrillation wisich mechano-chemical treatment did not show
any additional changes in fibres morphology.

Combination of methods was tried to increase tHédléation effect of used fibres.
Af-ter first mechanical treatment, additional treant in homogeniser was used as
before and subsequently second mechano-chemieaaheat in ultrasonic bath with
NaOH so-lution was used again for 24 hours. Adddladefibrillation is not evident in

4 L
1 N o Y W i R a
F——30pum —— 24 om 3000x 10kV 22mm F——10pm ——  24US+hom+24US 3000x 10kV 22mm F——10 ym ——

compari-son with previous processing of defibndat(Fig. 6.2.7. C).

PSP_Gray untreated 1000x 10kyv 2mm

A) B) &)
Fig. 6.2.7.Sample of PSP-grey fibres.

A) Referential sample of PSP-grey consists of filritis different mean length and mean width.

B) andC) Sample of PSP-grey fibres after 24 hours in winasin chemical bath with additional
mechanical treatment in homogeniser.

Defibrillation method was expected to improve tispext ratio of natural cellulose fi-
bres. The first treated type of fibres was Cwar8.ETibres which had homogeneous
distribution of aspect ratio as it follows from ctsain picture Fig. 6.2.1. Nevertheless
better aspect ratio was not reached. Fibres wenelyraut without defibrillation, it can
be seen in Fig. 6.2.3. For this reason the PSRdilrere chosen as fibres for experi-
ments with composites. Part of treated PSP fibyadtbasonic treatment for 24 hours in
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10 % solution of NaOH in distilled water with addiial mechanical treatment in ho-
mogeniser was defibrillated to submicrone size @iiined more homogeneous struc-
ture. It was suitable for following applicationsr foomposite systems in combination
with soluble polyvinyl alcohol.

Because of analysis option limitation of Fibersh&ysteme, treated fibres were not
possible to measure and the results of defibifatnay be observed only in micrograhs
(Fig. 6.2.5.). On the basis of these micrograghes aspect ratio is at interval of 15-40.

6.3 Defibrillated Cellulose Fibres as Filler in PVA Conposites

Natural cellulose fibres are suitable filler to hgghilic polymer matrices. Cast PVA
that was used in this work, changed its mechampicgierties after embedding cellulose
microfibrils to the dissolved matrix in distilledater. Both, the tensile strength and the
Young's modulus, which are in Figs. 6.3.1. and2,3narkedly decreased in compari-
son with pure, cast PVA.

Tensile Strength of Polyvinyl Alcohol GF 4-86 Composites
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Fig. 6.3.1.Comparison of the tensile strength R1Pa] of cast pure polyvinyl alcohol and cast
composite with PVA matrix and cellulose microfikrds a filler and remaining made composite
systems.

Tensile strength of pure PVA GF 4-86 dissolved iatew decreased 500 % after
cellu-lose microfibrils were embedded into the p&¢A matrix. Large amount of
cavities oc-curred in the test pieces. The explanaif the voids occurrence is in the
chapter 6.1 Epoxy resin. (Table of measured vakigsthe Appendix C in Tab. C.2.)

The Young'smodulus isin Fig. 6.3.2.,in case of filled PVA with microfibrils the
modulus decreased by 50 % surprisingly. (Table easared values is #yppendix C in
Tab. C.3.)
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Young's Modulus of Polyvinyl Alcohol GF 4-86 Composites
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Fig. 6.3.2.Comparison of Young's modulus E [MPa] of cast polyvinyl alcohol and cast
composite with PVA matrix and cellulose microfilsrds a filler and remaining made composite
systems.
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B — cast PVA GF 4-86
C — cast PVA GF 4-86 + 30 wt. % PSP-grey microfgoril
D — moulded PVA 4-88
E — moulded PVA 4-88 + 4 wt. % MAPP
F — moulded PVA 4-88 + 30 wt. % PSP-grey
G — moulded PVA 4-88 + 30 wt. % PSP-grey + 4 wt. J%ARP

Fig. 6.3.3.Fracture energy En [J] and impact strengthlled/nf] at temperature -30 °C of cast and
moulded pure polyvinyl alcohol GF 4-86 and 4-88 anthposite systems with these PVA matrices
with 4 wt. % of MAPP or 30 wt. % of PSP-grey re@gaffibres and their combination.



