ABSTRACT

PERESIN, MARIASOLEDAD. Novel Lignocellulosic CompositefJnder the direction of
Prof. Orlando J. Rojas and the-dwection of Dr. Joel J. Pawlak

Obtained by acid hydrolysis of ramie dits, cellulose nanocrystals (CN@ere used to
reinforce nanofiberwebsof different polymeric matoesvia electrospinningPoly vinyl acetate
(PVA) with different degrees olfiydrolysis vaschosen due to its bdegradability and ease of
proassability.Homogeneousvebsof smooth, defecfree and continuoufiberswere prepared
presentingdiameterson the nanoscaleontainingfrom 5 to 15% wtof CNC. The webs were
characterized in terms of chemical, morphological, and them@mohanical propertiesStrong
interactionbetweernPVA matrix with CNC, mainly via hydragen bond networkvasevidenced
however,it was reducedn samples with higher content atetyl groupsMost interestingly the
elastic modulus of the nanocomposite mats increased significantly as a consequence of the
reinforcing effect of CIC, via the pecolationnetwork held by hydrogen bonds atie efficient
stress transfer between the reinforcing CN and the fully hydrolyzed PVA electrospun fibers
Reduction inthe degree of crystallinity o€N-loaded webs was observed as result of

transnucleatioeffect of thenanoparticles.

Due to the hydrophilicity of thematrix the effect ofdifferent relative humiditieson the
morphological and thermmechanical properties othe electrospunwas also studiedThe
incorporation ofCNC was shownto improvethe maphological stability of thevebs everat
high humidity levels. The therme mechanical behavior of the electrospun fiber weles w
drastically affected by thealance between the moisttineluced plasticization and the rigfig of

the reinforcingCNC. Resuls indicated thatvater absorption might have a negative effect on the



stabilizing effect oCNC in the PVA matrixdue to a disruption athe hydrogerbond network
within the structureHumidity-induced reduction in tensile strength of neat PVA fiber weas
shownto be significantly prevented by the preserofCNC in the websand afully reversible
recovery in mechanical strength afeycling of relative humiditywas observed inhe CN

loaded PVA web.

Target applications fotheseultra high surface aawebsinclude the manufacture of sensors
and selectively permeable membranes, in which ,célser high hydrophilicity can be
detrimentalin applications were aqueous media is involNedorder toovercome this problem,
we proposed a vapor phase, acatatyzed crosslinking reaction, using maleic anhydride and
posterior temperature curingnteractions of the modified composite webs with solvent of
different polarities were analyzed, as well as theacimanical integrity after water immersion,

morphologcal, thermal, and chemicatopertiedbefore and aftemodification

Finally, mixtures of cHulose acetate, dissolved in anixture of acetone and
dimethylacetamidewith different degrees of substitution were electrosmirtaining anofiber
webs of various compositionsThe fibers were reinforced wit@NC, and dso effectively
deacetylatediia alkaline hydrolysisto obtain purely cellulosigvebs The effect of deacetylation
on morphology and thermal behavior was evaluated uaingriety of techniquesResults
showed thathermal, surface and chemical properties of the fibers were drastically chdteged a
deacetylation to cellulosehowever, the morpHogical structure was preserveBinally, the
presence 0o€ENC in the CA and regenerated cellulose podyim matrix inducd an increase in

hydrophilicity on the electrospun webs, asvealel by water contact angle results.
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Chapter 1. Background



1.1 Electrospinning

Electrospinningis a techniquethat consists ospinningof continuous polymeridibers in
the micre and nano scade facilitating the uniaxial stretching of a visaslastic solution by
meas of electrostatic forces These fibers can be obtained from a varietgyitheticand
natural polymer solutions, polymer alloys, agaenpolymers filled with particles, metl

etc? 3

b) Pollen
Viruses Bacteria

Hollow fibers

Microfibers

Electrospun fibers

Carbon nanotubes

Hair

0.001 0.01 0.1 1 10 100
Diameter [um]

Figure 1-1 a) Scanning electron microscope (SEM) image of a single human hair surrounded by
electrospun nanofibers of poly vinyl alcohol (PVA) and b) Comparisotectr@spun fibers and
different object2

Electrospun fibers can be hundreds of times thinner than human hair (Eale These
fiber diametersnakethe surface areaf the matsobtainedextraordinary high As exampls,
1 gram of polyethylenean producel 3 k m of f i b e r sviaeldctrodpidning m di a
with a surface area of 0rtf/g. However, if the diameter of the fibers is reduced to 100 nm,
the total length will be 130,000 km and the surface aasahigh as 40 ffy. The type of

nanostructure ductsobtained with electrospinning present a wide range of applications,



l.e. biological applications, taking advantage of the fact that these fibers #re same

dimensionascalethan bacteria, and virusd¢Figure1-1.b)

The dectrospinningtechnique has been performed and successiveigreed for more
than200yearsl n t he early 17006s, the study and ut
was performed byGray? Later, he primary question regrding the electrospinning
technique was broughip by the Nobel Prize Lord Rayleigh backtime 1800s He studied
the amount of charges needed to overcome the surface tension ofaldi®pesearch was
followed by John Zeleny in the early 1990s with more insigint the electrical discharges
from liquid points® The first patents describing the use of electric charge in the spraying of
liquids were reported by Cooley and Morton in the wa800s"° and wasfollowed by the
work of Hagiwaba on the production of artificial sik using the same method.
Approximately100 years later, Lanor used electrodynamics to elucidate the influence of an
electric charge in the excitation of dielectfioids.® It was not until 1934 that Formhals
patented the first device for eleaspinning of plymers which set up the basis to the patent
for the commercial pr od uic diamererbysimm etialPéenr s o f
1 9 7 Ofod applicatbns in filters in the nonwoven ardaReneker et alled the academic
interesti n el ectr ospi nni bygcomdining tundhmeintai and dppliGadiod s ,
oriented research in a multidisciplinary perspectiat included engineering and different
sciences, such as chemistry, physics, and bidlogSince then, its intereshas grown

exporentially with a vast number of publications that framiea very wide spectrunof



modifications in the processn the last 10 years, the scientific publications related to

electrospinning reached a very large number, as it is reflected in Rigure
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Figure 1-2 Number publications retad to electrospinning per year in the last decadeph built
with data obtained witlsciFinder Scholarkey word:electrospinning

1.1.1 ElectrospinningFundamentalsind setup

Although electrospinning isan easy and simple techniguberestill exist many details
related to the physical phenomena behind gtecess and their interactionthat are very

difficult to interpret.

There are three main components of the electrospinningpsemncluding a capillary tube

with very small nozzle to hold ¢hpolymer solution, a power supply to provide the high



voltage, and a metallic collector which heldsubstrate to collect the produced fib&r3A

basic schematic of the electrospinning set up is illustratedyumre 1-3.

The nozzle associatemdith the syringe is connected to the positive electimidie power
supply, and on the other extreme end of the setup, there is a grounded caltecpurigrity
arrangement can be inverted with samautes* The type ofcollecting devices and their
effects on the alignment and morphology of the fibers have been studfemong the
different collectors the most popular includstatic, dynamicsingle or multiple array of
electrodesn a variety of configurations, such asllector plate, rotating drufi*® rotating
wire drum'® rotating tube collector with knifedge electrodes, disc collectort® parallel

electrodes?’ and multiple spinneret§®3

Power supply |

Positive Grounded

electrode Collector
AN «—

+

Syringe Pump

—
Tip-Collector Distance
(TCD)

Figure 1-3 Schematidllustration of an electrospinning setup



The givenpolymerin solution is pumped throughsyringe and forsa hangingdrop at
the tip of the capillary The polymer drogs held by its surface tensipance the electrical
field is applied,free charges will be induced in the polymer solufiofd. The inducedree
charges respaito the electric potentidy travelling from the tip of the capillary or nozzla

the direction of oppositeggarity, to the collectar

As a resulf the liquid solution geta tensile force applied to by the electric fiedahd along
with an increment in the intensity of the electrical field, the surface of the polymer at the tip
of the nozzlestars to stretch,transformingthe drop from ehemispheg to a conical shape,
called a Taylor cone” * This cone was named after Sir Geoffrey Ingram Taylor, who
studied these phenomena back in 1964 demonstrated that the dadpetween the cone
and the nozzlevas 49.3 . Even though it was demonstrated later, the cone formed in liquid
surfaces by critical applied electric fields is of 335° These electrical forces, along with
the intrinsic surface tension of the polymer solution wéllsethe accumulation of charges,
pulling the solution to form this conical shape amitiating a jet of solution coming out of
the nozzlé' 2 Once a critical value of applied voltagerisacied, the surface tension is
overcome by the electrostatic forcasda jet of liquid will be expelled from the Taylor cone

towards the counter electroéte’ %*

During the process, the uncharged solution will suffer sevexaotic motions,
instabilities andas a consequencelongation of the polymer jet The stretchingforces meke

the jet thinner and longeas solvent is evaporateandby the time the polymer solution hits



the collector, it is no longer a polymer solutiqrbut an interconnectectlusterof polymer
fibers with diamedrs in the range of thenicro- or nane meters depending on the conditions

used inthe systent' 32428

Mathematical modeling for critical voltage, whipping amplitude as well as charge
repulsion and surfa tension balancen electrospinning have been carried out ®lph
understand the effect of the electric field distribution in the resuttant fibet®¥ The
process can benodeled consideringvo stages: jeinitiation and bending instabilityvhich
includes jet thinning and solidification®* 231 32 The shape and angle of the initiating jet
goverrsthe instability that the jet of polymemndergoeslong its wayto the collector devige
also dependemin the polymer solution properties and gmpliedelectrical field* * Figure
1-4.a), illustratesthe evolution of the T@or cone with increasing voltage applied for a
constant nozzleollector distace, while Figurel-4.b) showsa highspeedphotographof a

typical conical shape of the electrospinning jet whadergang the whipping instabilities.

