TALLINN UNIVERSITY OF TECHNOLOGY

FACULTY OF CHEMICAL AND MATERIALS TECHNOLOGY
DEPARTMENT OF POLYMER MATERIALS
CHAIR OF POLYMER TECHNOLOGY

Chemical modification of cellulose for electrospinmg applications

Master Thesis

Elena Martin Ferrer

Supervisor: Dr. lllia Krasnou
Researcher
Co- supervisor: Prof. Andres Krumme

Director of department

Tallinn
2014



Declaration

Hereby | declare that this master thesis, my oaiginvestigation and achievement,
submitted for the master degree at Tallinn Univgrsif Technology has not been

submitted for any degree or examination.

Elena Martin Ferrer



TALLINNA TEHNIKAULIKOOL

KEEMIA- JA MATERJALITEHNOLOOGIA TEADUSKOND
POLUMEERMATERJALIDE INSTITUUT
POLUMEERIDE TEHNOLOOGIA OPPETOOL

Tselluloosi keemiline modifitseerimine elektroketrise rakendusteks

Magistritoo

Elena Martin Ferrer

Juhendaja: Dr. lllia Krasnou
Teadur
Kaasjuhendaja: Prof. Andres Krumme

Instituudi direktor

Tallinn
2014



Acknowledgements

I would like to express my gratitude to all the pkowho has contributed in some way
to the elaboration of this Master Thesis. Partidyld would like to thank Dr. lllia
Krasnou because without his supervision and guelattds work may not be
accomplished. | am grateful for all help receivedni Elvira Tarasova and Natalja
Savest in laboratory of Department of Polymer Matsrand from Prof. Andres
Krumme in his overview of the project. Thanks todrallinn University of Technology
for giving me the opportunity of realizing my Massiehesis here, using its installations

and resources.

And last, but not least, | would like to give sgddhanks to my new friends that | have
met in Tallinn and to my friends from my home ciggpecially to Laura, Jalia and

Serqi, for their wholehearted support and for cimgeme up during these four months.



ACKNOWLEDGEMENTS ..o 3

CONTENTS L.ttt e et e e e e e e e e e e e e e s sannser e et e e e e eaaeeeeas 4
ABBREVIATIONS AND ACRONYMS ....oitiiiiiiiiiiiiiiieeiiiietee et 7
INTRODUCTION ..ttt ettt a e e e e e et e e e e e e e e e e e e e 9
CHAPTER 1: OVERVIEW. ... ..ottt saeeaeee s 11
1. Important components involved in Cellulose Steaostention ......................... 11
1.1, CellUIOSE... .ttt ettt e e e e e 11
0 0 S [ 011 o o (U o3 1 o] o PP 11
1.1.2. MOIECUIAr SIIUCLUIE ......uviiiiiiiiiiiiee ettt 12
1.1.3. Supramolecular StIUCTUI............ccoeeescoemmen e e e s e e e e e e e e e eeeeeeeaeaeennnees 13
1.1.4. Degradation of CelluloSe...........coooiiiiiiiiiii 41
1.2. CelluloSE DEINVALIVES .......ccoeiiiiiit ettt e e e e eaeeeeeneeeeeees 14
2 T [ 1 oo (3o 1o o I PSP 14
1.2.2. DEINVALIVES ...cceeeiiiiiiiiiiiieeee e e e e e e e e e e e e ee e eeaee s 15
1.2.2. 0. ESTOIS oot eemeem ettt e e e e nne e 16
1.2.2.2. ETNEIS oottt 17
3 R o o1 o T [0 1 18
1.3.1. Introduction and definitioN.............oooiemmmriiiiiiii 18
IR 201 0 B - Vi (o] L PP PRPRR 18
I 2 N g o] o SRR 19
1.3.2. SYNtNESIS FEACTION ...covviiiiiiiiiiieee e e ettt e e e e e 19
1.3.3. General ProPerties .......c.oooiiiiiiuuuuens s eees s e e e e e e e e e e eeeeeeeeeeeeennnnnns 20
1.3.4. ImpuritieS and CONSEQUENCES............uutcammmmmm e eeeeeeeaeeeeeeeeerennnnnn s 20
1.3.5. IL as areaction MeIa ............uueeeeriiimmcccce e 21
1.3.6. IL used: 1-butyl-3-methylimidazolium chloride (f&@in]CI) ................ 21
S (== 100 Y] I el ] (0] £ o = PR 22
2. Techniques for polymer characterisation ...........ccccceeeeeiiiiiiiiiiiiiiiiic e, 23
2.1. Determination of phase trnsition: Calorimeagt............cccoeeeviiiieiiiiiiiiiiiiiinnn, 23
2.2. Determination of sample spectra: Fourier Tiamns Infrared (FTIR)
PECtroSCOPY WIth ATR ..o 23
2.3. Determination of degree of SUDSHIULION.mmcceevvveeeeeiiiiiiciie e 24
I T = =T od 1 0 ] o1 1 11 Vo 24



OBUJECTIVE ...ttt et e e e e e e e e e e e e e e s sannn e e e e e e e e e eaaeeas 27
CHAPTER 2: LABORATORY PROCEDURES.......cccotiiiiiiiiiiiiiiiiieeeeeeeeeeee 28
1. Synthesis of Cellulose Stearate...........oceeeeeeiveriiiiiiiee e 28
0 T [0 To [ {1 o] o ISR PPPPPPPPPRPRPN 28
1.2. Previous preparations for SyNthesis. . oo 29
1.2.1. CellUIOSE ...ttt e e 29
1.2.2. Stearoyl Chloride ... e 29
2 T o] o3 1o 1] (o PP 29
1.3. Cellulose stearate sSynthesis itSelf...ooovvveeiviiiiiiiii e, 29
1.3.1. DissolViNg CElIUIOSE ........ooevvvieieiiii i e e e e 29
1.3.2. REACHON ...ttt mmmmm bbb e e e e e e e e e e e e e e e 30
1.3.2.1.Chemical compounds iNVOIVEd .........cccceeiiiiiiiiiiiiiiiiiieeee e 30
1.3.2.2.PrOCEAUIE ...t e e e et e b 30
1.3.2.2.1. Without adding catalysSt ..............uuuuiicmmmm e 30
1.3.2.2.2. With catalyst: tin(ll) 2-ethylhexanoate.......cccccccceevvvvrvnnnnnnnnn. 32
1.3.3. Washing and drying the polymer .............ceeeemicciiiiiii e 32
2. SYNTNESIS OF IL ... e e e e e e e e e e e e e e e e eennneeesennnnes 34
P2 I [ a1 0T ¥ Tod 1 o] o PP PPPPPP 34
2.2.Chemical compounds iNVOIVEd ............coommmeeeeeieeeiiiceire e 35
2.3 PTOCEAUIE. .....uutiiiiiiie ettt ettt e s e e e e e e e e e e e e e et eeeeennaeeeeeesennnnns 35
2.3. 1. REACHION ...ttt e e e e e e e e e e e e e e e e 35
2.3.2. IL WASK e ————- 36
2.3.3. Remove solvents used in ILwash ..........oocoeeeeeiiiis 37
3. Synthesises with high purity reagents........ccccveeeeeeeiiiieeecee e 38
4. Determination of Degree of Substitution...............covvvviiiiiiiiiiii e, 39
I o Tox =T o (U U 40
4.1.1. SAmMPIES PreParation .............ccoco oo eeeeeeeiiiiiiiaa e eeeeeaeeeeeeeeeeenes 40
4.1.2. Saponification reaction............oooiiiiiiceeeeeiiiiiiiieiee e 40
7 G TR 1= (o] o SRR 41
4.2, CalCUIALIONS ......coiiiiii it et e e e e 41
T OF= 1[0 11 1= 1 V0 (=] P PRPPR 42
6. FTIR SPECITOSCOPY ...uuiiiieeiiiieeieetitieeee e e e e e e et e e e e e e et e e e e e ee b e e e e e eeemmnenneeas 43
CHAPTER 3: RESULTS AND DISCUSSION ...ttt 44
I VI o =T o = = o o USSP 44