Figure 6.3.3. summaries the results of impact gtreand fracture energy measured by
Charpy method at -30 °C. The test pieces fillednmbgrofibrils evidenced the lowest
values of all the composite systems tested. Medsyuantities, impact strength and en-
ergy to fracture point out the actual fact of upetivinyl alcohol diversity. The best re-
sults were given by moulded PVA GF 4-86 — the highmpact strength — 22.3 kJm
and fracture energy — 24.5 J. Test pieces of theesaaterial but cast, showed non-
break. (Table of measured values in the Appendix Tab. C.4.)

The defibrillated cellulose PSP-grey fibres froncyded paper showed the worst re-
sults. All test pieces had highly inhomogeneouscstire but very good adhesion — fi-
bres were covered by PVA matrix as it can be sean following micrographs in Fig.
6.3.4.

10 z 25x 10kV 39mm —1 mm
A) B)
Fig. 6.3.4.Fracture surface of cast polyvinyl alcohol GF 4vwdth 30 wt. % of PSP-grey
defibrillated fibres 10 % NaOH ultrasonic bath 22 hours.

10 z 250x 10kV 39mm — 100 pm —

A) andB) Fracture surface of cast PVA with defibrillatedyeled PSP fibres shows clearly evident
adhesion between fibres and matrix.

MicrographB) shows general view of fracture surface of the sgpaeeimen as before. Large
amount of cavities is evident in cross section.area

Defibrillation contributes to the enhancement ofieslon between fibres and polymer
matrix. All the test pieces proved very good adbwest fibres were covered by PVA
ma-trix as it can be seen from micrographs in Bi§.4. Defibrillation improves also
the as-pect ratio. But after embedding defibritlatiores to the solute polymer,
additional problem arises due to aglomerizationlasfe amount of fibres and air
fixation. This produced highly inhomogeneous e It could be explained by
missing suitable processing technology and it cdagdan explanation for the decrease
of mechanical properties. The composites with déifibed cellulose PSP-grey fibres
from recycled paper as filler showed the worst ltesof mechanical properties of all
tested composite systems with PVA matrix. Highlifedent results of impact strength
at temperature -30 °C and energy to fracture cdaddgiven by various chemical
structure and mor-phology of tested types of contpasaterials.
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6.4 Water Absorption of Fibres and Composites

Natural cellulose fibres used in our study are tuéheir chemical structure strongly
hydrophilic. These hydrophilic properties of therés may influence the water absorp-
tion of the final composite system and also impésgproblems in composites process-
ing especially in combination with usually hydropimpolymer matrix. The aim of this
chapter was measurement of water absorption ofiskd cellulose fibres and to study
how these fibres properties influence water abgampdf final composite system.

The preliminary experiments indicate fairly rapmb$ of the absorbed water. It was
therefore necessary to make frequent mass measuieimeearly stages. The rate of
absorbed water loss decreased with time (valuaseaSurements are in Appendix D).

Epoxy resin is a hydrophobic polymer and its absdnyater content was very low, the
same as by hydrophobic polypropylene. The absovieseér content (Fig. 6.4.1.) in-
creased by 1.65-2.60 wt. % by composite systentsepioxy resin matrix with 3, 6 and
9 wt. % of PSP-grey recycled cellulose fibres dglexr. The absorbed water content
increased with increasing amount of filler. (Valudsthis measurement are in the ap-
pendix Tab. D.1 and Tab. D.2.)

Moisture Content of Epoxy Resin Composites
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Fig. 6.4.1.Moisture content [wt. %] in dependence on dryinget[s] of cast composite systems
with EP matrix with 3, 6 and 9 wt. % of PSP-gregyaed cellulose fibres as a filler.

Figure 6.4.2. summarises the results of thermaplasiymer — polypropylene. PP is
hydrophobic polymer and its absorbed water conterst very low. The absorbed water
content increased by 2.1 wt. % by addition of 30%tof PSP-grey recycled cellulose
fibres. This value decreased by 1 wt. % by addioba wt. % of MAPP to the previous

composite systemValues of this measurement are in the appendix Ta® and Tab.
D.4))
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Moisture Content of Polypropylene DOMOLEN 2448 L Composites
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Fig. 6.4.2.Moisture content [wt. %] in dependence on dryinget[s] of pure injection moulded
polypropylene and composite systems with 30 wtf®IP-grey recycled cellulose fibres and
30 wt. % of PSP-grey fibres together with 4 wt. PMAPP as filler.