The repulsive forces in the charged jet accelerate the solutioardswthe opposite
electrode, in a natural attempt of closing the electrical ciféuin thisway, the jet spliinto
smaller multiple filaments as a result of increased charge dedséyo thestretching of the
jet andsolvent evaporation on the way, as explained by Doshi and Re¥lekater it was
suggestedhat the stretching and bending of the jets are increased due to whipping (non

axisymmetric) instability (Figuré- b).
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Taylor
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Electrical field

Figure 1-4 a) Stable jet profiles from polyethylene oxide (PEO) in water electrosysiam with
increasing electrical field applitiozzle outside diameter 1.6 mii)b) High-speed photograph
of a typicalconical electrospinning jet when suffering the whipping instabil{gesile bar = 1

mm) 3

The whipping of the jet is so rapid that it ends up splitting in humerous mitaoo-
fibers. In 2001, Shin et asuggestech competitionof the different instabilities occurring
during the process by modeling the instability behavior based on #undloperating

variables®®

1.1.2 Parameters in thelectrospinningystem

In order to obtairtontinuous, single ardefectfree ranofibes with electrospinning, #re
aresome keyvariables to take into accourithe variables affeatg the pocessand resulting

fiber diametersan be divided as follows:

i)  Solution propertiessuchas viscosity, conductivity, surface tensiandelagicity;



i)  Operational parameterssuchas electric field strengthapplied voltageand nozzle
collector distance), flow ratend hydrostatic pressure on the nozzle

i) Ambientconditionssuch agemperature, humidity, and air velocity.

A very challengingaskis to carefully combineand control this rathecomplexsetof
parameters, to accurately tune the properties of the resultant’fibéts Increasing fiber
diameterswill be obtained byincreasingthe solution viscosity while the viscosity of the
solution dependson the polymer concentrationlt has been shown that the diametdr
electrospun fiberobeysa power law relationshipvith polymer concentratiaff More
precisely, the diameteif the fiberis proportional to the cube of the polymer concentration
solution®® However,since the amount of fluid coming out with the jet in presence of higher
electrical fieldis regulated by the diw rate and the applied voltageigher electrical fields
and flow ratesrender fibes with larger diameter?® The choice of the solvent in the
electrospinning system also affedhe diameters of the obtained fiberdncreasing the
volatility of a binary mixture of solvents, fibemsith thinner diametersvill be obtained as

reportedby different research grougs 3

A commonproblem when setting the parameters for a new systerationtheading The
formation of beads has been explainediifferent reports®®*° Fong et af® stated that the
beads areassociatedwith the instability of the jet of polymer solution, amte also
influenced bypolymer concentratiorathigher polymer conagration,reduces the numberf

beads). Althoughbeadingis a detrimentaphenomenonincreasing plymer corentratios



also increaseits viscosity and thus that visco-elastic forcesthat oppose rapid changes in
shapet® 3* Extremely hidy concentratios of the solutionprevents the fiber formatioh
When the solution concentration islbw acertain rangeundulating, ribbottype fibers can
be obtained. This morphological characteristis attributed toa delaying in drying and

consequent stress relaxation of the fidérs.

Surface tensionis the second most important force considered in beading
phenomenon Reducing surface tensiocould potentially lead to obtamy beadsfree
fibers3® The formation of droplets fronthe breaking up of the jet is calleRayleigh
instability. This effect occurs when the surface tension of the liquid tenttaneformthe
liquid jet in lower surface energy spherical dropfts.Surface tensiordependson the

solvent @mpositionsandnot all the solvent systems can be used in electrospirhifiy.

Third and not leasimportant isthe net charge density of the solutievhich affects the
forces governing electrospinning Along with the right surface tension valuesgher
conductivity of the polymer solutiohasbeenshownto producedefectfree and thinner

fibergt® 28 38

The radius of the jet during the electrospinning processnuersely
proportional to the cube root of the electrical conductivity of the solution, asletesmined

back in the 70064 by Baumgarden et al

The effect of the applied voltagenothe formation of beadkas beerstudied® 4 3%
Higher electrical fields decrease the amount of beadleirformation process, as shown by

Deitzel*? This was explained as originated by a change in the shape of the initiating jet that

10



would influence the prevailing instability mod&.Following the same trendf analysis Tan

I31

et al’* explaired the formation of beads assuling fromthe splitting of the jet at the end of

the Taylor cone, disintegrating in many small droplets.

Along with the type of solvent used in a specific system, the distance between the tip of
the nozzle and the collector device (working distaceg)be detrimentalto the morphology
of the produced fibers. Aqueouspolymer solutions electrospun undshort working
distancescan produce beadg and fibers still wet if compared with volatile organic

solvents® #°

By manipulaing some ofthe above mentionedariables,it is possibleto obtain micre
and nane pores in the spun fibersThe velocity of the jet and its mass transfer rate will be
strongly affected by the flow rate oblymer solution from the nofz Porous fibers have
been reported by different groups and for different polymers, mostly in highly humid
environment$® 47 At a constant applied electrical field, electrosfrignsyste mausinghigh
flow rates produce beaded fibers with @gY This pore formation was explainedby
evaporative cooling of condensed moisture droplets enaihthat surrounds the nozsle
imprinting the fibers with nancavitiesthatreceivet he name of ‘fBmoteeat h f i
reason for lhe presence of pords the rapid solvent evaporation, mostly in the case of
organic solvents.The vapor pressure of thelgent regulates the evaporation rate, drying

time and consequent phase separation progk&h makes easie he fibers solidificatior’*

11



1.1.3 Applicationsof electrospun fibers

There are esveral apfpications of polymer nanofibers.bdut 60 % of the applications are
related to medical and pharmaceutical fields, thaty arealso usedin membranes and

sensors manufactufé. Figure 1-5 summarizeshe most populaapplications for electrospun

nonwoveis.
TISSUE ENGINEERING LIFE SCIENCE APPLICATIONS
Scaffolds for skin and in 3D as bone anadtilage Drug delivery
regeneration bloogessels tubes Haemostatic and wound dressing
COSMETICS FILTRATION MEDIA

Cleansing, healing, For liquid, gas andholecular

and therapy skin masks fiitration
NANO SENSORS MILITARY PROTECTIVECLOTHING
Therma) piezoelectric, biochemical Minimal airimpedance; aerosols entrapment
andfluorescence sensors Barrier for biechemicals and gases

INDUSTRIALAPPLICATIONS

Micro- and nano electronic, photovoltaic (nano solar cells), and LCS deyices
Electrostatic dissipation
High efficiency catalysts carriers

Figure 1-5 Potential applications of electrospun nonwos¢atiapted from Burger, et aff.

The incorporation of molecules with a certain functiorr&inforcement components
the fibers for different applicatiencan be a challenge whenusing conventonal

electrospinning. Modifications in theelectrospinning setup and the use ofwo different

12



polymers or suspensions ia co-axial geometry allows the production of-bomponent

fibers® Several structuredters have been producks usingthis technique, such as cere

sheath fiberand hollow fibers Basically,thesefibers are formed by manipulating different

polymer solutions and spinning them from ts@me nozzle that is compowatby two

concentric capliaries. A schematic of a coaxial electrospinning setuphewnin Figurel-6.

inlet of the ‘1’

inner dope

cork support

core-shell nanofibers

high voltage DC generator

< inlet of the outer dope

inner and outer dopes

<« collector

Figure 1-6. Sche matidllustration of the coaxial electrospinning setup used to ge neratestwré
structured fiberd®

Coaxial electrospinninpas been widely used in the production of fibers for application

drug releasdyioactive tissue scaffolds, biochemical sensors, gas storage, andl@etnonic

devices’ Some of the research conducted in this area includesryonent fiberof

polycaprolactone (PCL) and gelafifc* and PCL and polylactic acid (PLA) for micfo

encapsulation of antibiotiés > viral gene’* and proteindor drug releasé® Moreover, ce

axial electrospinning can be used to encapsulate other

13
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nanopaticles>® magnetic particled! and even cellulose nanocrysttis®“ A Na-aab | e s 0
using PEO as the isolating shell, surrounding a conductive core of polyhexylthiophene have

been obtimed,”® conferringnovel propertieso the fibers.

Through the ceaxial electrospinning, it is possible to design sacrificial templates for
hollow nanofibers or nanotubes. Ceramic nanostructures have a high impact in
photocatalysis and photovoltaicd.i et al. developed a protocol to produt®llow TiO,
nanofibersby co-spinning two immiscible solutions polyvinylpirrolidone (PVP) and a
ttanium alkoxide Ti(OiPr)) as a ceramic precursar the outer layer and a heamineral
oil in the core. After selectivelyremovingthe oil T/PVP compoge hollow fibers were
obtained. Also a uniform, circularcrosssection pure hollow TiO; fiber wasobtainedupon
calcination of the precursorSimilar procedure was applied tocorporatefluorescent dyes

into PVPhollow fibers’® Examples of these fibers cangeenin Figurel.7.