2. Characterisation Of SAMPIES ........uuuiiiiiiiie e e e e 44

2.1.Degree of SUDSHITULION rESUILS.........cemmmmm e 45
2.2.Calorimetry teSt reSUILS ........uuueiiieeee e 46
2.3.FTIR SPECtroSCOPY rESUILS.....ccoeeeee e 52
2.3.1. Peaks obtained and general comments...........cccevvveviiiiiiiiiiiinnneenn. 53
2.3.2. Comparison between derivative spectra obtained by
reaction with and without catalyst .........cccccceeeiiiiiieeiiiiiiee, 56
2.3.3. Comparison of esters spectra versus celluloserspect....................... 58
2.3.4. Comparison between eSters SPECHra........cccccccccvveeeeeeeeeieeeeeeeeiiiinnnnnnns 60
2.3.5. High purity reagents .........ooooiiiiiiiiiiiccccee e 61.
3. ElECIrOSPINNING .covviiiiiiiiiiie ettt e e e e e e e e e e e e e e eeeeeeeeeeennes 62
Bl RESUITS .. ——————————————— 63
3.1.1. Organic solvents tried for dissolving the polymers............cccccceeennn. 64
3.1.2. Electrospinning attempts with cellulose stearat=ioled
from 1:3 synthesis without catalyst.............cccovviriiiiiiiiiiciiie e, 65
3.1.2.1.SOIUDILY ©eeveeiieie et ——————— 65
3.1.2.2.S0IVENT MIXTUIES ...ttt 66
3.1.2.3.Electrospinning eXperiments ........ccccccceeeeeeeeeeeeeeeeeeeeeiiiiiiineeens 8.6
CONCLUSIONS ...ttt ettt e e e e e e e et reeee e e e e e e e e 72
RESUME IN ENGLISH ..c.ootiiiiiiiciiiieiceiet ettt snnnene e 75
KOKKUVOTE ...ttt mmm ettt enees e 77
REFERENCES ... ..ottt ettt et e e e e e e e e e e e e e s s as bbbt asaeeaaeesssesnannnnes 79
APPENDIX ..ottt e e e e e e e e e e e 84



Abbreviations and acronyms

[BF4] Tetrafluorobromide

[C4min]CI 1-butyl-3-methylimidazolium chloride
[CRSO) Trifluoromethanesulfonyl anion
[N(CN)2] Dicyanamide anion

[PRg] Tetrafluorophosphide

ATR Attenuated Total Reflectance

bp boiling point
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cm® cubic centimetre (unit of volume)
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DMSO Dimetilsulfoxide

DP Degree of polymerization
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FTIR Fourier Transform Infrared spectroscopy
g gram (unit of weight)
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IL lonic liquid

ILs lonic liquids

MeOH Methanol
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°Cc
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melting point

Sodium hydroxyde

Near Infrared spectroscopy
Nuclear Magnetic Resonance
Degree Celsius
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Tetrahydrofuran
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Introduction

Since few years ago electrospinning has becomebtiee main topics of research due
to the possibility that it offers of obtaining nawale fibers. Nowadays this field is
growing in research and more different polymerstiaeel to electrospin.

Cellulose is not an easy polymer for working wittchuse of its crystalline structure,
but on the other hand is the most abundant napatginer in the biosphere. In order to

process it, its derivatives are used instead ddlosk itself.

Some cellulose derivatives have been tried to mlspin before, such as cellulose
acetate (the most famous one), ethyl cellul[@$emethylcellulosgl, 2], etc. A lot of

papers have been published about cellulose acatatesome of them talk about
cellulose esters that come from cellulose substitwiith long aliphatic chains from
fatty acids. And this is the topic that concerns broject, obtaining a fiber from a

cellulose derivative that comes from a fatty estdrich is quite innovative.

In this thesis, the polymer which is studied islueke stearate, which can be
abbreviated as CS. It is obtained by reaction betwstearoyl chloride and cellulose
using 1-butyl-3-methylimidazolium chloride (an ioriquid) as a reaction media. The
length of its side chains is 18 carbons and thelyobobtained is an ester. Before

obtaining the polymer is necessary to preparedhetion media.

For obtaining the fiber, the degree of substitutives to be tested after polymer
obtention, as well as a calorimetry test and a F3jiectrum have to be done. The
degree of substitution (DS) should be as big asiplesbecause the properties from the
compound obtained are better than the ones withD&xv For electrospinning a high
solubility in organic solvents is needed in ordeptepare the mixtures. So, the DS has
to be high.

Trying to achieve that is what is going to be ddyesynthesizing different polymers
whose only difference is the reagents ratio usetlerreaction. Purifying the polymer in
a good way is really important for avoiding integeces in electrospinning. In addition,
using high purity reagents is tested in order te gethat affects properties of CS

obtained and increases DS.



Determining the suitable conditions of the mixtufes electrospinning as well as the
ones for the electrospinning setup are two mordsgéalot of experiments have been
done before about that but for each polymer thelitioms are different, so the only way
of finding the optimum parameters and charactesstor CS is carrying out a lot of

experiments.

All in all is good to say that cellulose stearatgefs hardly ever have been tried to
obtain by electrospinning. That confers to this kvarwide range of opportunities of
finding new information about CS behaviour in tkeghnique. On the other hand it

means that there is not that much information eelab this topic.
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Chapter 1: overview

1. Important components involved in Cellulose Stearatebtention
1.1Cellulose

1.1.1.Introduction

Cellulose is the most abundant of all natural oiggolymers and it has a huge
production.[3] There is more cellulose in the biosphere than ater substance
becausd4] t is the main component or molecule in cell wdits, example, 40-60% in
weight of dry wood, over 90% of raw cotton and ting, 5]Cellulose biosynthesis is a
phenomenon observed in bacteria and eukaryotasding plants and animals, between
others.[6] Therefore, thousands of millions of tonnes are pced by photosynthesis

annually all around the worl¢3]

It was in 1838 that Anselme Payen established #menof cellulose for the fibrous
component of cell wall membranes of plants. Heizedlthat it is the unique chemical
structure of them. Despite this discovery, it wasumtil 1930s that the macromolecular
nature of cellulose was discovered. Its structwseaalinear high molecular weight
polymer of glucose units was determined. This mdkdends to form crystalline
aggregates due to the chemical composition andoomation of its chains and their
hydrogen bonding syster{8, 4, 5] Most cellulose is crystalline, but its long chaofs
glucose residues associate in crystallites thasisbrof 5000 to as many as 30000
glucose residueqd6] The degree of polymerization (DP) of cellulose Wremely
variable, it comprise from 100 DP in cellulose pewtb 20000 DP in cotton secondary

wall. Even a DP up to 44000 can be found in soraat@pecieq4]

Because of these characteristics, and as a consmxjaspecially of the extremely high
interchain bonding between molecules, cellulosassluble and infusible. The second
thing means that it thermally descomposes befotartbe melted. A polymer like this
cannot be processed easily so transforming it antterivative makes its melting point
be under its decomposition temperature (it is bigh interest). Therefore, the polymer

can be processeff]

Cellulose microfibrils are remarkable in their stiwre, their mechanical properties and

their mechanism of synthesis. Their diameter caly #@m 3nm in the primary cell

11



Chapter 1: overview

walls of seed plants to 25 nm in some algae andatssity-specific tensile strength
relation is better than the one of many natural mathufactured fiberg6] This fibers
can normally contain absorbed water and its contdpends on humidity and

temperature where they are pladaq.