Atmospheric humidity, and not from water environmevas measured in case of com-
posites with PVA matrix — because of polymer hyadtosility. Results of absorbed wa-

ter content of injection moulded and cast polyvialdohol 4-88 are in Fig. 6.4.3. The
content of absorbed water was about 2 wt. %. Mallést pieces of pure PVA 4-88

and PVA 4-88 with 4 wt. % of MAPP had almost ideatitime response. (Values of
this measurement are in the appendix Tab. D.5 abd [0.6.)

Fig. 6.4.3.Moisture content [wt. %] in dependence on dryingget[s] of pure moulded polyvinyl
Moisture Content of Polyvinyl Alcohol 4-88 Composites
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alcohol 4-88 and composite systems with 4 wt. %1A8PP or 30 wt. % of PSP-grey recycled
cellulose fibres as a filler and their combinati@ast PVA 4-88 with 30 wt. % of PSP-grey fibres is
for comparison in the chart.
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Cast polyvinyl alcohol GF 4-86, results are in Fégd.4., had greater absorbed water
content — 4.5 wt. % in case of addition of 30 wto#PSP-grey cellulose fibres to the
matrix. Method of test pieces processing did neehgignificant influence on water ab-

sorption. The absorbed water content was 2.5-3.9owt

Difference was found between PVA GF 4-86 and PV884-both with 30 wt. % of
PSP-grey fibres. The absorbed water content of B\88 was 1.25 wt. % and it was
the lowest value. Cast test pieces of PVA 4-88 faater loss of moisture content in

early stages

Moisture Content of Polyvinyl Alcohol GF 4-86 Composites
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Fig. 6.4.4. Moisture content [wt. %] in dependenoedrying time [s] of pure, cast and injection
moulded polyvinyl alcohol with and without fillePVA GF 4-86 and PVA 4-88, both with 30 wt. %

of PSP-grey recycled cellulose fibres, are for cal
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Fig. 6.4.5.Dependence of moisture content [wt. %] on dryintet[s] of used fillers from natural

cellulose fibres.
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of conditioning than injection moulded test piec@flues of this measurement are in
the appendix Tab. D.7 and Tab. D.8.)

Results of water absorption measured for all ofcélkulose fibres used in our study are
summarised in Fig. 6.4.5. The absorbed water comatenatural cellulose fibres varied
between 9 wt. %, for PSP-white fibres, and 16.5%t.in case of flax fibres. (All the
values of this measurement are attached in thengpp&ab. D.9 and Tab. D.10.)

Epoxy resin and polypropylene as hydrophobic polgniead low water absorption. The
water absorption increased with increasing fillirection of embedded cellulose fibres.
Embedded PSP-grey fibres enhanced water absoipyi@an500 %, in case of EP with

9 wt. % of fibres, and by 2 100 %, in case of PEh80 wt. % of PSP fibres. These re-
sults could be explained by presence of large amafuravities in test pieces that could
cause easier water absorption [81, 82]. MAPP cagpéigent addition lessens water
absorption, which could probably be due to reductid capillary interstices between

cellulose fibres and polymer matrix.

Water absorption of both tested pure PVAs was ferval 1.3-2.4 wt. %. The highest
water absorption acquired PVA composites — incresde 1.7-4.5 wt. %. The tested
composite systems had the same character and.@fiérseconds happened to decelera-
tion. Major deceleration of water absorption ocedrat moulded test pieces, this could
happen due to influence of structure and voids rermdgduction resulting from prepara-
tion method. Cast test pieces made from solutiomobfmer in distilled water were the
most deliquescent. The difference between PVA 36 &nd PVA 4-88, that flows
from Fig.6.4.6. was especially interesting. Shagwgh and subsequent stabilisation of

Moisture Content of Used Polyvinyl Alcohols
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Fig. 6.4.6.Comparison of water absorption of used types cARP\GF 4-86 and 4-88 with and
without MAPP coupling agent.
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water absorption occurred at first moments of PVR &86 measurement. Gradual
increase of PVA 4-88 softly differs and there isslevater absorption. It could have
happened due to their different structure. Becafseydrophilic nature of polyvinyl
alcohol the increase of water absorption was nosigaificant after incorporating
cellulose fibres as in case of hydrophobic polygltepe and epoxy resin.

Absorbed water content by weight of natural ceBeldibres was between 9 wt. %, in
case of PSP-white fibres, and 16.5 wt. %, in cddko fibres. Lower water absorption
of PSP-white fibres from recycled paper could bebpbly explained by bleaching
chemical pretreatment of these fibres.
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7  Concluding Remarks

This research work is focused on study of chareseton and utilisation of natural cel-
lulose fibres and microfibres in composite systevith polymer matrices.