Different dforts have been made ®nhance the strength amdechanical propertiesf
electospun composite nanofibe?s. To this end, tie most effectivestrategy reporteds to
incorporate a number dfiversereinforcing agens3! Suchreinforcing effect is governed by

threemainparameters:

a) Tensile modulus of the espun fibers.
b) The actual axial fiber ratio, and

c) The interaction between the reinforcing agamfiller and the polymer matrix.

14



A keypropertyin the use oparticlesto reinforcenanecomposite fiberss becausef their

small diameterand very smaltefraction; leding to a transparent composite

Figure 1-7. a) TEM image of hollow electrospun TEIPVP composite fibef; b-c) TEM and
SEM micrograph of pure TiQafter calcining TiQ/PVP compode fibers!’ d) Fluorescence
optical micrograph of hollow PVP fibers with inner surface derivatized with fluorescence dye
(DIIC 18)®; c) TEM image of hollow PVRiye derivitized fibers, dmrated with super
paramagnetic iron oxide

Carbonnanotubesireamong the most used reinforcing inorganic nanopartieipsrted®
® dlso glass®® # andmetal paticles such as goid or Zn®® Organic, renewable nanofibers
havealso beenincorporated in plymeric matrixes with reinforcing purposés composite
developments Several research groups have focused efforts on incorporegihgose

whiskerscoming from different natural fibeis polymeric electrospun nanofitse %874
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1.1.4 Challengesn electrospinning

Perhaps thenostoften encounteredhallenge when electrospinning polymésrselated to
the randomness ofhe collected fibers Nonwovers with aligned fiberscan improve
mechanical propertiesnd ttereforeincreasehe range of applicatiorts®* Manyefforts have
beenmade to align electrpsin nanofibers, such as the development of diveddiector
devices Howeve, it is a common problem when attempting to obtain aligned

electrospinning fibers, tbalance theollection speed arthe coveragearea.

Another important challenge in electrospinning of nanofibers isstadingup of the
process in order to makedommerciallyfeasible Elmarco Nano for Life (Liberec, Czech
Republic)was the first company that scaled up the nanofiber productdmarco patented a
unique technology under the name of Nanospidkfor high throughput production of
electrospumorwovers.®* Nanospider™ is able to electrosp up to 1 g/rA of raw materiain
lessthan one minute There is a commercial, laboratory scale unit available at the College of
Textiles at North Carolina State Universit{zurthermore, ther companiehave developed
high-speed devices for scalepy nonwoven productip such as pin Technologies Ing>

and Donaldon filtration®®

16



1.2 Polyvinyl alcohol (PVA)matrices

1.2.1 Productionof PVA and general properties.

Polyvinyl alcohol (PVA) is among the mosbmmonly used synthetic polyméue to its
unique propertie&’ Vinyl alcohol, the monomer of PVAcannot be isolated, due to its
instability, as it tautomerize in the form of acetaldehyde Hence,the synthesiss done
through the initial polymerization gfolyvinyl acetate RVAc), whichis further hydrolyzed
to PVAZ®® 8  This polymerization is achieved by PVAbydrolysis with methanol
(alcoholysis)in presence of sodium hydroxide as catalysis shown in Figurd-8. The
residual content of acetyl groups in PVA vary depending on the concentration of the catalyst
and the time and temperature of the reactidihcoholysis in alkaline medisender residual

groups distributed in blocks?

\
CH,—CH
initiator =|~CH,—CH NaOH
H,C=CH —> | + n CH,O0H —m88 > OH Jn
(catalyst)
OCOCH;, (f Polyvinyl alcohol
COCH; Methanol .
Vinyl acetate n
n CH;OCOCH,

Polyvinyl acetate
Methyl acetate

Figure 1-8. Polymeization of PVAc and hydrolysis of PVAc to PVA

The overall properties of PVAependon the amount of the s&lualacetyl groups after

the hydrolysis reactionSeveral grades of PVA are commercially availdbleBased on the
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degree of hydrolysis reachedVA canbe classf i e d Bk ¥y d md lwheh thel degree

of hydrolysis ranges between 97 and 10QRtgure 1-9. g. On the other hand, when the
degree of hydrolysis ranges between 97 and 100%, PVA falls undeatberyo f fAlyar t i a
hydr o l(Bigareld9ob), which is a mixture of PVA/PVAc where the acetyl content is

about 11 % wt The properties of g#secategories are distinctive in termépolarity, thermal
properties (melting point, crystallization), emulsifying and consequently solubility
properties® In partially hydrolyzedP VA, the hydrophobic acetyl groups alter the intra and
intermolecular hydrgen bonds of neighboring hydroxyl grougsereby decreasing their

strengthand degree of crystallinit}?

3l k) 7 N
CH,—CH CH,—CH -CHQ—(IDH B
OH n+m OH _J,

=0

\_ CH, _Jm

—0—0

Figure 1-9. Molecularstructure of fully (a) and partially hydrolyzed (b) PVA

In order to understand the structure of polyvinyl alcoltols important toconsiderthe
polymerization of its precursor, polyvinyl acetatBolyvinyl acetate is produced by radical
chain poymerization of vinyl acetate ia methanol medim. Initiators with peroxy or azo
groupscansupply the needed radicals for the reaction to take place by decomposition in the

reaction mixture.The molar masses of the product can be adjusted by thesglghtion and

18



amount of initiator, whichalong with the methanp#ct as a bain transfer agentMoreover,
methanoleliminates the heat produced during the reaction by evaporative coolingisand
used later in the hydrolysis of polyvinyl acetate in thypinyl alcohol productior®
Making the as s u miaikhiecard 0t hpaotl y aRVAGhaeautd,i after o f

alcoholysis, PVA will preset a 1,3glycol chain structuras shown in Figuré-10.

Even though severatriations exist, the structuref PVA modifiesthe properties of the
resultant polymer, such as ig®col structure, when thpolymerization pattern occurs in a
fiheleabtailtt ai | 0 ¥ elgoy leranchimgalong the PVA chain can occur when the
reaction takes place in prolonged timeBranching consequently affecthe rheology of
PVA solutions in water.Finally, terminal aldehyde groups can be present in the polymer

back bone in the case that acetaldehigdpresent during the PVAc synthe¥is*

H H H H H H H / /
| | | | | | | /H OH H H H OH H /
—¢c—C—C—C—C—C—cCc— | | | | | | | H H H OH H H H
L —e—e—e—e—ece [ | | | | | ]|
H OH H OH H OH H | | | | | | - C¢—C—C—C—C—C—C—
AR A A
H OH H H H OH H

Figure 1-10 1,3-glycol chain structure of PVAvith the different sterechemistries alternatives

The tacticity or steric structure of PVA impacts its final properties and it can be predicted
from the PVAc polymerization.There is a favored atacity structure for polymers obtained
by radical chain polymerization reactions, but it is also possible to produce syamtio
isotactic PVA structures.PVA chains with higher regularity favor increasing alignment

among them with a tendency pmssessnutual orientation, based on the polarity of their
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functional groups.Therefore, the amount of residual acetyl groups will be detrimental in the

orientation of the chaingand also in th@roperty profileof PVA.

1.2.2 PVA propertiesand applications

PVA is a light white solid powdé® a semicrystallinepolymer that iseasy to process

because of its natural biadhesive natureand has good physical and chemical propeffies.

88,90, 95

The molecular weight of PVA can range from few thousand upngsmillion Daltons
and it is water solub! Viscous solution®f PVA in water can be obtained at temperatures
above 70°C under vigorous agitatiorBecause oits hydrophilidgty, mostsolvents of organic
character are not suitable to dissolve P\FAIsion of PVA and its decomposition are reathe

at temperatureslose to 250C, andin its bulk form, it does nagasilyburn in air®*

PVA is among the synthetic polymers that are biodegradablebimbmpatible’® and
physiologically inert in terms of acutaral toxicity, showing L3 between 15 and 20 g/kg
(with LDso being the lethal dose, based on 50 % of a group of animals aitat

application)®®

Once ingested, PVA rarely absorbs on the intestinal tract and it does not show
accumulation in the bodyln fact, PVA is cataloged as an indirect food additive ey ©S

Food and Drug Administration (FDA), used in products that are in conttttfowid, such as
additive in eggshell mixtures®® PVA is nota skin or mucous membrane irritafitit is non

carcinogenic, not mutagenic or clastogéfiicLastly, PVA can be biodegraded into €@nd

water by adapted microorganisiis Many microorganisms present in either natural or

20



artificial environments like landfills, soils, and septic systems, have been reported to posses
the ability to enzymatidly degrade PVA This property enhanceghe environmentally

friendly nature of PVAand its low environmental impatt

PVA is widely used irthe textiles, adhesive, cosmetic, food, drug, paper and packaging
industries. The main @inctionof PVA involve filtration, catalyst supporfé’ * membranes
and electrospun nonwovet ™ optics, drug releas€® ! enzyme mobilization?! tisste
engineering’ protective clothind®? and others®® PVA also exhibits remarkable barrier
properties against oils and s, aromas and perfumemd small molecules (nitrogen,

oxygen,etc.)%.