1.1.2.Molecular structure

The cellulose molecule is a linear polymer of Diahoglucopyranose units linked
together byB-1,4-glucosidic bonds. These bonds between thencrasged when water

is eliminated by combining the hydrogen and therbyyd group.[8]

A unit of f-D-Glucopyranose

A unit of
B-nD-Galactopyranose

\
\

\ CH,OH
10\

OH

Figure 1. p-1,4-glucosidic bond between two units of D-anhydglucopyranose. [9]

The most stable conformation of the rings is tha&ircbonformation because it is the one

that has the lowest level of energ4j

H;0H H H,0H OH
H
H
H

OH CHyOH 0 CHOH

Figure 2. Steric configuration of cellulose. Chaiformula. [10]

The common way of numbering the carbons of thecgira is the following one:

Figure 3. Glucopyranose unit of cellulose. Carbonumeration usually used. [5]

12



Chapter 1: overview

As it can be seen, carbon 1 (C1) has two oxygemsatattached, C2 and C3 have an
hydroxyl group, C4 has only one oxygen attached Hrel biggest substituent, a
hydroxymethyl group, is attached to CRl] All the substituents, including the
glucosidic bonds, are in the mean plane of the Kjeguatorial) and not in the
perpendicular to it (axial) where C-H bonds areceth[3] These rings made of six

carbons are called pyranosg.

All B-1,4-linked glucans have a reducing end and a adoaing end. The first one
contains a cyclic unsubstituted hemiacetal ands#wnd one an additional hydroxyl
group at C4[3, 4]

Reducing end

OH /
oH e oM

HO——p_ [ _
Ky e
Ho ‘u:'.i--"."""-.u
R
OH

Nen-reducing end

Figure 4. Reducing end and non-reducing end of celbse. [4]

1.1.3.Supramolecular structure

Cellulose is a highly crystalline material but des not form crystals like glucose, from
where it is derived. Glucose is soluble in watetr dllulose is not. It is said that water
cannot penetrate the cellulose crystallites arsbihe traces of water goes inside, it is
really difficult to remove them completelj]

Polysaccharides usually crystallize in numerousn&ror polymorphs, that depend on
the history of the sample. Chains can be put taygeth different ways giving rise to

different forms of cellulose. Four different difétzon patterns were found, therefore,
four different polymorphs were registered. They @aveamed “cellulose I-1V”. Despite

similarities of patterns and molecular shape, tteeeimportant differences in chain-
packaging within these groups. Many of these focans be converted from one to the
other form by chemical or physical treatmefi8s.6] The most common polymorphs are

cellulose | and 11[4]

In nature, cellulose is generally found as theutedle | crystalline form in which the
glucan chains are aligned parallel to each d#leaind they are fully extendefR]

13



Chapter 1: overview

Cellulose I, called “hydrate cellulose”, is theetmodynamically stable form produced
when cellulose is regenerated (dissolved and ptatep) or subjected in the solid state
to the process of mercerisation (treated with acentrated alkaline solution and

washed with watelB, 4] In this case, chain molecules are placed antifhrHlll ]

The transformation from cellulose | to celluloséslirreversible[4]
1.1.4.Degradation of cellulose

The physical properties of cellulose can be afféagly for a slightly change in its
composition, even when it is reduced to powder. fmse reasons, dealing with
cellulose should be done carefully. One of the irtgpa things of this material is its
chemical stability that permits holding degradatidmyway, this little degradation

makes tensile strength decrease as one of thequorsees|3]

Cellulose degradation is produced for differentsoges but heat is an important one.

There are two competing reactions, dehydrationdmpiblymerisation, that provokes it.

Dehydration forms carbon monoxide (CO), carbon diex(CQ), water, aldehydes

[12], etc. What is more, in the glucose unit an intngrscission could happefi3]

In dry air at high temperatures depolymerisatides$aplace and a lot of substances can
be formed, like carbonyl group, carboxyl group, @ CQ. [3] As well a heavy oil

fraction and a char fraction can be obtairj&8d]

Heating cellulose over 120 can provoke its degradation, but heating it urttiés
temperature for prolonged time may not affect rtgpprties[13]

1.2 Cellulose Derivatives
1.2.1.Introduction

Obtaining derivatives from a polymer preformed, whaneans doing a
postpolymerization, is a good way of upgrading pody properties. The reactions that
permit its obtention have to be done on reactitessilispersed in the polymer main

chain or on reactive sites attached directly toptblgmer backbond7]

14



Chapter 1: overview

In cellulose case, highly purified wood pulp comgb®f 92-98% cellulose is used for
manufacturing cellulosic products derived from theemical processing of cellulose.
Some time ago, pure cellulosic products represeafsolit 60% of the uses and
derivatives of cellulose the resf4] The treatment of this polysaccharide is an
illustrative example of how a polymer can be transied from an intractable material

to another that can be readily fabricated.

1.2.2.Derivates

Any macromolecular product of the reaction of deke with another substance may
properly be described as a derivative. However,témm is usually used for esters,

ethers and similar produc{8] The two named are of particular importandé.

The chemical reactivity of cellulose is determinmgdthe supermolecular structure of its
solid state. In the preparation of derivatives thain thing that has to be taken into
account is the hydroxyl groups because chemicaliffnation of cellulose involves

them. They represent nearly the 32% by weight tfilcse.[10]

The three hydroxyl groups that the intermediatarchiait has are the ones that react
undergoing addition, substitution and oxidationcteens. It is generally accepted that
the primary hydroxyl group (placed in carbon numbgris more reactive than the

secondary ones (placed in carbons 2 and 3). Thikasthis due to the effects of

neighbouring substituents. Their influence affext&lity and tendency for dissociation.

[4, 5, 10]

Besides that, there is another fact that affectsrédactivity of hydroxyl groups, the

packaging. As it is known, cellulose has some pds are crystalline and some parts
that are amorphous. About the hydroxyls of thetatiise structure it has to be said that
they are less reactive than the ones from amorpparisbecause they are linked with
other cellulose units in inter and intramoleculevel. That fact makes this hydroxyl
groups less accessible to reactants, so hydroXyteeoamorphous part are attacked
first. This different reactivity depending on thdfefent parts of the same material
provokes that if the reaction is stopped premajurgist some parts will have the
substituents attached. In order to avoid thatust for trying to minimise it, swelling

and decrystallization are need§tD]

15



Chapter 1: overview

According to that, not all the derivatives have #ame number of hydroxyl groups
substituted. The way of express how many of thewe h@&acted is the degree of
substitution (DS), which is a number between 0 &nll shows the average or fraction
of hydroxyl groups substituted by the substitueats is an easy way of comparing

reactions and polymerg3, 10]

The DS affects and conditions the properties ofdéevatives obtained. At the same
time, the type, the distribution and the uniformatythe substituents and the degree of
polymerisatior3] do it too. Solubility and plasticity are the onesrmaffected.

Obtaining a high DS makes the derivative to be nsmleble in organic solvents but
less soluble in water. The water absorptivity isrdased what means that derivatives

with low DS are more sensitive to watgrO]

Some of the industrial applications of derivativdsn’'t need a high DS, so it is
important to control it. A complete reaction is mateded because the hydroxyl groups
should not be fully substitutefh, 7]

Below are explained the two best known types oivdéves: esters and ethers.