In order to characterise the selected systems than streams of studies were follow-
ed: measurement of mechanical properties (tenséagth, Young's modulus), defibril-
lation of natural cellulose fibres and water absorpof fibres and of complete compos-
ites. Three types of polymer matrix were selecegixy resin (EP) representing hydro-
phobic thermosets and from thermoplastic polymedrdphobic polypropylene (PP)
and hydrophilic polyvinyl alcohol (PVA). From theqauced cellulose fibres bamboo,
flax, hemp, and recycled paper were selected ks.fikccording to our knowledge,
there has not been published paper dealing wittposite material with recycled paper.

Evaluation of tensile strength and Young's modutudependence on fibres type and
their amount were measured on the basis of teteste Homogeneity of prepared test
pieces and adhesion between fibres and polymerxwetre checked by scanning elec-
tron microscopy. The wetting behaviour of the naltwellulose fibres and composite
systems containing such fibres as a filler wergattarised by measuring its initial and
final mass. At least 7 test pieces were prepareth ach composite material for each
type of mechanical testing.

Test pieces with EP matrix were cast. PP test pia@¥e extruded with subsequent in-
jection moulding. Composites with PVA matrix wergstfrom 20 % water solution of
polymer in distilled water. Two types of PVA wereed in this work — PVA GF 4-86
(copolymer) and PVA 4-88 (homopolymer)Solubility of both polymers was the
same,

Gl S AR B DA SN E NG AT SRR e e IR /
3.1 52 4000x 10kV 34 mm 7.5 z 4000x 10KV 22mm

A) B)

Fig. 7.1. A)Fracture surface of polyvinyl alcohol GF 4-86 mrssed by injection moulding.
B) Fracture surface of polyvinyl alcohol 4-88 pro@skby injection moulding.
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but their water absorption and mechanical propemvere different due to chemistry
and morphology (it is evident from the micrographg. 7.1.). These types of materials
were injection moulded with difficulties and theoducer did not recommend this type
of processing method and describes it as impos§#®lp The injection moulding of
PVA was accomplished due to the possibility to campthe test pieces made from
PVA with other test pieces of composite systemslpced by the same technology.

Original basic research results in characterisatfomechanical properties of composite
systemswith hydrophilic natural cellulose fibs as a filleri the filling fraction3 wt. %,

6 wt. %, 9 wt. % and 30 wt. %) and hydrophilic gdophobic polymer matrices were
obtain. The filling fraction strongly influencesqgmerties of resulting composite sys-
tems. The Young's modulus increased with the isered filling fraction. Such behav-
jour was observed in more cases [4, 9, 14, 398@Bbut almost all increases from our
experiments were lower compared with literaturee Tdwer values of mechanical pro-
perties were attributed to fibre-fibre interactionjds and dispersion problems in the ar-
ticle [87]. Our experiments proved that filling éteon should to be restricted in case of
cast methods and that fibre-matrix interactiondsnimportant also.

Generally, hydrophilic cellulose fibres do not aghwell to hydrophobic polymers. In

the materials group of natural fibre-reinforcedrthesetting plastics, especially in the
group of natural fibre-reinforced epoxy resinsyéhis only a little knowledge about the
influence of suitable coupling agents on the patamseof composites in comparison
with natural fibre and reinforced thermoplastics 29, 88] and we did not use any in
experiments with EP composites. Coupling agentshiegah widely used to improve the
bonding between various cellulose fibres and thetastic polymer matrices [4, 12, 19,
39, 88-90]. Many studies were concerned with thiecéf’eness of maleic-anhydride
grafted polypropylene as a coupling agent [4, 29,88, 89]. The effect of natural plant
fibres on the tensile strength and Young's modulas poor when there was no cou-
pling agent as in our experiments. In literaturahswn that the addition of MAPP as
coupling agent improved the composite performangeeithancing the adhesion be-
tween cellulose fibres and PP. This enhancemenpraeed also in our experiments.
Behaviour of MAPP as plasticiser was demonstratedur research work among
others.

Most of the investigations in this field have deaith the effects of chemical treatment
by coupling agents as it is possible to see abadeaanumber of research papers is in-
terested in plasma modification of natural fibragfiaces [19, 42, 43, 90]. Unlike these
published investigations we tried to modify surfa¢d®P polymer matrix in our experi-
ments in air- or oxygen-plasma. Both plasma treatséid not improve the tensile
strengths and Young's modulus of cellulose fibregemposites in our experiments.
And the influence of plasma treatments on adhesias rather negative, in spite of the
fact that adhesion of plasma treated polymers tals'@vas good as was shown in [85].
It is obvious that affection of polymer particlagface layer in consequence of its inter-
action with plasma respectively with plasma radiathappened and this problem
should be study further.