PVA can also be used to produce fibers via electrospinning, therefore expanding its
already broad spectrum of applicati¢AsElectrospun fibers produced from PVA has been
extensively studied over the past few years in regards to the effects of production
parameter$®®1% molecular weight?3: 1® 110 11lconcentratiod’” 2 solvent and pH?® as
well as the presence of additivés: > Also, the mechanical and thermal properties as well

as the structuralability of PVA fibers have been studigtf: 1’

Once the challenges aoarercome PVA should be considereain excellent candidate for
use in several types of membrané&urrently, the field of membranesshacquired attention
in the chemicalcommunityfor several applicationsPerhaps the most important property in
membranes is tleability to control permeation rates of different specida. the case of

membranes focontrolled drug delivery, the relemsate from a reservoin the body has to
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be moderated.In membranes for separation purposi® target is to permit one of the

components in a mixture to permeate through the membrane, while the permethenmesf

of the componentxan be preventé® Examples of elevant applications folPVA

membranesaregivenin Tablel-

1 88,118

Table1-1 Example applications of PVA membranes

Application

Principle

Microfiltration
(MF)

Ultrafiltration
(UF)

Nanofiltration
(NF)

Reverse
osmosis (RO)

Pervaporation
(PV)

Fuel cells

Remo\al of particulate material, microbial cell residues and turbidity

Remowal of large organic molecules; by molecular size to separate :
particles from liquid media

Small organic moleules removal and softening

Desalination

Separation of mixtures of aqueous and organic components, remo\
residues of volatile organic compounds from aqueous media, and
separation of two or more organic h&nts. Based only on polarity (ne
volatility), one of the components of the mixtures is transferred throuc
the membrane.

Substitute to available power sources in transportation and pol
electronics

Many of the key properties ¢fVA, such as those mentioned above, are the result of its

significant cohesive energy due to its polarity from hydroxyl grddps®® However, the

same characteristics that endow PVA with unique performancehgadmphilicity make it
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susceptible to plasticization in humid environméfsand consequent significant lost of
dimensional stability in aqueous medidhis deficit on integty has triggered alternatives

such as postreatment?* crosslinking’” **?and blending® 123

In order to stabilize the polyvinyl alcohen aqueous media, sevémmethods have been

approachedFollowing, the most commonly used methods are listed.

Heat treatment.Membranes for reverse osmdsfs'?*(RO) with decreaad salt and water
permedility, have been successfully obtained upon treatment of the PVA membranes at
1201 175 °C during 3080 min. The exposure of the membranes to higher temperatures
implies chemical crosbnking but carrying associated disadvantages such as chain scission
ard unsaturation® In the case of fully hydrolyzed PVA, heat treatment at %6Ghown a
decrease in hygroscopicity and water vapor transmissiter and permeability due to a

change in crystallinity?®

Inducement of crystallizatioty freezingithawing cycles. This method consists on
exposing the PVA film to temperature cycleBreezing the sample drihawing it to room
temperature, for up to ten cycles indsied increase in crystaliinit}?®*!® Even though, the
changes in properties due to physical criotdsng were not asignificant as those reported

for chemical technique'$’

Radical polymerizatiofi peroxidisulphate.Sanderson and ImmelmA used potassium
persulphate, a strgnoxidizing agent inaqueousmedium, as initiator for aqueous vinyl

polymerization via free radicalsThe main idea was to create a permanent gel lagetuble
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membrane via polymer radicals coupling créisking which can be further chemically
modified toimprovesalt rejection properties.

Acid-catalyzed dehydration Chemical modifications of polyvinyl alcohol can be
performed using compoundsattreact with the hydroxyl groups of polyvinyl alcofét: 12

Multifunctional compounds such as dialdehydes, dicarboxylic acids or anhydrides as

crosslinking agentsave been reported*

1.3 Cellulose

1.3.1 Cellulose overview

Widely distributed in nature, cellulose is the ma&tundantp o | y mer in the
biosphere. Being renewable, sustainable anduadtant, cellulose production is estimated
around 7.5 x 18 tons per yeal®® 13! Essential in the constitution of cell walls in plants,
cellulose is a fibrous, strong, and watesoluble polymer. Cellulose is present in the
primarystructure of higher plants and it can also be found in marine species (tunicate), and
even in less developed organisms such as protozoa (amoeba), algae, and microorganisms
(bacteria, and fungij®?: 132 133

Cellulose in plants and trees varies in percentagpendingupon the different source
where it is obtainedThe amount of cellulose present in cotton can be as high-88 96 80

% in flax, between 60 and 70 % for jute fibers, but only580% of woodis actually

cellulose!®?
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1.3.2 Historical review and molecular structure of cellulose

Cellulose was first introduced as such in a French academy report bacl9jrba88d on
the discoveries made by Alselme Payen one year e&tfiein his work, Payen described a
resistant fiborousmaterialremaining after acidic or ammoriEsed treatments of different
plant tissues, and subsequent several extraction ske@s though theelationshipglucose
cellulose was first reported by Braconnot in 1829 Payen was the first researcher that
successfujl isolated and chemically characterized cellulose as a carbohydrate isomer to
starch, that is comprised ofjlucose residues® ¥ This quantitative relationship was
developed by several contributions for almost a century, and then it was MNWitliam

who showed the relatiship in the form of anguation (GH1¢Os), + NH20 =n(CsH120¢). 28

The derivatization**® 1*°and different treatmentsf cellulose such as acid hydrolysis®
141,192 1ad the scientific communitgs eay as1920 to prove that therae three alcoholic
hydroxyls present in §H120s. They also showed that from those three alcoholic hydroxyls,

two of themare secondary whilghe other one is primary. This was corroborated by

']]43, 144 h40, 145, 146

esterificatio and eterificatio reactions. The currently accepted tautomeric
structure ofU and b-pyranose for glucose was proposed in 1925 by Haworth &t df®
along with the evidence provided by Zemplen (19%63nd Haworth (1927§% ! that
cellobiose was a-gjlucopyranosylglucose, which lead ttee represeration ofcellulose as a
linear association of hexose units connected by glucosidic links, thereby forming a

macromoleculé®®* ™ ncident al |y, during the 506s and 6006
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crystallographic studiesere conducted?>* **that showed that glucose in cellulose chains is

present in it-D-glucopyranose form.

Chemically, cellulose can be defined as a linear homopolynzete up ofanhydreD-
glucose units brought together 1,4 glucosidic linkages. Each singleb-1,4-linked
anhydreD-glucose unit arrangewith the formation ofa 18° angle with respect to each
other, and a repeating two associated glucose units receives the naeiolmbse- the
repeating unit of celluloseThis was demonstrated bysaccession of tests and significant
studies of the products of tandem acetglatiand acetolysis reactions of cellulds&!®
Moreover, theb-D-glucopyranose monomeesntaina *C; conformation, which positions the
hydroxyl groups in the equatorial plane, while the hydrogen atoms remain in the axial plane.
The flexibility of the chair structure is reduced by the equatorial hydroxyl groGe#ulose
can exhibit a high molecular weight, counting up to as much as 20,000 glucosevents,
thoughwithin the primary cell walls it is possible to find cellulose chains with lower degree
of polymerization. An interesting characteristic of celluloschains is the distinctive two
ends that they present; while one of the end is a-aeatal (reducing), the other end is fhion

reducing hydroxyl group (Figurk11).13¢- 132

Nonredueing end Cellobiose Reducing end

Figure 1-11 Chemical structure of cellulosé®
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The stabilization of the cellulosic structure is hadthetherby an inter and intra
molecular hydrogen bond networkl’he hydroxyl groups involved in the intraoclecular H
bond net wor k aHteO(b)amD (s2¢bt)s p O(BFF®) ri ng oxygen

unit respectivelywhile those involved in the intemolec ul ar net wdtoOGr e O( 3

160

both belonging to the same molecule (FigihE2).

Figure 1-12Intra- and intermolecular hydrogen bonding in ¢elbse structure

The longchain molecules of cellulose aggregate into the form of4saade hierarchical
microfibrils during its biosynthesis that will finally associate into fibetdydrogenbonds
and \an der Walls forces are responsible for thaggregations. Actually, H-bonding
networks between the cellulose chains are responsible for a highly packed,-lkeystal
structure. Despite this some amorphous or less ordered domains exist in the microfibrils

(Figure1-13).130.1%2
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Cellulose can be classified as polymor@epending on itsource, extraction or different
treatments that the cellulose receive, it can adopt one of the six already identified
interconvertible polymorphs, (I, I, Il Iy, 1IV;, and IM),**° each of them with a

corresponding crystallographic pattéra.

) Amorphous region
Native cellulose

B <l
L%

N7

\

Crystalline regions

Figure 1-13 Representation of an ordered (crystalline) and amorphous re gioasive
cellulose®

The most abundant form of cellulose, ,i.eative cellulose, is called cellulose Even
though cellulose | presents only one type of crystal, it is rather complex ard is¢r@cture
comprises two sulforms which are present infitrent ratios; reported as eithey(triclinic
with one chain per cell unit, prevalent in bacterial and algae cellulose) moroclinic,

containing two chains per cell uni, mainly present in higher plaht$)2

A descriptive
summary of the conversion between the crystalline forms of cellulose is given in Eigure

14).16!
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Regeneration
Mercerization

Cellulose | » Cellulose I
NH3) NH3
—NHjz(g) —NH3(g,
Cellulose IlI, Cellulose Il
heat heat
Cellulose 1V, Cellulose IV

Figure 1-14 Diagram of the interconversion of the polymorphs ofudese®!