1.2.2.1. Esters

Cellulose esters are prepared by mixing activateltllose with most organic and
inorganic acidg3], by reaction with the corresponding carboxylicdd@l], by reaction

with acid or acyl chlorides or by reaction with gdhdes. Esterifications are done in
the presence of a dehydrating agent because watemeke the reaction to go in the

wrong direction. It is important to remark thatdkeeactions are reversibjé, 10]

Esterification reaction has some limitations sushhe type and the size of acid residue
and the degree of acid-catalyzed hydrolysis. Thelyet obtained and the difficulty of
reaction is associated directly to the number obaas of the substituent. As much
bigger is the number of carbons in the acid or dnllg, more difficult is to achieve a
good substitution of the hydroxyl groups. It happéecause the reactivity of cellulose

with compounds diminishes rapidly as their numidezasbons increasefl0]

The most important esters obtained are acetateajes and xanthatef3] There are
others with less importance like sulfur-containingllulose esters or phosphorus-

containing ester$10]

16



Chapter 1: overview

For long chain cellulose esters partially estedifthe decomposition temperature
lower than cellulose and it has been proved thgihdri degree of substitution mal
thermal stability improve.12]

Some sters of higher aliphatic acids prepared (like cellulose propionate or butyr:
similarly to acetates but an important differensg¢hat they are less reactive and n
expensive. Longer ones that come frfatty acids like stearic, lauric and palmitic ¢

obtained by the reaction cellulose with acyl chloride$4]

ji\ H3C\/\H/Dvc H;
H,e” o7 CH,

HaC\/D\rr\/\/\/\/\/\/\/\/CHa

0

Figure 5. Esters examplesethyl acetate(up on the left), ethyl butyrate (up on the right)
and ethyl stearate (down) [14]

All these esters mentioned are formed by bet' 3 and 18 carbons in their side cha
This length is what makes some properties to berdifit from the ests formed with
short substituentSome changes observed, considering the increalemgth, are the
hydrophobic behaviousiincrease, solubiity in many organic solvents t, the melting

point is lower and the tensile stren is lower too[4]

1.2.2.2. Ethers

Cellulose ethers are obtained by the reaction tfilose with an alkaline hydroxic
(converting cellulose indlkali cellulose”) and therthis product combined with tt
corresponding alkyl halid [7, 10, 15] For obtaining a good reaction two mi
processes that cannot be avoided are swelling eagstallization of cellulose becat
If not some areas can remain unreacThe second one is achievedlks to the alka
addition.[15]

Replacing hydroxyl groups witalkyl groups makes properties change (i.e. solyb
thermal stability, biodegradatiorOne example is athe ether has a highdegree of

17



Chapter 1: overview

substitution (DS), it becomes less soluble in polganic solvents but more soluble in
nonpolar ones. A classification of commercially esth is water-soluble or
organosoluble10]

The most important ether is ethyl cellulose dugs@roperties. It has heat stability, low
flammability, high impact strength and high watdrsarption (lower than cellulose

acetate)[7] Most of commercial cellulose ethers have a DS atdyb.[3]

1.3lonic liquid (IL)
1.3.1.Introduction and definition

lonic liquids (ILs) are a new and remarkable classolvents and the interest on them
has experienced an enormous increase. Entries @miChl abstracts have increased
from 20 per year (1995) to more than 1500 (2008)s Thcreasing interest is due to all
applications that they have. They can be used fwcialized electrochemical
applications, as reaction media or as working urdmechanical applicationd.6]

lonic liquids are liquids that consist exclusively almost exclusively of ions and for
this reason they show ionic conductivity. This defon includes liquids that are known
as molten salts or fused salts. They have meltoigt or glass-transition temperatures
below 106C and they typically are organic salts or mixtusdsan organic and an
inorganic salt. Those that are liquid at room terapge are often called “room-
temperature ionic liquidsT17]

A lot of complex compounds can be made synthejiadlie to the increasing interest
and development of these products. A lot of catimmd anions are known in this field
[18] p. 2 with an estimated number of ¥®f different ILs[19]. Aqueous solutions of

salts are not classified as IL because they deomsist only of iong17]

1.3.1.1. Cations [18]

IL cation is generally an organic structure of Ilsymmetry which has in the centre one
positively charged nitrogen or phosphorus. Recesgearch talks about room
temperature ionic liquids based on asymmetric gliatkdazolium cations associated

with a variety of anions.

18



Chapter 1: overview

The alkyl cations of many ammonium, imidazoliumtigynium and phosphonium ionic
liquids are prepared by alkylation of a suitablegursor, a nucleophile, using an
alkylating agent that can be for example a halogkame [17]

ILs that are cations can be divided in differenbups that are five-membered
heteroyclic cations, six-membered and benzo-fusstdrbcyclic cations, ammonium,
phosphonium and sulphonium based cations, fundimstaimidazolium cations and

chiral cations[20]
1.3.1.2. Anions

Room temperature ionic liquids formed by anionsallgucorrespond to inorganic or

organic materials that have a negative chdfgy.

CI', Br, [BF4], and [Pk]” are the most common anions whereas;80%] or [N(CN),]
are not as extensively used as the first oji€y.

1.3.2.Synthesis reaction [16, 21]

The ions that form ILs can be obtained by differBmitms. One of these forms is via
protonation with a free acid and the other is bgtgtnization of an amine, phosphine or

sulfide, using a haloalkane or dialkylsulfates.

In the protonation reaction, addition of nitric d¢o an aqueous solution of ethylamine
iIs needed. The amine is used in excess but it eagabily removed with the water by

heating the mixture to 6C in vacuum.

The quaternization of amines and phosphines is knfaw many years. This way of
obtaining ions is simpler because the proceduresistsjust in mixing the desired
alkylating agent with the amine while stir and heat applied. On one side,
chloroalkanes, bromoalkanes and iodoalkanes arerteg widely used for this kind of
reaction and on the other side, l-alkylimidazoles the most common starting
materials. These last ones provide access to & guesber of cations and furthermore

they are available at a reasonable das
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1.3.3.General properties [17]

ILs have a really wide liquid range because theadie between melting point or glass-
transition temperature and boiling point or theroh@tomposition temperature is around
380°C. Many IL form glasses at low temperatures anchigh temperatures they

normally do not evaporate due to negligible vagmessure.

Viscosity of ILs is higher than the one of molecutalvents and it is presented in a
range from 10 to 500 cP. There are some facts gheuf. structure and composition
that affect strongly viscosity. Generally for biggations viscosity is bigger too, so the
size of it affects directly. The same happens \lig length of alkyl chain, viscosity
increases with chain length. Temperature produgeshanges on viscosity, making it

to decrease when IL is heated.

Generally, ILs are less dense than water, what sélaat its density is lower than
1g/cnt. As other properties, length chain and bulk catiffact density. The decrease of
both makes density increase because the packagjiegsier. That means that space

between IL components is the minimum.
1.3.4.Impurities and consequences

Impurities that an ionic liquid could contain areganic starting materials, halides,

water, among others. Some of the impurities maki® lhave colour{20]

The impurity which is generally presented with eyést concentration and which is the
most difficult to eliminate is water and it is rgalmportant to keep away from ILs.
Removing other reaction solvents is easier tharovamy water because they are more
volatile, so applying heat and vacuum is enoughafdrieving that. According to this
fact, it is highly recommended to heat IL oveP@Gnd with stirring for several hours
just to achieve a low degree of water contaminat@me of the problems with water is
that even if the IL is not miscible with it, IL caabsorb water from the air (because of
humidity). [16] Imidazolium halide salts in particular are known lie extremely

hygroscopic.