Consequent selection of the topics was based ofatih¢hat defibrillated and nondefi-
brillated cellulose fibres as well in combinationtiwdegradable polyvinyl alcohol ma-
trix could have potential of use as fully biodegrblgé composite systems.
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Our method of defibrillation was expected to imprdlie aspect ratio of cellulose fibres
and adhesion also. Part of treated PSP fibres miehano-chemical treatment was de-
fibrillated to submicrone size and it was suitalolefollowing applications for compos-
ite systems in combination with soluble polyvinida@hol in the experiments.

From microscopic point of view it could be saidtthdhesion of polymer matrix to fi-
bre is outright better both in case of fibres defdtion in connection with thermoplas-
tic hydrophilic polyvinyl alcohol matrix where traefibrillation method improved as-
pect ratio of fibres and in case of usage of madeibydride grafted polypropylene in
connection with thermoplastic hydrophobic polyprigme matrix too. The improve-
ment of adhesion, in case of PVA composites, dogslisplay consistent results in me-
chanical properties, especially where good adhasiéound — from macroscopic point
of view comparison of measured values does notfestni. Occurrence of voids leads
to reduction of cross section. High amount of vatsunds in almost all prepared test
pieces. Fig. 7.2. shows significant adhesion betwesural cellulose fibres and poly-
mer matrix including large amount of voids and imtugeneities. On the contrary from
literature when are processed thin films and failgh defibrillated fibres low abun-
dance of voids can be found [9, 10, 14-16, 21, 91].

2.1 3z 250x 10kV 37mm —100 pm —

Fig. 7.2.Fracture surface of cast PVA GF 4-86 with 30 wioPAdefibrillated recycled PSP fibres
shows clearly evident adhesion between fibres aattixn

PVA composites with defibrillated microfibres hamMer measured values in compari-
son with pure PVA matrix in all cases. It is essdrib improve methodology of prepa-
ration in case of defibrillated fibres, and accuatedl air in defibrillated parts of fibres
and agglomerates of fibres due to the strong filre- interactions resulting from
strong intermolecular hydrogen bonding [19, 43] e&m Occurrence of these imper-
fections explains better mechanical properties bylded composite systems. It has al-
ready shown in the literature [19, 43, 92, 93] tinat heterogeneous distribution of the
reinforcements within the matrix could have conszapes on the mechanical properties
of the composites.

Next topic which was studied in our research warkvater absorption of composites.
All polymer composites absonmoisture inhumid atmosphere arvdhen immersd in wa-
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ter [93] and methodology of preparation influeneeger absorption of produced com-
posites also as was shown in our experiments. Htervabsorption increases as the fi-
bre filling fraction increases, that was provedur experiments, due to the high cellu-
lose content [4, 6, 9, 11, 15 19, 20, 67, 93].

The results of the work clearly show significarftuence of natural plant fibres in com-
posite systems. These fibres could be used todserenechanical properties and they
could replace artificial fibres in polymer matrices

An interesting concept is not only the possibibfyusing coupling agent, which permit
connection between hydrophilic fibres and hydropbabatrix, but also tried usage of
the large specific surface of fibres, which couddzquired by chemical and mechani-
cal treatment. Plasma treatment of polymers isargtitable method for connecting hy-
drophilic cellulose fibres with hydrophobic polymmyatrix. Connection of these fibres
with epoxy resin is also not favourable.

This thesis maps and characterises usage of natelialose fibres in composite sys-
tems with polymer matrices. This is the first imegd work of a new direction in the
Czech Republic that uses defibrillated recycledepas a filler, recycled paper in con-
nection with polypropylene as matrix, coupling agencomposites with polyvinyl al-
cohol matrix together with injection moulding ankhgma treatment of polypropylene
for connection with cellulose fibres.
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8 Conclusion

Composite systems made from hydrophobic thermagetind hydrophobic and hydro-

philic thermoplastic polymers with filler from naal cellulose fibres prepared by dif-

ferent technologies were investigated. Mechanicapgrties of composite systems and
pure polymers in dependence on filling fraction evereasured.

1. Dependence was proved according to the theory ijerityacases. According
SEM, discrepancies were assigned to formation mfsvand agglomerates.