By treating cellulose | either by chemical regeneration (dissolution and further
precipitation in water), or by mercerization (swelling in highly concentrated sodium
hydroxide solution) and subsequent extraction of the swelliedium regenerated cellulose
or cellulose Il can be obtained.The inverse is not completely possibles., complete
converon of cellulose | starting from cellulose Il is not possible, but some partial
regeneration had been obtaif&d. Cellulose Il is more thermodynamically favored when
compared to cellulose IThis relies on the fa that the chains align themselvésferently.
While cellulose | present all its strands parallel, cellulose Il chains are orgaaized

parallelly*30: 132

When cellulose | or 1l is treated with ammonia or some other amines, it results in the

formation of cellulose If®3 (lll, if the original is cellulose | and i/lwhen the starting
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material is cellulose Il). By heating cellulose 1l in glycerol, the respective allbmorphs 1V

and 1V, areprepared®*

1.3.3 Processabillity of cellulose

Cellulose as such hagen part of our culture for more than 150 yé&rsBeing the mos
abundant natural polymer, cellulose has been used traditionally in the papermaking
industry?®® Celluloseis one of the preferred biopolynseto be used in order to cover the
demand of environmentally friendgnd biocompatible materiai€® **” Back in 1870 the
Hyatt Manufacturing Company developed the first thermoplastic polymer based on cellulose
which received the name oélluloid.*®® After its successful ifoductionin the market it was
demonstrated that it was possible to obtain novel materials based on chemical modification

of cellulose!®®

The use of cellulose and its derivatives dbtain nanefibers by the electrospinning
process presents a great opportunity for better utilization of cellulose and development of
new applicationd®® Even thouglan electrospinning technique Hamen improved during the
past few years, thprocessing of biopolymers by electrospinning have presented several
challenges Among the main challenges facedattempts of electrospinning biopolymers,
pre-treatments of the polymease one of themUsually the biopolymers need to go through
expensive, tedious and rather complicated purification steps before theosg@uing

process. Furthermorebiopolymers present high crystallinity or polarity that does not allow
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the dispersion of the polymers in common solveri&nally, the trend of biopolymers to

form gels, leading to high viscosity in solution, can preveetproces$®®

Cellulose is not an exception, and fas many other biopolymers, the production of
celluose nanefibbers by using the electrospinning technique is limiteth the case of
cellulose its main limitation is & solubilty in common solvents, and reports of
electrospinning the efficiency of the process vatberlow.!’® Feware thesolvents capable
of dissolving cellulose so that it can easily be processed by electrospimrkingng those
N-methylmorpholine (NMMO)/watet’* lithium chloride/N, Ndimethylacetamidé’? and
ionic liquids like Zallyl-3-methylimidazolium chloride (AMIMCI)/dimethylsulfoxide
(DMSO)' "3 are the most common solvents used in electrospinning of celluttmsever, all
these solvents present low volatility, and théy not evaporatecompletely within the
distance between the tip and tt@lectorduring electrgpinning Thus defectivefibers are
produced In addition the complete dissolution of cellulose some of these solvents
requires high temperaturesvhich complicates the overall procé8s!™ Electrospinning of
cellulose have been improved by alternatively using cellulose esters solutions and posterior

regeneratioiby alkaline deacetylatioh*
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1.4 Celluloseacetate

1.4.1 Production of cellulose acetd€A)

The first commercial process for the manufacture of cellulose acetate was developed by
the Dreyfus brothers back in 190Although the commercialization otdulose fibers did
not happen until 20 years later, Camille and Henry Dreyfus patented more than 300

inventions related to drgpinning process and disperse dyify.

There exist two main reasons why cellulose is derivatized into the ester form. The first
reason relates to processabilityMost of the common solvents are unable to dissolve
cellulose; moreover, cellulose cannot be processed bgngiesince it decomposes before
flowing. The second reason has do with the properties of the resulttant detized
polymer. By derivatization, the physical properties of cellulose are significantly modified,

expanding the range of applicatiors.

H (e}

O 0 o - OAc
/ Acid
Cel—OH + 3)}\ )k CelﬁOAc + 3
N OH o Catalyst N 0Ac OH

Figure 1-15Reaction of cellulose with acetic anhydride to give cellulose triacetate

Esterification of highly pure cellulose with acetic anhydride using sulfuric acid as a

catalystyields the semisynthetic polymercellulose acetate The three hydroxyl groups
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present in the anhydroglucosaeits that form cellulose are the active si@sthe acetylation

reaction toocurr. A schematic illustrationf the reaction is shown in Figute15.1”™

Commercial manufacture of celluloseetate involves the partial hydrolysis of cellulose

triacetate to obtain the desired degree of substititigRigure1-16).>"

o

OAc . H
Acid

Cell£OAc + H,0 CeléOAc + )j\

AN OAC Catalyst AN OAC OH

Figure 1-16 Sche matics of the hydrolysis céllulose triacetate to cellulose diacetate

When less than one acetyl group per anhydroglucose unit is hydrolyzed, the DS can be as
high as 2.4, and the resuttant polymer is called cellulose dia¢é&tate the case that the DS
is less than 2, then thmolymer is called cellulose acetafeigure 1-17). The properties of

the resultant polymer will depend on the degree of substitution obtagmathydrolysis'’’

Traditional raw materials for the manufacture@A are renewable, biodegradable, and
relatively inexpensive, such as highly refined wood giffut also alternative sources have
been studied, like residues from sugarcane badd%se’® bacterial cellulosé®®

newspaper$! and even mango seetf?

R =-H orcCOCH

Figure 1-17 Cellulose acetate
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1.4.2 Propertiesand applicationef CA

Cellulose acetate is the mostidely used cellulose derivative due to its impacting
properties such as its low weathering, heat and chemical resistance, thermal stability,
reasonable toughness and dimensional stabffityThese properties make cellulose acetate
flms and fibers, very attractivefor the manufacture of setpermeable, dyalisis,
ultrafiltration, reverse osmosisnd hemodialysisnembraned®* Cellulose acetate present
inherent clarity, with consistent and isotropic refractive indethebulk materialproviding
high optical transmission, which makes it attractiveptical films manufacturd’® Also, the
dielectric constant and dielectric strengths are high enough to apply them in coating

applicatims where electrostatic dust attraction is importdht.

As mentioned beforecellulose acetate natfibers can be easily converted into
regenerated cellulose bgompleteremozal of acetyl groupsin mild alkaline hydrolysis
conditions*® The production o€ellulose nandibers by electrospinning of cellulose acetate
as raw materiahave been provesuccessful by several groufS!® One of the most
impacting properties of narfibers of regenerated cellulose is its chemicalistance to
almost all organic solvents and agueous solutions in a broad pH range (from 3 to 12).
Additionally, regenerated cellulose membranes Hsaenshown topresent low notspecific
adsorption and to benore permeable to water than conventional agiorous membrané§’

This property makes it agtctive for applications such as affinity membranes and membranes

with anti microbial properties®® °1 The potential of such membranes have been shown
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either by blending with other polymer& or assupport of active moleculdike enzymed?®

proteins:®® and polyplenolics®® %4

1.4.3 Cellulosenanocrystalsas reinforcing agent

Acid- hydrolysis of purified cellulosic fiberscleaves the amorphous region of cellulose
leaving behind nangcale crystals, as shown in Figutel8. Colloidal suspensions of
cellulose, obtained by controlled adiydrolysis of cellulosic fibers were reported as
imicellesodo appr oxitmd® di 3953, fMulherjge dgneoastrased layg o .
electron diffaction that these aggregations were composed of haglstalline rodlike

shape particle®’

Cellulose nanocrystals

-crystalline

Acid hydrolysis

Ma
fibe!

Natural cellulosic fiber

Y
NanocMicrofibrillated cellulose

Figure 1-18 Methods for the disintegration of cellulose fibéaslapted from Paako, et]é’ﬁ
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The use of different reinforcing agents in composites has been growing exponentially, on
an annual basis since 19808,and a variety of publications are available on the use of
nanoparticles added as reinforcing of plastics, surfaeting, cosmetics, aerospace,

electronics, among othet¥

The scientific community has focused efforts inincorporating nanoparticles in
conventional polymer matriceshereforebroadening the application of these materials in
fields such as physics, chemistry, maadsiscience, information technology, and medicine
The distinctive propertiesthat thke incorporation of nanoparticleispart to the resultant
materials are noticeable,such asenhanced thermonechanical, electrical and barrier

properties-32: 20

Akernatively, if instead of chemical hydrolysis, shearing forces are used to break down
the cellulosic fibers structures, the material obtained is ccallene or microfibrilated
cellulose!®® Even though the focus of this thesis was the production and study of
nanocomposites containing cellulose nanocrystals, efudon the production of
nanofibrillated cellulose using soy proteins as additives were also performed. Preliminary
results are presented and discussed in the

additives for nanofibrillated cellul osebo.

1.4.4 Propertief cellulose nanocrystals

Strong andhighly resistant taemperatureyvear, erosion and corrosion, inexpensive, and

with a low density, cellulose nanocrystadsgso called whiskers or nanofibrilsre highly
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competitive compared to currently utilized inorganic fillerd3? such as carbon

02, 203 205
§’ U’

nanotube inorganic nanoparticles basenn hydroxyapatité®* go silver2%®

clay?°"?® silica?!® Cellulose nanocrystalare low density materials thaan be considered
stronger than steel (elastic modulus of 145 GPa), and stiffer than atan(iih GPa}3? 2!