Only some applications of IL have problems with pnesence of water because it reacts
as a normal reactive (it is not inert). Moreoveratev can affect physiochemical
properties of IL, its stability and can decreasepgbwer of a catalyst.
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About IL colour must be said that is something ltptanexpected while the reaction is
being done. A colourless mixture is expected dueagents mixed because all of them
are transparent. Anyway, the product obtained ilowesh in colour[16]. Sometimes
happens that IL has a yellow to brown discolorat[@i]. Impurities nature that
produces this phenomenon is still unclear but prisbably produced by presence of
traces of raw materials or its thermal degradasiod oxidation products. Pyridinium
salts tends to form easily coloured impurities thmitdazolium ones[16]

Obtaining ionic liquid without colour requires ada inversion of money and special
care during and after the procedure of synth¢$8]. p. 28 Some actions that can be
done for minimize this effect are purify all themronaterials, make the reaction under a

flow of inert gas such as nitrogen or kept the terajure as low as possibj&6]
1.3.5.IL as a reaction media

For the polymer that concerns this project, ceflalcstearate, dissolving the raw
material, cellulose, is needed for developing #etion. IL is used as a reaction media
because it has been tested that is a good solventcéllulose, especially
alkylimidazolium chloride salts. Besides these shnanother potential solvent for
cellulose is alkylimidazolium methylphosphonate eTdnes that are not suitable at all
are carboxylate-based ILs due to their low therstability.

A really important factor in the dissolution of kgbse is ILs polarity because if it is
enough high, the dissolution can be done withoptyapg heat. The two things that do
not make it as comfortable to use as wanted arehitje melting point and high

viscosity.[22]

1.3.6.1L used: 1-butyl-3-methylimidazolium chloride
([C4min]ClI)

Lots of simulations and experimental studies haaenbdone about imidazolium based
ILs. This kind of systems has polar and non-potandins. Besides that, using this kind
of IL has some risks because of their toxicity ytkan contaminate soil and water). ILs

can become persistent pollutants and generateoemvental risks[20]
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Synthesis of 1-alkyl-Z&kylimidazolium chlorid: is well known. The reaction involve
as reagents Mikylimidazole ancalkyl chlorideand it is called quaternization react
[21]. Usually high pressure is us [23]

In order to obtain [@nin]Cl, the reagents that should be mixed arméthylimidazole

and chlorobutane.

N//’\N.a-"'

MN/\N/
e~ 10°C )
—_—
o

Figure 6. Reaction of [Cmin]CI obtention. [23] p. 219
1.4. Stearoyl chloride

Generally, aid halides are obtained directly from the corresjiog carboxylic acic
with a variety of reagents. The twidely used reagents are thionyl chloride and ox
chloride.An important point is thathe other halidesflgorides, bromides and iodic)
are prepared with an exchange process betweercitheldoride and another suital

source of halide.

Specifically, stearoyl chloric is a halide obtained from a carbdigyacid, stearic acic

which is included in the huge group of fatty ac[24]

O

PR

CH5(CHa)1sCHy~ Cl

Figure 7. Molecular formula of stearoyl chloride. [25]

The acid from which it comehas 18 carbons so it is an octadecanoic acid aisda
saturated fatty acid26]. The only functional group that stearic acid hasthe

carboxylic group at the end of its chi

Referred to fatty acidst is good to mention that are known more than 1@8€ural
acids but only around 50 are important. They carfound in milk fats and in sorn

vegetable oils[27]
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2. Techniques for polymer characterisation
2.1 Determination of phase transition: Calorimetry test

Nowadays this calorimetry test is called Differahcanning Calorimetry (DSC) what
means that the change of heat rate is measuredatethip a reference sample and it is

recorded with a temperature program.

DSC is widely used for investigations related wahemical reactions and physical

transitions because it measures power (heat flo@syand characteristic temperatures
using just a small amount of product (milligramis)is used too as quality guarantee.
Especially for polymers it allows its characterigatbut it has more uses such as purity

determinations, kinetic investigations, determimaif heat capacity, etf28]

In this research it is used with the purpose oéeining the purity of the sample after
its synthesis. It is useful for detecting the preseof impurities thanks to the absorption
of heat during the phase transition, which takeeelat different temperature for each

compound.

2.2 Determination of sample spectra: Fourier Transform Infrared
(FTIR) spectroscopy with ATR

An infrared spectrometer bases its functional matm the use of infrared radiation
(wavelengths from 700nm to about 1nj@®]). A continuous source of this light is
guided through the sample, where some part ofselsctively absorbed and the rest is
reflected. The light remaining passes to the deteathich detects the difference

between the intensity of the light sent and thktligceived.

Thus, this technique is used for obtaining a sarapkorption spectrum. It can be used
as a quality control because quantitative anallytidarmation can be found in this kind

of graphs. It is widely used due to all advantatlpes it presents. It permits rapid and
reproducible analyses, a minimum amount of sangplequired (what makes the cost
low), high resolution absorption bands can be ole@i it can scan the sample a large

number of times in a really short time, it has hegimsitivity, etc.

Using the accessory of Attenuated Total Reflecta(®€R) allows analysing, in

addition to solid samples, liquid samplg0, 31]

23



Chapter 1: overview

2.3. Determination of degree of substitution

In order to have an idea of how the reaction hasnbearried out, the degree of
esterification of cellulose is determined. Actualiy is called degree of substitution
(DS) (it is explained inChapter 1l.overviewl.2.2. Derivatives There are multiple

techniques and procedures for obtaining this valiéhough some of them have

limitations (for example they cannot be used wathg side chains), they are still used.

One suitable technique for determining DS is Nuclddagnetic Resonance
spectrometry (NMR), which provides H-NMR spectrattltan be easily integrated
giving directly this value[32, 33] Another kind of graphs that can be used is the one
obtained with FTIR spectroscopy. With this techi@nd dissolving the polymer in IL

Is possible to determine DS td84]

Another one is by the aminolysis of the ester gsowith pirrolidine followed by a
chromatographic separation of the fragments.

Using Elemental Analysis (EA) for determining DS ssitable too. This method
consists in finding out the percentage of C, H @nand then converting them to DS by

mathematic correlation§35]

Another possibility of determining DS is first fimdy the acetyl value. It can be done by
using NIR (Near Infrared spectroscopy) or by safication method[36]

The one used in this research is the last mentjosegubnification method, which is a
simple and cheap manual test. It involves a saatidn reaction by adding NaOH to a
mixture of polymer and alcohol and then a baclatibn with HCI (process explained in
detail in Chapter 2: laboratory procedures 3.Dtermination digree of substitutign
[37 - 43]

3. Electrospinning

Nano and micro-fibers have really different projgsricompared to other fibers because
of the high area on the surface related to the hieihe high pore volume, etc. So it
makes them to be an important topic of nowadaysares.

The obtention of nanofibers can be carried outdynany different techniques such as

drawing, template assisted synthesis, phase sepgralectrospinning, etc. But the one

24



Chapter 1: overview

that is better due to its simplicity of laboratanaterial requirement, low-cost, results
obtained and versatility is the last one, electrospg. It has a really different

characteristic compared to the other techniquesiwisi that it does not use mechanical
forces for the fibers production, it uses electrimaces. What is more, the fiber is

formed by repulsive electrostatic forces.

The interest and the research about electrospinhang incredibly increased since
2009. Before that year only around 20 papers waldighed about this topic but after
that, it turned to more than 1500 papers per y@esides that, a lot of conferences are

held out around the world.