2. Tensile strength and Young's modulus were measiedendence on filling
fraction of these properties was observed. Homaaéinon of produced compos-
ite systems that was influenced by processing ndesignificantly impacted
mechanical properties of the systems. Extrusioloviedd by injection moulding
was superior to cast method.

3. Technology of natural cellulose fibres defibriliati was developed. Improve-
ment of aspect ratio and overall adhesion of cedlelfibres to polymer matrix
was proved. Test pieces of composite systems wegaped and possibility of
utilisation of the cellulose fibrils in polymer nmit was verified.

4. Water absorption of composite systems, pure polgraaed natural cellulose fi-
bres was measured and negative influence of incatgwd natural cellulose fi-
bres to the polymer matrices, which increases vwaisorption of resulting com-
posites, was evidenced.
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Symbol Table

acu

En
EP

MA
MAPP
Me

Mn

My

PE
PECVD
PP

Py

PVA
Rm

Wary
Wivet

Impact Strength

Young's Modulus

Energy to Fracture

Epoxy Resin
Absorbed Water Content
Maleic Anhydride

Maleic Anhydride Grafted Polypropylene
Molecular Weight

Number Average Molecular Weight
Weight Average Molecular Weight
Polyethylene

Plasma Enhanced Chemical Vapour Deposition
Polypropylene

Degree of Polymerisation

Polyvinyl Alcohol

Tensile Strength

Glass Transition Temperature

Weight of Wet Sample

Weight of Dry Sample
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Appendix A

Tables of Measured Values of Epoxy Resin

Tab. A.l
Values of tensile strength of cast composite systenth epoxy resin matrix and different cellulose

fibres as a filler and its filling fraction
Rm [MPa] Bamboo Flax Hemp PSP-grey

3wt. % 41.28 42.80 54.17 45.67
6 wt. % 56.61 40.61 51.19 42.13
9 wt. % 51.82 39.40 40.94 33.46

Tab. A.2
Values of Young's modulus of cast composite systeitis epoxy resin matrix and different cellu-

lose fibres as a filler and its filling fraction
E [MPa] Bamboo Flax Hemp PSP-grey

3 wt. % 1055 1225 1356 932
6 wt. % 1404 1362 1387 959
9 wt. % 1567 1432 1410 984
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Appendix B

Tables of Measured Values of Polypropylene

Tab.B.1
Mechanical properties of pure polymer and compagite polypropylene DOMOLEN 2448 L ma-
trix
Polymer/Composite R, [MPa] E [MPa]
PP 17.1 674.9
PP + 4 wt. % MAPP 21.9 12209
PP + 30 wt. % PSP-grey 20.72 530.0

PP + 4 wt. % MAPP + 30 wt. % PSP-grey  34.7 2 350.2

Tab. B.2
Values of tensile strength of composite systemb witlypropylene BE170MO matrix and different
cellulose fibres (bamboo, hemp) as a filler andiltiang fraction, one group of composites was with
PP matrix treated by oxygen plasma, the secondairnthlasma

Rm [MPa] pure PP Bamboo Hemp PP - oxy Bamboo Hemp PP -air Bamboo Hemp

0 wt. % 25 25 24

9 wt. % 18 17 18 16 17 18

30 wt. % 14 17 14 13 15 14
Tab. B.3

Values of Young's modulus of composite systems witlypropylene BE170MO matrix and differ-
ent cellulose fibres (bamboo, hemp) as a filler édilling fraction, one group of composites was
with PP matrix treated by oxygen plasma, the seedgtidair plasma

E [MPa] pure PP Bamboo Hemp PP - oxy Bamboo Hemp PP -air Bamboo Hemp

0 wt. % 1290 1290 1280
9 wt. % 1420 1390 1420 1270 1340 1420
30 wt. % 1730 1190 1760 1790 1770 1830
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Appendix C

Tables of Measured Values of Polyvinyl Alcohol

Tab. C.1
Mechanical properties of pure polymer and compagitke Polyvinyl alcohol 4-88 matrix
Polymer/Composite R, E [MPa]
[MPa]
PVA 43.8 6485.6
PVA + 4 wt. % MAPP 56.9 3595.3
PVA + 30 wt. % PSP-grey 65.4 4 375.5
PVA + 4 wt. % MAPP + 30 wt. % PSP- 579 6674.7
grey
Tab. C.2