Seein Table1-2. The aspect ratio of nanocrystglsd, where L = length and d = dianae)

depends on the source agin vary from 1 to 108°* Also, these aspect ratios will influence

some properties of the final uses of the nanocrystals, such as reinforcing agents in

composites. Percolation threshold values willuehce mechanical properties of the final

composites, and as such, percolation threshold values will be determined by the aspect ratio

of the nanocrystafs®® This is attributed tathe fact that ahigh interfacial areanda high
degree of dispersios reacked when the nanocrystals physicalljenact with the continuous

phase where they acentaired?*?

Table1-2 Comparison of modulus (strength) and tensile strenght (stiffness) of cellulose
nanocrystals and other materials: 24

Material Density (g/cm3) Tensile strength (GPa) Modulus (GPa)
Cellulose nanocrystal 1.5 75 145

Steel wire 7.8 4.1 207

Glass fiber 2.6 4.8 86

Carbon nanotubes 2.1 11-73 270970

Currently, numerous efforts are focused on the use of materials from renewable resources

be utilized as reinforcement agents in nanocompositedmong such meerials readily
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available cellulose nanocrystals have attracted great interest due to their renewability,
biodegradability and mechanical properties.Earlier work introduced the concept of
cellulose nanocrystalas reinforcing phase in synthetic polymérs #®and a large list of
matrices has been considered for combination wétlulose nanocrystaf§' *° Cellulose

nanocrystalshave been used to reinforce electrospun fibers produced from poly(ethylene

)27 Y2 polystyrene'® p o |-gapralactone? and even cellulose

oxide poly(acrylic acid

itseIf. 58

In the case of PVAased composites, the properties of cellulose nanocrystals play a
critical role in terms of reinforcement and affini Perhaps one of the most important
features tochoosecellulose nanocrystals for PVA composites he fpresence of hydroxyl
groups Thesefunctional groups makéhem suitable for the production of composites with
polar, hydrophilic polymers such as RVand the benefit of improved mechanical and

thermal properties
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The manufacture, characterization, and optimization of neleeltrospun nanocomposite
were investigated. First, this study deals with the manufacture of fully biodegradable
electrospun materials based on PVA mats reinforced with cellmasecrystals (Chapt&
and 4, followed by athorough study about the effect of humidity treatments on the
morphological integrity and the mechanical propertiegedted nanocomposites.Water
uptake and the interactions between water and R¥i& matrx were also considered
Chapter5 deals with crosslinking of thBVVA-cellulose nanocrystals nanocomposiieshe
vaporphase techniquand its effects on thghysical integrity and thermglropertes of the
resultant materials.Finally, fully cellulosc nhonwoves wereproduced by electrospinning of
cellulose acetate anslubsequentemoval of acetyl groups by alkaline hydrolysigh and
without reinforcement of cellulose nanocrystalthe effect of the deacetylation of cellulose
acetatenanofiberson their chemical and morpholacal nature, surface properties behayior

andthermalproperties andvere analyzedC hapter6).

The main objectives of th work are addressed in the form of chaptas follow: @)
Nanofibber composites of polyvinyl alcohaind cellulose nanocrystalsManufacture and
characterization;4) Effect of moisture onelectrospunnanofibercomposites opolyvinyl
alcohol andcellulosenanocrystals;¥) Effect of crosslinking on the properties of electrospun
nanofiber composites gfolyvinyl alcoho] (6) Electrospun Cellulose Acetate Nanand

Micro-Fibers Reinforced with Cellulose Nanocrystals
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Addtionally, preliminary results orhe manufacture of fully biodegradable composites of
nanofibrillated cellulose using soy proteias additivesare discussedn the Appendix

(Chapter7) at the end of this document
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Chapter 3. Nanofiber composites of polyvinyl alcohol and
cellulosenanocrystals: Manufacture and characterization
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3.1 Abstract

Cellulose nanocrystals (GIy were used to raforce nanofibers in composite mats
produced via electrospinning of poly(vinyl alcohol) (PVA) with two different concentrations
of acetyl groups.Ultrathin crosssections of the obtained nanocomposites consisted of fibers
with maximum diameters of ca. 290n for all the CNloads investigated (from 0 to 15%
CNC loading). The electrospinning process did not affeccti@micalstructure of the PVA
polymer matrix but its degree of crystallinity increased significantly together with a slight
increase in theorresponding melting temperatur€hese effects were explained as being the
result of alignment and enhanced crystallization of PVA chains within the individual
nanofibers that were subjected to high shear stresses during electrospifiagstrong
interaction of the PVA matrix with the dispersed Cldhase, mainly via hydrogen bonding
or bond network, was reduced with the presence of acetyl groups in F\gst importantly,
the elastic modulus of the nanocomposite mats increased significantly as quemaseof
the reinforcing effect ofCNC, via the percolation etwork held by hydrogen bonds.
However, this organizatiedriven crystallization was limited as observed by the reduction in
the degree of crystallinity of the CMaded composite fibers.Finaly, efficient stress
transfer and strong interactions were demonstrated to occur between the reinforCiagcCN

the fully hydrolyzed PVA electrospun fibers.
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KEYWORDS nanocomposites, cellulose nanocrystals, cellulose whiskers, nanofibers,
poly(vinyl aloohol), poly(vinyl acetate), nanofiber mats, electrospinning, reinforcement,
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3.2 Introduction

The development of micro/nanofibers has attracted significant interest in the last few
decades due to the unique properties they endow, such as theligleryurface areto-
volume ratio. This characteristic along with the remarkable suitability for surface
functionalization, and superior mechanical performance makes possible their use in a wide
range of applications in medical, pharmaceutical, filtrataomd catalysis fields, among
others'’ 2 One of the possible routes for thEoduction of micro/nanofibers is the
electrospinning technique, which is based on the whipping of polymer solutions under
electrostatic force¥?

Various polymers, including polyolefins, polyamides, potges polyurethanes,
polypeptides, polysaccharides have successfully been electrospun intoanatnsanefiber
mats® Poly(vinyl alcohol) (PVA), a commonly used polymer obtained by controlled
hydrolysis of poly(vinyl acetate) (PVAc), can also be used to produce fibers via
electrospining. PVA is water soluble, senarystalline, fully biodegradable, netoxic, and
biocompatible and therefore it finds use in a broad spectrum of applic&tiBnghermore,
PVA-based fibers have been considered as an attractive choice in tiaffoklgg, filtration
materials, membranes, optics, protective clothing, enzyme immobilization, drug reledse, etc.

Electrospun fibers ppduced from PVA has been extensively studied over the past few
years with regard to the effects of production param&trsnolecular weight; 12 3

concentratiort’ ° solvent and pH® as well as the presence of additivés®® Also, the
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mechanical and thermal properties as well as the structural stability of PVA fibers have been
studed 1° 2°

A common feature of PVA fibers is their low mechanical strength and integrity which
have triggered alternatives such as firsatment® crosslinking!> %2 and blending? 2*
Furthermore, the use of nanofillers such as carbon nandtulf8snorganic nanoparticles
based on hydroxyapatité, gold?® silver?® clay?®* silica®® cellulose nanofibril$* and
chitin whiskers®® have been reported.

Currently, numerous efforts are focused on theads®aterials from renewable resources
as reinforcement agents in nanocompositeAmong such materials readily available
cellulose nanocrystalsCNC) have attracted great interest due to their renewability,
biodegradability and spectacular mechanical priogge As such, we have reported on the
use of CNC to reinforce polymer matrices in electrospun composite mats consisting of
poly(caprolactonéf and polystyrené® In this work, we describe the manufacture of
electrospun materials based on PVA mats reinforced @RIC. The morphology of the
resulting fibers was analyzed by transmission electron microscopy (TEM), and scanning
electron microsopy (SEM). Finally, the enhancement of the therm@chanical properties

of electrospun PVA nonwoven mats was demonstrated by thermal gravimetric analysis

(TGA), differential scanning calorimetry (DSC), and dynamic mechanical analysis (DMA).
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3.3 Materials andnethods

3.3.1 Materials

Polymer matrix Two poly(vinyl) alcohols (PVA) were used, both with approximately the
same molecular weight but different residual acetyl content of 2 and I2&acetyl groups
were originated from the precursor vinyl acetatt thhas subject to hydrolysis to produce
PVA. The corresponding degrees of hydrolysis were 98 and 88% for fully and partially
hydrolyzed polyvinyl acetate, respectivelfihereafter they will be referred to as P\98
and PVAB88 to indicate the respectiveydrolysis degree.These polymers were purchased
from SigmaAldrich and Fluka, respectivelyTheir trade name and main characteristics are

included in Tables-1.

Table 3-1 Main characteristics of the PVA pahers used in this work

. Average M,, Nominal percent of
PVA trade name Abbreviated name (Da) acetyl groups (%)
Mowiol 20-98 PVA-98 125,000 2
Mowiol 40-88 PVA-88 127,000 12

Cellulose nanocrystal<ONC). The CNC were obtained by acid hydysis of pure ramie
fibers (Stucken Melchers GmbH & Co., Germany) as described else¥h&he. fibers were
extracted with 4 wt.% aqueous NaOH solution during 2 hours dC8ia order to remove

residual additives. They were then hydrolyzed with 65 wt% sulfuric aeitl 55C for 45
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minutes under vigorous mechanical stirrinhe resulting suspension was cooled in an ice
bath and filtered throughldo. 1 glass sinter in order to remove unhydrolyzed material and
finally washed with deionized water by successive cagaifions (12,000 rpm at 10 °C for
20 minutes) until neutral pHDialysis against deionized water was performed for 7 days in
order to remove free acid molecules from the suspensienally, the suspension was
sonicated and a few drops of chloroform wadsed in order to avoid degradatioihe
suspension was kept refrigerated until uSée concentration c€NC in the final dispersion

was determined gravimetrically.