Electrospinning works applying charge to the flymholten polymer or polymer

solution) in order to provide stretching force taalector where there is a potential
gradient. A polymer solution droplet will only ameif sufficient high voltage is

applied. Another remarkable point is that the evafon of the polymer solution is a
determinant factor for forming the fiber.

This technique has a lot of parameters that shioelldontrolled in order to obtain some
result or just one result with specific propertidgbie diameter of the fibers obtained
depend on polymer concentration, viscosity, netgdaensity of the solution, voltage
applied, distance to the collector, type of collectamong others. Thus, it is easy to
display the setup but controlling the techniquaunexs so many experiments and time.

‘__,.a-‘SyTinge
Polymer
solution
\
High — _
voltage v T Electrified polymer
power FARAY > Tiquid jet
supply Y
i/ kS
.-"; ."\
/ y

T T, Collector

Figure 8. Schematic diagram of the electrospinningrocess. [44]
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Cellulose esters are an easier way of electrospinoellulose. For example, cellulose

acetate is one of the most common cellulose estedswith this techniqud44, 45, 46]
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Objective

The aims of the thesis and specifically of the expental part carried out in the

laboratory are the following ones:
- Synthesize cellulose stearate with different DS &nd the conditions that
provide the higher one.
- Synthesize IL in order to use it as a reaction medi

- Purify the polymers obtained. Make sure of its fumarrying out FTIR
spectroscopy and calorimetry test.

- Test out the solubility of the polymers obtainedrganic solvents.

- Find suitable conditions for electrospinning mixstr

- Obtain CS fibers by means of electrospinning.
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Some more pictures than the ones presented irchiaigter (of laboratory procedures,

machines and compounds obtained) can be fouAPRENDI X.

1. Synthesis of Cellulose Stearate

1.1. Introduction

Cellulose Stearate (CS) is obtained as a produaeadtion between cellulose and
stearoyl chloride and, in this study, with IL aseaction media. The first reactant is a
biopolymer which exists in the nature and it is thain structural component of plant
cell walls[47]. About the second one, it comes from a fatty astielaric acid, which has

an aliphatic chain of 18 carbons.

CHa(CH2)15CH3

0=¢
OH + C+H1.COClI o
17H35COC
0 HO OH 0 RO OR
HO > d ° RO o 0 ©
OH L OR
OH m OR X

R = COCH,(CH,),sCH;

Figure 9. Reaction of CS obtention. Cellulose reagtith stearoyl chloride in order to
produce CS. [48]

Five different syntheses have been carried out.diffierence between them remains in
the rate of cellulose-stearoyl chloride and the wsenot of catalyst. Changing
conditions and rates of reaction generates a \amian the polymer’'s degree of

substitution.

One thing that all of them have in common is thedimewhere the reaction is
developed. It is an ionic liquid (IL) and the onsed is 1-methyl-3-butyl imidazole
which is also prepared in the laboratory.

Before starting the synthesis it is needed to lwlellose in powder, stearoyl chloride
melted (not crystallized) and IL prepared.
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1.2 Previous preparations for synthesis
1.2.1.Cellulose

Cellulose is purchased in sheets and with a bredkdrould be made powder. The
reason of transforming cellulose into powder ig thahould be dissolved in IL and the
best way of achieving a homogeneous mixture isngaridivided in small particles.

1.2.2.Stearoyl chloride

Stearoyl chloride is purchased frotigma Aldrich® and sometimes it arrives
crystallized. In order to use it, it should be radliand the easiest way of doing it is

immersing the bottle in hot water during some masut
1.2.3.Ionic liquid

lonic liquid has to be synthesised in laboratorle procedure is explained below in

Chapter 2: laboratory procedures, 2. Synthesid of |
1.3 Cellulose stearate synthesis itself

Obtaining the polymer could be divided in threetpafhe first one consists of
dissolving cellulose into IL, the second one ofctem between cellulose and stearoyl

chloride itself and the third one of washing angimly the polymer obtained.
1.3.1.Dissolving cellulose

Drying cellulose is needed before using it for $fathesis because presence of water in
this mixture decreases solubility of cellulose linand makes the second crystallize. In
order to do it, cellulose is introduced in the oarl05C with vacuum applied during
one day. After this procedure, cellulose is stared desiccator that contains silica gel.
This gel is presented in small spheres and it efulidecause it can control relative

humidity of a place.

In order to dissolve cellulose, 100g of IL are pldn an Erlenmeyer flask. Afterwards,
cellulose is added to it. It is important to adtludese slowly because it can form balls
that are impossible to dissolve. This new mixtunewd be stirred and heated under
vacuum during one day or until it becomes transggieehomogeneous media is needed
for the esterification). Temperature required isngen 85C and 106C.
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1.3.2.Reaction

1.3.2.1. Chemical compounds involved

All the reagents and solvents involved in the sgaik of CS are presentedTiable 1

Table 1.Reagents and solvents involved in CS syntis.

Compound | Supplier

Cellulose

Stearoyl chloride Sigma-Aldrick»90%)
Methanol Sigma-Aldrich
Tin(ll) 2-ethylhexanoate| .. Al

(if needed) Sigma-Aldrich

Methanol and tin(ll) 2-ethylhexanoate are usedatlyeas they are received. However,
cellulose and stearoyl chloride need some prerreat (as explained i€hapter 2:

laboratory procedures, 1.2. Previous preparatioossynthesis
1.3.2.2. Procedure

The reaction can be done with different rates eastyl chloride and cellulose. The
ones planned for this research are (they are esgules mols ratistearoyl chloride :
cellulose:

1. 111
31
3:1 (with catalyst)
5:1
5:1 (with catalyst)

o bk~ 0N

The aim of that is to test out the degree of stigin obtained and which are the best
conditions for obtaining a good polymer.

1.3.2.2.1.  Without adding catalyst

The second reactive, stearoyl chloride, is addedh& mixture where cellulose is
dissolved. It is added drop by drop to prevent eaég)segregation and to ensure that all

that this compound is reacting.
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Figure 10. Setup for Cellulose Stearate obtention.

The reaction is carried out with magnetic stirringated at 8& and with reflux. We
need the last one because during the reaction g@ses can be generated (HCI is
evaporated while stearoyl chloride is reacting witllulose) so they have to be
condensed and returned to the mixture. The reatiom is 3 hours, but if catalyst is
used, reaction time decreases.

All reactions are developed with 1g of cellulosele/the amount of stearoyl chloride is
what changes. It is determined as described below.

Calculations

The repeating unit of cellulose is the one pregkeimé&igure 3and its molecular weight
is 162 g/mol. The molecular weight of stearoyl clde is 302,92 g/mol. This data are

used in the calculations presented below.

It is necessary to calculate how many grams ofreyea@hloride are needed for 1g of
cellulose. So first number of mols of cellulose edidh the IL is determined:

1 mol cellulose

1 g cellulose =0,0062 mols cellulose added to IL
162 g cellulose

For these mols and considering that the reactibnd®n cellulose and stearoyl chloride
is 1:1, stearoyl chloride grams needed are:
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1 mol stearoyl chloride 302,92 g stearoyl chloride )
0,0062 mols cellulose — =1,88 g stearoyl chloride
1 mol cellulose 1 mol stearoyl chloride

But stearoyl chloride is liquid so with its densjtgnillilitres required can be calculated:

1cn?
1,88 g stearoyl chloridwgz 2,09 cni stearoyl chloride

For reactions that use a different ratio the amauirdgtearoyl chloride used is just the
one calculated multiplied for the ratio. Table el¢Table 3 summarize quantities

needed for reactions:

Table 2.Quantities of reagents needed.