Values of tensile strength of cast composite systeith polyvinyl alcohol matrix and different cel-

lulose fibres as a filler and its filling fraction

Rn [MPa] Bamboo Flax Hemp PSP-grey Microfibres PSP-white
of PSP-grey
3wt. % 8.2 8.2 9.6 8.3 - 8.3
6 wt. % 8.4 9.3 11.2 8.8 - 9.4
9 wt. % 8.9 10.8 11.7 111 - -
30 wt. % 7.7 3.5 9.2 7.3 1.9 -
Tab.C.3

Values of Young's modulus of cast composite systeitis polyvinyl alcohol matrix and different

cellulose fibres as a filler and its filling fraoti

E [MPa] Bamboo Flax Hemp PSP-grey Microfibres PSP-white
of PSP-grey

3wt. % 69 97 89 70 - 65
6 wt. % 108 174 131 79 - 74
9 wt. % 144 274 173 138 - -
30 wt. % 243 219 405 287 27 —

Tab.C.4

Impact strength and fracture energy of polyvingbalol GF 4-86 and 4-88

Polymer/Composite En[J] aw[kd/m? (-
30°C)

moulded PVA GF 4-86 24.5 22.3
cast PVA GF 4-86 2.3 nonbreak®
cast PVA GF 4-86 + 30 wt. % PSP-grey microfibrils* 0.1 2.7
moulded PVA 4-88 0.3 9.3
moulded PVA 4-88 + 4 wt. % MAPP 0.6 11.9
moulded PVA 4-88 + 30 wt. % PSP-grey 0.6 6.7
moulded PVA 4-88 + 30 wt. % PSP-grey + 4 wt. % 0.4 6.7

MAPP

* after 24 hours in 10 % NaOH ultrasobath
° This state was occurred because opiest geometry that was only 2mm thick.
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Appendix D

Tables of Measured Values of Water Absorption

Tab. D.1
Loss of moisture content of cast composite systeitts EP matrix with 3, 6 and 9 wt. % of PSP-
grey recycled cellulose fibres as a filler (tim&val 0—720 seconds)
Composite 0[s] 60[s] 120 [s] 240 [s] 360 [s] 480 [s] 600 [s] 720 [s]
3 wt. % PSP-grey1.000 0.999 0.998 0.998 0.996 0.996 0.996 0.996
6 wt. % PSP-grey1.000 0.999 0.998 0.997 0.997 0.997 0.995 0.994
9 wt. % PSP-grey1.000 0.998 0.998 0.997 0.994 0.992 0.992 0.991

Tab.D.2
Loss of moisture content of cast composite systeitts EP matrix with 3, 6 and 9 wt. % of PSP-
grey recycled cellulose fibres as a filler (timeenval 840—8 160 seconds)
Composite 840 [s] 960 [s] 1260 [s] 1860 [s] 2 760 [s] 4 560 [s] 8 160 [s]
3wt. % PSP-grey 0.996 0.995 0.994 0.993 0991 0988 0.984
6 wt. % PSP-grey 0.994 0.993 0.992 0.990 0989 0986 0.980
9wt. % PSP-grey 0.991 0.990 0989 0.987 0.985 0.980 0.975

Tab. D.3

Loss of moisture content of moulded pure polymemR& moulded composite systems with PP ma-
trix with 30 wt. % of PSP-grey recycled celluloslerés and 30 wt. % of PSP-grey fibres together
with 4 wt. % of MAPP as a filler (time interval 08@ seconds)

Polymer/Composite O[s] 60[s]120[s] 180 [s] 240 [s] 300 [s]
PP 1.000 1.000 0.999 0.999 0.999 0.999
PP + 30 wt. % PSP-grey 1.000.998 0.996 0.996 0.995 0.994

PP +30 wt. % PSP-grey + 4 wt. % MAPP.000 0.998 0.997 0.997 0.996 0.996

Tab.D.4

Loss of moisture content of moulded pure polymemR& moulded composite systems with PP ma-
trix with 30 wt. % of PSP-grey recycled celluloslerés and 30 wt. % of PSP-grey fibres together
with 4 wt. % of MAPP as a filler (time interval 660 500 seconds)

Polymer/Composite 600 [s] 1 200 [s] 2 100 [s] 3 900 [s] 7 500 [s]
PP 0.999 0999 0.999 0.999 0.999
PP + 30 wt. % PSP-grey 0.989 0.985 0.982 0.980 0.979