3.3.2 Preparation of PVACNC suspension

Aqueous solutions of PVAR8 and PVA88 were pregared and the corresponding amounts
of CN dispersions (see above) were added to obtain final nanocrystal content of 0, 5, 10 and
15% (wt/wt) while keeping total PVA concentrations constant at 7%he resulting
suspensions were kept under vigorous mechhsigaing at 80°C for 120 minutes, at the
end of which cooling was allowed under same vigorous stirring until the system reached
room temperature.The mixtures were stored in the refrigerator; any given batch was stored
for no longer than one week pritr its use. The viscosity, conductivity, and surface tension
of the respective suspensions were determined a€ 28/ a programmable rheometer
(AR2000, TA Instruments), conductivity meter (Corning Inc., model 441), and a du Nouy

Ring tensiometer (Fisheéensiomat, model 21), respectively (see T&B.
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3.3.3 Electrospinning

Fibers from PVA suspensions (with or without Chddded) were obtained by horizontal
electrospinning. The electrospinning setup included- @ plastic, disposable syringes with
22-G reedles connected to the positive terminal. Polymer solution flow was controlled with
a syringe pump (Aldrich) that was regulated wstiftware The highvoltage supply unit
(Series EL, Glassman High Voltage) had a power range &00DC kV. A 30cm diameter
plate covered by aluminum foil and connected to the negative electrode of the power supply

(ground) was used as collectdrhe needle tigo-collector or working distance was 15 cm.

3.3.4 Conditioning of the electrospun mats

The collected electrosm fiber mats were kept in an oven at“@under vacuum in order
to remove any residual wate¥Whenever the samples were taken out of the oven for analysis
they were maintained in a desiccator containip@s?to ensure moisturéree environment.
Equilibrium moisture content in the fiber mats was reached after this conditioning and
confirmed by weighing the samples and noting that after 180 minutes no significant mass

changes occurred.

3.3.5 Scanning Electron Microscopy (SEM)

The morphology of the nanofibe in the electrospun mats was checked using field
emission scanning electron microscopy {SEM) using a JEOL 6400F microscope operated

with an accelerating voltage of 5 kV and working distance of 20 yramall portion of the
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nanofiber mat was fixed oconductive carbon tape and mounted on the support and then
sputtered with a ca. 6 nm layer of gold/palladium (Au/Pdnhder the same conditions, the
crosssections of the nanofibanats were analyzed applying a cryogenic protocol before
coating. In addibnal experiments, ultrathin cross sections of the samples were obtdmed.
this end a Cross Section Polisher (JEOL, Peabody, MA) operating with an Argon Beam
Milling (5 kV Ar™ ion beam) was used to section the samples after they were fixed between
thin copper tapes. Coating with a thin layer of carbon followed before analysis with a
thermal JEOL JSM/600F FEGSEM operated at variable pressure and low voltage while
still maintaining high resolutionThe diameter and diameter distribution of the fiberthé

mats were determined by using the UTHSCSA Image Tool for Windows Version 3.0 with
sample sizes of at least 250 fibers per SEM micrograph. Statistical analysis was performed

using OriginPro 8, one waknalysis of Variance (ANOVA).

3.3.6 Transmission electromicroscopy (TEM)

For CNC imaging with TEM, a few drops of aqueous CBuspension (0.01%w/v) were
deposited on carbecoated electron microscope grids, negatively stained with uranyl acetate
and then allowed to dryThe grids were observed with a &tihi HF2000 TEM operated at

an accelerating voltage of 80 kV.

3.3.7 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used in order to chemically confirm the presence ofCtHE€ inside the

matrices of PVA nanofibersThe electrospun mats of PVA andNdoaded PVA were dried
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overnight in an oven at 4% under vacuum, and then directly analyzed in a Nicolet FTIR
spectrometer. All spectra were collected with a 2 &nwavenumber resolution after 64

continuous scans.

3.3.8 Thermal Gravimetric Analysis (TGA)

Thermogravimetric analyses were performed using a TA Instruments TGA Q500. In a
typical experiment, between 10 and 20 mg of sample were placed in a clean platinum pan

and heated from 30 to 66C at a rate of 1C/min.

3.3.9 Differential Scanning CalorimetfyDSC)

Differential scanning calorimetry was carried out with a TA Instruments DSC Q100. The
typical procedure included heating of approximately 10 mg of sample in a DSC pa+b@om
to 250C using a heating rate of £&/min. In tests with DSC the rtimg temperature ()
was taken as the onset temperature of the melting endotherms of the sampfeer to
obtain the degree of crystallinity the samples were heated at a rate W@/ifin and
maintained at 10 for 5 minutes and then cooled downO&C using a cooling rate of 10
°C. The peak of the crystallization exotherm was taken as the crystallization temperature

(Tc) of the sample.

3.3.10Dynamic mechanical Analysis (DMA)

Dynamic mechanical analysis was performed in tensile mode (TA InstrurQSas).

The measurements were carried out witihnB sample strips cut out of the corresponding
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electrospun mats usinggap between jawsf 10 mm. DMA tests used a constant frequency
of 1 Hz, strain amplitude of 0.03 %, and a temperature rangk00fi 250 °C (heating rate

of 3 °C/min).

3.4 Results and discussion

CNC extracted from ramie fibers by sulfuric aadtalyzed hydrolysis are shown in the
TEM micrograph shown in Figur@1. Some bundles of cellulose nanocrystals were
observed, however, individbCNC were easily distinguished as being +lice in shape,
with 3 to 10 nm in width (w) and 100 and 250 nm in lendgth (The aspect ratio, i.e., the

length to width ratid_/w, was calculated to be around 27.

Figure 3-1 TEM micrograph of cellulose nanocrystals from ramie fibers

Uniform spinning or ejection of the charged jet required the concentration, viscosity,

conductivity and surface tension of the polymer solution to be optimizédrefore, pior to
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electrospinning, the different systems used to produce electrospun mats were characterized in

terms of the above properties (see Tab®.

Table3-2 Physical properties of suspensions of PVA and\Rdaded withCNC used in
electrospinning. The errors in surface tension, viscosity and conductivity were calculated from
the standard deviation in triplicate measurements

Polymer CNC content in Surface Tension Viscosity Conductivity
PVA/CN (mN/m) (x10%Pas) (uS/cm)
suspensions (%)

PVA-98 0 62.5+0.3 15.1+0.1 176 +0.4
5 62.6 + 0.2 18.1+0.5 23.3+0.3
10 62.1+ 0.8 17.2+0.1 29.4 + 0.6
15 62.6 £ 0.1 17.8+£0.2 36.7+0.5

PVA-88 0 50.4+£0.3 39.1+£0.1 129.1+ 0.2

50.8+0.1 39.0+£0.2 129.2+0.1
10 51.1+04 40.8+0.4 139.0+ 0.3
15 51.4+0.1 39.7+0.2 1429+ 0.5

Neither the surface tension nor the viscosity of the suspensions was significantly affected by
the addition ofCNC, for both types of PVA polymersHowever, the codhuctivity increased

with addition ofCNC as a result of the negative charges from the sulfate ester groups on their
surfaces. These sulfate groups were grafted on the surfac@ € during production via

acid hydrolysis catalyzed with sulfuric acidTher amount was estimated by elemental
analysis to be around 0.7%, which according to the surface area of the CN nanoparticles
corresponded to a surface charge of about 0.30 ?éfhniThe increase in suspension

conductivity was significant in the case of suspensions ofl@@ded PVA98 since it
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increased up to more than double the value corresponding tbe€NPVA 98 (36 compared
to 17 puSém). In contrast to PVA98, in the case of PVA8 polymer the increase in
conductivity was limited to 10 %Moreover, the conductivity for the PV88 suspensions
was much higher than that for PV¥¥8 ones. This could be related to the presence of
residud electrolytes as impurities in the commercial P88 sample.The PVAS88 solutions
presented higher viscosities compared to those from-P&Ain all cases the addition of

CNCdid not produce significant changes in viscosities.

The operational conddns were carefuly examined by performing a series of
electrospinning runs at different electric field strengths, polymer concentration in the
electrospinning solution, and flow rateSuitable conditions for electrospinning PVA, with
or without added CR, included 10 kV with a tigo-collector distance of 15 cm (equivalent
to strength of electric field of 0.67 kV/cm) and flow rate of 0.48 ml/fhe electric field
strength was somewhat smaller compared to the conditions reported in the literatiZe of 1
kV/cm for neat PVA of relatively same characteristics. All results reported later
corresponded to electrospun fiber mats produced from suspensions that were processed under

the electrospinning conditions stated above and operating at room humidity goeadatume.