Ratio (stearoyl chloride| IL Cellulose| Stearoyl

.cellulose) (9) (9) chloride (cm®)
1:1 100 1 2,09
3:1 100 1 6,27
5:1 100 1 10,45

1.3.2.2.2.  With catalyst: tin(ll) 2-ethylhexanoate

The procedure and the calculus are exactly the .s@ime only different step is that
before adding the second reactive, stearoyl chdorahtalyst should be added to the

mixture composed of IL and cellulose.

In this case, time of reaction becomes 1 hour anhdlfa(half of the reaction time in the
synthesis without catalyst.). Therefore, addincalyat makes the reaction faster but
possibly the polymer obtained is different. In otlveords, adding an esterification
catalyst enhances the reaction but can provokeeelegradation at high temperature.
[49] pag 297

1.3.3.Washing and drying the polymer

After reaction is completed, the mixture is not lg®@neous anymore because the
polymer, cellulose stearate, is not soluble initlpfecipitates like powder). As it can be
seen in the following pictures, at the end of &ction the mixture becomes whiter (CS

obtained is dispersed in the IL).

! Stearoyl chloride density data is taken from oradjbottle: 0,897 g/ml.
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Figure 11. On the left: mixture of IL, cellulose aml stearoyl chloride. Start point of the

reaction. On the right: polymer obtained after 3 haurs of reaction.

In order to separate it from IL, the mixture hasb® washed and filtered more than
once. Before filtering, it should be mixed with im&bol and then stirred during one
hour to ensure that all IL is removed from the pody. The substance used is methanol
because IL is soluble in it but the polymer is nidte polymer precipitates slowly if
stirring is stopped, therefore, two phases segesgsd they can be separated (IL mixed
with methanol and the polymer). Filtering and waghit three times should be enough
for purifying it and it is advisable to leave thelymer mixed overnight with methanol

at least one time.

The filtration used is vacuum filtration becauseniakes the procedure faster and the
polymer gets dry easily. During filtration, it couhappen that the filter gets blocked.
This is produced because the polymer particle adlyresmall and because the filter
diameter is so small too. For avoiding that is reseended to filter the mixture in small
amounts and if it is totally blocked, the filteroshid be changed. Filters used has a
pore’s diameter of 0,45 or Oy&n.

Figure 12. Filtration under vacuum setup.
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After filtering, the methanol used should be traarept and the polymer obtained white.

Yellow appearance of it may indicate that it comsaimpurities (it can be proved with

calorimetry test and FTIR spectra). Used methasiédept because it can be recovered

and reused.

After that, the polymer is placed in a petri distd antroduced in the oven with vacuum

connected. Drying process is carried out &068s maximum and during 1 day. If after

putting it there it is not white, impurities shoddd removed by washing it again.

(Dissolving celIquse\
*Dry cellulose in the
oven (108C under
vacuum during 1 day)
and heat and stir IL

*Mix 100g IL + 19
cellulose under
vacuum, stirring and
heat (between 8&-
100°C)

\. J

2. Synthesis of IL
2.1.Introduction

(Reaction )

*Add catalystin(ll) 2-
ethylhexanoat@én case
it is needed)

*Add stearoyl chloride
drop by drop. Reaction
conditions: 85C,
stirring and reflux (3
hours without catalyst,
1h and a half with)

\ J

(Washing and drying\

under vacuum)
\.

the polymer

*Add methanol and stir
during 1h

Filter the mixture
using vacuum

*Repeat this procedure
3 times

*Dry the polymer in the
oven (60C, 1 day,

J

As mentioned before, an ionic liquid can contaitotaof impurities that makes it be

coloured. In order to minimize the presence of int@s and for increasing reaction

output, IL has been prepared with technical reagamd with high purity reagents

separately.

Obtaining the IL could be divided in three partbeTirst one consists of the reaction

itself (mixing the reagents), the second one ofhivags the IL and the third one of

removing the solvents used in the previous step.
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2.2.Chemicalcompound:t involved

All the reagents and solvents involved in the sgathof IL are presented Table 3

Table 3 Reagents and solventnvolved in IL synthesis.

Compound | Supplier
Methylimidazole | Merck KGaA (<99%)
Chlorobutan Merck KGaA

Ethyl acetat Merck KGaA
Nitroger inline gas

2.3Procedure
2.3.1.Reaction

Obtention of 1-butyl-3nethyimidazolium ([Gmin]Cl) chloride needs as row mater

methylimidazole and chlorobutane. The reaction peced is the one presented bel

N methylimidazole + N chlorobutan

Cr

+ N
IR

1-butyl-3-methylimidazolium chloride
Figure 13. Reaction produced for obtaining [Gmin]CI

These two components react 1:1 what means thasahee number of mols of ea
should be mixed. However, the procedure followetbiadd slightly more quantity «
chlorobutane in order to ensure that the reacgaompletely developed (the ratio us
is 1:1,5) (i.e. for obtaining 4249 of IL, it is need&dmix 164 g of methylimidazole ai
260 g of chlorobutane). This action is necessacabge chlorobutane is highly volat
and it is unavoidable to lose some material whileppring the mixture. Aftwards

unreacted material is removed from the mix
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Conditions established for this reaction are: camius stirring during 3 days, reflux,
nitrogen atmosphere and high temperature.

Reflux is needed for keeping the volatile reagemthie mixture in order to not losing a
large amount of material (especially chlorobutane @ its high volatility).

Nitrogen atmosphere is required to prevent humidipgorption from air because it
causes a bad effect to the mixture. Hydrolysiste&®yl chloride can happen so it is
important not giving advantage to it. Same reaswtifjes high temperature, which is
fixed at 75C.

For one synthesis the amount of IL used is aro@tddlso the quantity prepared has to

be large taking into account all synthesis planned.

Figure 14. Setup for IL obtention.

2.3.2.IL wash

After reaction is completed (it takes 3 days), Bsho be washed. All the non reacted

reagents and the impurities should be removed.

First of all stir is stopped because after waitfeg seconds two immiscible phases

appears. The upper one is chlorobutane not redtttedexcess added while preparing
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the mixture) and the other one is the IL. This rewnpound obtained, [@in]Cl, is

more viscous than the mixture at the beginningiaisdslightly orange.

Having two different and immiscible phases makgsassion easier allowing it to be
made by decantation. The upper phase is removefutgrin order to lose as less IL as

possible.

Figure 15. IL after the reaction is completed. Twghases can be observed.

This method is only used to remove the visible pathe phase. After that, it is needed
to add ethyl acetate for removing all methylimidazthat could be remaining mixed
unreacted with IL. In fact, some more solvents banused such as diethyl ether or
dichloromethane. The high boiling point of methyiiazole (196C) does not allow
avoiding this step[50] About removing chlorobutane, it can be done egagy heating
the mixture because its boiling point iS’Z8[51]

After this addition, two phases are formed agaicalbse this product and IL are
immiscible. It is needed to stir this new mixtuegroximately 10 minutes) and then
wait until the two phases are separated once mweprocedure is the same as the first
one, thus upper phase should be decanted. To etsirthere is no methylimidazole
remaining, this procedure is repeated three tinhéskies around 1 hour).

2.3.3.Remove solvents used in IL wash

Finally, removing the ethyl acetate added or armgiosolvent used can be easily done.
This material is highly volatile so heating the tabe and applying vacuum is sufficient
(that should be carried out with stirring during@urs). It is during this procedure when

chlorobutane is eliminated too.
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After all this procedure, the IL is ready to bediseven so, every time before starting a
new polymer synthesis it should be dried againyapglvacuum, stir and heat. It is
really important to avoid humidity because if nbtcrystallizes quite fast.