PP +30 wt. % PSP-grey + 4 wt. % MAPP0.994 0.992 0.990 0.989 0.989

Tab. D.5

Loss of moisture content of moulded pure polymeARNM88 and moulded composite systems with
PVA 4-88 matrix with 4 wt. % of MAPP or 30 wt. % BSP-grey recycled cellulose fibres as a filler
and their combination (time interval 0—300 seconds)

Polymer/Composite O[s] 60[s]120[s] 180 [s] 240 [s] 300 [s]
PVA 4-88 1.000 1.000 0.999 0.999 0.999 0.999
PVA + 4 wt. % MAPP 1.0000.999 0.999 0.999 0.999 0.999
PVA + 30 wt. % PSP-grey 1.00@.000 0.999 0.999 0.999 0.997

PVA + 30 wt. % PSP-grey + 4 wt. 9%4.000 1.000 0.999 0.999 0.999 0.994
MAPP

PVA + 30 wt. % PSP-grey cast 1.000.990 0.989 0.989 0.989 0.989
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Tab. D.6

Loss of moisture content of moulded pure polymeARNM88 and moulded composite systems with
PVA 4-88 matrix with 4 wt. % of MAPP or 30 wt. % BSP-grey recycled cellulose fibres as a filler

and their combination (time interval 600—7 500 s@lx)

Polymer/Composite 600 [s] 1 200 [s] 2 100 [s] 3 900 [s] 7 500 [s]
PVA 4-88 0.997 0.994 0992 0.990 0.987
PVA + 4 wt. % MAPP 0.997 0.994 0992 0.990 0.987
PVA + 30 wt. % PSP-grey 0.996 0.995 0994 0991 0.989

PVA +30 wt. % PSP-grey + 4 wt. %0.993 0991 0990 0.987 0.983
MAPP
PVA + 30 wt. % PSP-grey cast 0.989 0.988 0.988 0.988 0.988

Tab. D.7

Loss of moisture content of pure polymer PVA GF6da®d composite systems with PVA GF 4-86
or PVA 4-88 matrix with 30 wt. % of PSP-grey re@atlcellulose fibres as a filler (time interval 0—

300 seconds)

Polymer/Composite O[s] 60[s]120[s] 180 [s] 240 [s] 300 [s]
PVA — powder 1.0000.993 0.987 0.986 0.981 0.979
PVA — cast 1.0000.999 0.996 0.996 0.996 0.994
PVA — moulded 1.0000.999 0.999 0.999 0.998 0.998
PVA GF 4-86 + 30 wt. % PSP4.000 0.981 0.965 0.963 0.961 0.961

grey
PVA 4-88 + 30 % wt. PSP-grey 1.000.990 0.989 0.989 0.989 0.989

Tab. D.8

Loss of moisture content of pure polymer PVA GF6da®d composite systems with PVA GF 4-86

or PVA 4-88 matrix with 30 wt. % of PSP-grey re®dlcellulose fibres as a filler (time interval
600—7 500 seconds)

Polymer/Composite 600 [s] 1 200 [s] 2 100 [s] 3 900 [s] 7 500 [s]
PVA — powder 0.973 0972 0971 0971 0971
PVA — cast 0.986 0.979 0974 0974 0.972
PVA — moulded 0.995 0.991 0.987 0.982 0.977
PVA GF 4-86 + 30 % wt. PSP-0.958 0.957 0.957 0.957 0.957

grey
PVA 4-88 + 30 wt. % PSP-grey 0.989 0.988 0.988 0.988 0.988

Tab.D.9
Loss of moisture content of used natural cellufdzes (time interval 0—240 seconds)
Fibre O[s] 30]s] 60[s] 120 [s] 180 [s] 240 [s]
Bamboo  1.0000.958 0.944 0.934 0.929 0.926
Hemp 1.000 0.971 0.951 0.940 0.923 0.916
Flax 1.000 0.968 0.942 0.924 0.912 0.907
PSP-grey 1.0000.952 0.934 0.917 0.909 0.907
PSP-white 1.000 0.976 0.941 0.935 0.935 0.935

Tab. D.10
Loss of moisture content of used natural cellufdmes (time interval 300—7 500 seconds)
Fibre 300 [s] 600 [s] 1200 [s] 2 100 [s] 3 900 [s] 7 500 [s]
Bamboo 0.922 0.914 0914 0912 0.911 0.910
Hemp 0.906 0.893 0.892 0.892 0.890 0.888
Flax 0.904 0.891 0880 0.866 0.859 0.859
PSP-grey  0.906 0.890 0.889 0.889 0.885 0.883
PSP-white 0.935 0.935 0.929 0923 0.918 0.918
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