3.4.1 Morphological and Chemical Characterization of-©blided PVA
nanofiber mats

The morphology of fibers in the mats produced by electrospinning, under the conditions

previously presented, was studied by SEMgure 3-2 shows typical SEM micigraphs for
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fibers electrospun from neat PVA and also from PVA with differentC3idncentrations (5,
10, and 15 %).All polymer compositions considered yielded uniform and smooth,-fread
nanofibers. In the case of fully hydrolyzed PVA (P\88) individwalized fibers were
observed (see Figui@2A; and 3-2A;), which is in contrast to the case of fibers obtained
from acetylated PVA (PVA88) that formed some few fiber doublets or fibers partially fused
together (see Figurd-2B; and 3-2B;). The average diaeters of the fibers based on neat
PVA-98 and PVA88 were around 235 and 275 nm, respectively (see BaBje

Even though some variation in diameters was observed, depending on the an@ét of
present in the fibers, the largest average diametermmed was ca. 290 nmEor fibers
based on PVASS8, the addition of CR induced a significant reduction in the diameter of the
electrospun fibers down to 188 nm (95% confidence level) in the case of 15c@itent.
The change in the ionic strength acoinductivity of the electrospinning solution (see Table
3-1) produced by the negativetyhargedCNC was believed to be the main contribution to
this fiber diameter reductionThis is explained by the fact that an increased electrostatic
charge density othe electrospinning solution induced more extensive filament stretching
during jet whipping.In contrast to the case of PA8, addition oCNC to PVA-88 produced
no clear effect in the diameter of the respective electrospun fiBdse, it was observethat
the statistical size distribution in this case was not normal.

Visualization ofCNC inside the electrospun fibers proved to be a challenge with standard
TEM methods, likely because the lack of contrast between the two organic components, PVA

and CNC, even after addition of uranyl acetate staining agent to the dispersion before
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electrospinning or after use of high TEM magnificatiorherefore, cryeSEM and FESEM

of ultrathin cross sections (after polishing with 5kV"Asn beam) of the electrosp mats

was carried out for more detailed morphological analysis.

Table3-3 Average diameters and standard deviation of electrospun fibers based e9gand

PVA-88
Polymer CNC content (%) Diameter (nm) Standard deviation
(nm)
PVA-98 0 235 64
245 58
10 182 51
15 188 41
PVA-88 0 274 54
293 78
10 268 37
15 295 83

It is worth noting that cast films from CGHilled PVA were reported to have small, bright

features in SEM cross sections, whiskre attributed to th€NC present®>* As such,

Figure 3-3 shows representative images obtained for PP8%based nanofibers containing

15% ofCNC. Cryo-SEM (6.3A; and5.3A;) and variable pressure, ultrahiglsaéution FE

SEM micrographs in transversal cross secti®®B; and5.3B;) of ultrathin fiber mats.
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Figure 3-2 Representative scanning electron micrographs of electrospun fibers based on fully
hydrolyzed PVA-98 (A1-4) and partially acetylated P\/88 (B1-4) loaded with cellulose
nanocrystals (the subscripts 1, 2, 3 and 4 are used to indicate CN loadings of 0, 5, 15 wt%,

respectively)
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Figure 3-3A; indicates internal features likely related to thespmce ofCNC, as was
indicated above in the case of cast filmin Figure 3-3B; and 3-3B;, the crosssection
allbwed examination of the high porosity of the mats. In FigB8B, the carbon coating
used to achieve high resolution imaging masked the mtdeatures of the fibers that were

otherwise observed B3A,.

In order to confirm the presence @NC in the PVA nanofiber mats, they were subjected
to analysis with Fourietransform infrared spectroscopy (FTIRAs such, collected spectra
for bath types of PVA polymers, neat and loaded with 15%Nf{C, are presented in Figure
3-4. All major peaks related to hydroxyl and acetate groups were evident in the spectra
corresponding to the neat PVAhe large bands observed between 3550 and 3200hveme
typical of the stretching CH from the intermolecular and intramolecular hydrogen bonds.
The presence of acetyl groups within the R8& polymer disrupted this hydrogen bond
network and therefore resulted in a change of the shape of this chanacpaat. The
vibrational band observed between 2840 and 3008 corresponded to the stretching &
from alkyl groups and the peaks between 12535 cm were assigned to the C=0 anil C
O stretching from residual acetate groups in the PVA mairhe irtensity of the later peak
was small in the case PVA fibers with low acetyl content, FA8A(2% acetyl group
concentration), while a very strong peak for R88 (12% acetyl group concentration)

indicated the presence of acetate groups in the polymer chain.
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Figure 3-3CryoSEM (Al and A2) and variable pressure, ultrahigh resolutiorSEM
micrographs in transversal cross sections (B1 and B2) of electrospuw®BWaded with 15%
of CNC. The top and bottom, ight thin layers observed in B1 are from a copper tape tased
protect the sample and to facilitate cross section by 5kViém polishing. The straggling fibers
(ca. lem diameter) in the same image are not related to the PVA fiber mat. Bar sizes in each
image are as follow: A= 2um, A2= 1ym, Bl = 10pm and B = 1pm

For both CNfilled PVA-88 and CNfilled PVA-98, the FTIR spectra showed the typical
bands correspomag to the matrix polymer, most importantly, the presende€ € produced
distinctive changes in the shape and intensity of the main pebhis. is explained by the
strong interactions present, mainly due to hydrogen bonding or bond network between the
hydrophilic CN reinforcement nanoparticles and the PVA continuous polymer matrix.

Support for this explanation is provided by the band observed between 3550 and 3200 cm
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which is characteristic of the stretching ©® from the intermolecular and intramoldau

hydrogen bondsThe shape of this band was substantially different when comparing the neat

and the CNfilled PVA.
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Figure 3-4 FTIR spectra corresponding to electrospun fibers of FA84A) and PVA88 (B)

with different loadingsoCENC: 0 and 15 wt % (subscripts fl0

spectra indicated by subscript A30 were obtain
the respective composite spectra (

The presence o€NC in the nanocomposites was confirmed by subtracting the PVA
spectrum from that of the respective composite and comparing the obtained spectrum with
that of pure celluloseA scale factor was used in this spectral subtraction in order to ensure
that the abs@tion band of PVA (at 850 cfh), which does not overlap with any band for

cellulose, was cancelled outor all CN loadings the resulting, subtraction spectra were very
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similar, quite reproducible and followed closely the typical spectrum of celluloge aWits
characteristic bands presemtiowever, FTIR peak shapes and relative intensities were noted
to differ somewhat from that of reference cellulose which can be ascribed to new
intermolecular interactions in the composites, mainly due to hydrogediy with PVA
macromolecule in the electrospun fibe&imilar observations have been reported in the case

of blends of PVA with chitiff or chitosar®

According to the subtractegpectra, the most relevant feature is the existence of & 3600
3000 crit band which is related to OH group stretching vibratio@mparison of these
bands for the composites with PV38 and PVA88 indicated a difference in their shape that
depended on th acetyl content which, in turn, produced significant differences in the
interaction between the two components of the composite fib&ugch interaction was

expected and indeed observed (via FTIR spectra) to be strongest for th@8~3M system.

3.4.2 Thermalproperties of the PVACN nanofiber composites

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
used to investigate the effect of CN on the thermal stability of the composites and also to
obtain deeper insights on theractions between the dispersed and continuous phases of the
nanofibers. The stability of PVA polymer during the electrospinning process was
i nvestigated by ¢ o mpraecienigv esdaompH \eAs wiftTihe uel ke c t
corresponding TGA therograms of the firsbrder derivatives, revealing the temperatures at

which the maximum weight losses occurred, are shown in Figtse for both fully
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hydrolyzed PVA (PVA98, Figure3-5A;,,) and partially hydrolyzed PVA (PV/48, Figure
3-5By,2). Itcanbeo bser ved t hat t he d-ordefderivaive bedoreiamd t he
after electrospinning was negligible; therefore, it is concluded that the electrospinning

process did not affect the structure of the matrix polymer.

The thermograms of PV.A8 showed two regions with a temperature for maximum mass
loss at around 375 and 440 °C, which corresponded to the sthiping produced by the
removal of water molecules (dehydration of the PVA polymer) followed by chain scission
and decompositioff For partially acetylated PVA, PV-88, the first region corresponding
to the removal of water shifted toward lower temperatures and the corresponding peak
separated into two peakd.he first peak, at the maximum temperature of ca. 3234@,be
related to the release of the acetyl groups that were transformed to acetic acid molecules and
consequently catalyzed lry situ chainstripping. Interestingly, this phenomenon took place
at lower temperatures when compared to the case of fullirolyzed PVA, PVA98.
However, when comparing P88 and PV98 it was observed that the temperature ascribed

to the chain decompa®n peak remained unaffected.

After addition of 5% CN into PVA8, a new peak at ca. 300 °C appeared in the
electrospunnanofibers, as can be seen in the Hinxter derivative curve. This can be
explained by the degradation @NC as can be confirmed in the thermogram of pure CN
added as reference in Figue5 C. As the CN loading was increased to 15%, this peak

shifted to lower temperatures (273.1 °Chhe observed shift in degradation temperature can
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be explained by the high temperature decompositio€NC accelerated in PVA melt
polymer, due to differences in solid state properties, and also from possible degradati
catalyzed by residual acetic acid via ester pyrofisit the case of nanofibers from PVA

88, no clear shift ICNC thermal decomposition was observed even when used at the highest
CN loadings of 15%. This fact provides additionadvidence as to the interactions, and
ensuing thermal degradation temperatures, between the two types of PVA polymers and the
reinforcing CN, depending on the extent of interaction (interfacial adhesion) between the

continuous and the dispersed phases.
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Figure3-5 Thermograms of PVA8 (Al-5) and PVA88 (B1-5). Profiles from top to bottom
correspond to aseceived PVA polymer (subscript 1), neat PVA electrospun (ES) mats
(subscript 2) and electrospun PVAatted with CN at various wt %:5 (subscript B0,

(subscript 4) and 15 (subscript 5) wt%. Thermograms for N€ are added as a reference

©).
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