(Reaction h (IL wash (3 times) h - N
«Mix chlorobutane «Stop stirring and separaté Remove solvents
(excess) with upper phase by used in IL wash

methylimidazolein decantation «Applv vacuum
molar ratio (1,5: 1) «Add ethyl acetate and stif hggténd stir
«Stir during 3 days the mixture during 2h or more.
applying vacuum, heat, «Stop stirring and separaté
reflux and nitrogen upper phase by \_ y
atmosphere decantation
W, g ,

3. Synthesises with high purity reagents

For producing the polymer, two more reactions hasen done with 1:5 ratio. In these

cases, high purity compounds were used.

The procedures for IL synthesis and cellulose ateasynthesis are the same as
described irChapter 2, 1. Synthesis of Cellulose Steasat@Chapter 2, 2. Synthesis of

IL. The only things that change are the raw materials.

- One synthesis was done preparing IL with high puriteagent
(methylimidazole) and using high purity stearoyloaclide. Compounds for

cellulose stearate and IL synthesises are presaniable 4

Table 4.Compounds for cellulose stearate and IL syhesises.

| Compound | Supplier
Cellulose -
Cellulose stearate Stearoyl chloride Sigma—AIdrich (97%)
synthesis Methanol S_lgma-AId_rlch
Tin(ll) 2-ethylhexanoate| Sigma-Aldrich
(if needed)
Methylimidazole Sigma-Aldrich (99%)
IL synthesis Chlorobutane Merck KGaA
Ethyl acetate Merck KGaA
Nitrogen -
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- The other one was done preparing IL with techrpcaity (the same IL used
for the other synthesises describeddhapter 2, 1.3.2.2.Procedyreand
using high purity stearoyl chloride. Compoundsdellulose stearate and IL

synthesises are presented able 5

Table 5. Compounds for cellulose stearate and IL syhesises.

| Compound | Supplier
Cellulose -
Cellulose stearate Stearoyl chloride S_.igma-AId_rich (97%)
synthesis Methanol Slgma-AIdrlch
Tin(ll) 2-ethylhexanoate| Sigma-Aldrich
(if needed)
Methylimidazole Merck KGaA (<99%)
IL synthesis Chlorobutane Merck KGaA
Ethyl acetate Merck KGaA
Nitrogen -

4. Determination of Degree of Substitution

The degree of substitution (DS) is determined bynanual method that involves
saponification followed by back titratiofid6] The method used is based in Eberstadt
method in which a preliminary swelling of estersainohol is applied in order to make
easier the saponification reacti¢d?]

This procedure permits to obtain the acyl groupteonin percentage and using this
percentage, the DS can be calculated.

One disadvantage of this method is that takesast [&@ days for preparing the samples
before they can be titrated. The procedure invotlifsrent reagents (described below
in Table §.

Table 6. Reagents and solvents involved in sapomiition method.

Compound | Characteristics
Ethanol 75 %

Sodium hydroxide solution0,5N
Hydrochloric acid solution 0,5N
Phenolphthalein -
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The degree of substitution has to be tested inhallpolymers synthesised and in the

unreacted cellulose, so the procedure has to leateg 6 times.
4.1.Procedure

This method can be divided in three parts. Thet fmse is the preparation of the
samples, the second one is the saponificationiogaanhd the third one is the titration.
All of them have the same importance becauseathghly sensitive method, so they

should be carried out very carefully because anirgtake affects the final result.
4.1.1. Samples preparation

It is needed to dry the samples that are goingeoabalysed. They are placed in
weighing bottles, approximately 1 g of the sample] introduced in the oven for 2h at
105°C. After that, the weighing bottles are stopperad kft inside a desiccator until
they cool down.

When the samples are cold enough, they are traedfey Erlenmeyer flasks. It is really
important to know exactly the amount of sample tisagoing to be titrated so the
weighing bottles are weight before and after remgvhe polymer from inside.

4.1.2. Saponification reaction

Before starting the reaction, 40 ml of ethanol ailded to each sample and in order to
dissolve properly the polymer, this mixture is leehtiuring 30 min at 5&. After that
time is passed, the reaction of saponificationomg to take place by adding 40 ml of
sodium hydroxide solution 0,5N. The mixture is leglaggain at the same temperature
but during 15 min. What is happening in this predeghe following reaction.
0 0
R J“l ~O0—R'+ N#OH =2 R {lf—m Na' + R'—OH

An ester A strong base A carboxylate salt An alcohol

Figure 16. Reaction of saponification. [40]

The Erlenmeyer flasks have to be kept at room teatpes without heating but stirring
during 48 hours. It is important to stopper theghtiy.
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4.1.3. Titration

Chapter 2: laboratory procedures

After waiting two days, the excess of sodium hydilex added is titrated with

hydrochloric acid solution 0,5N. In order to detedtien all the sodium hydroxide is

neutralized, phenolphthalein (phph) is used aatdr. When this indicator is added to

the alkaline mixture, it becomes pink (basic pHyl d@ime titration should be carried on

until the colour disappears (colourless). Thides ¢nd-point of the titration.

After that, 1ml of extra hydrochloric acid is addedorder to neutralize the sodium

hydroxide that can be remaining mixed with the pady. This new mixture should be

stirring overnight.

Finally, the excess of hydrochloric acid addeditimted with sodium hydroxide until

the end-point that is when pink colour appearsragai

*Dry samples (2h at
105°C in the oven)

*Cool down in a
desiccator

*Place the polymer in
an erlenmeyer

4.2.Calculations [52, 53]

(Samples preparatior?

(Saponification )

reaction

*Add 40 ml of ethanol
(heat 30 min at &)

*Add 40 ml of NaOH
solution 0,5N (15 min
at 58C)

*48h stirring at room
temperature

\. J

(Titration )
eIntroduce two drops of
phph
stitrate with HCI
solution 0,5N

. J

. J

*Add 1ml of HCI
solution 0,5N and stir
overnight

titrate with NaOH
soltution 0,5N

With all the data collected from the experimentadgedure the acyl group content is

calculated with the following formula (1).

acyl group content%) =

((D-C)-Na+A-B)-Nb)- %

W
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Chapter 2: laboratory procedures

Where:

A: volume of NaOH (ml) added to the sample
B: volume of NaOH (ml) added to the blank
C: volume of HCI (ml) added to the sample
D: volume of HCI (ml) added to the blank

W: weight of the sample (g)

Na: normality of HCI solution

Nb: normality of NaOH solution

M: molar mass of grafted acyl radical. In this cb&e267,48 g/mol.

As commented before, the DS can be calculated ukisagpercentage according to the
following formula (2).

B 162-% acyl group
~100-M «M-1)-% acyl group

DS

(2)

Where:
M: molecular weight of ester group (g/mol). In tebse M=267,48 g/mol.

5. Calorimetry test

The calorimeter used is a Differential Scanningo@aleter DSC7 supplied byerklin

Elmer.

The calorimeter can operate with different prograsarthat can be chosen by the user.
The programme used is heating the sample from r@onperature until 20C with a
speed of 28/min and cooling it down until°C at the same velocity. This way of
working allows determining glass transition, medtpoint and crystallizing point of the
sample (they should be the same temperature inngoahd heating curves because

both characterize the same phase change).
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6. FTIR spectroscopy

Analysing the sample with this technique is usdfetause it permits to confirm the
product that is obtained with the reaction of eBtation. In order to compare and be

sure about the reaction has been successfully edetplcellulose is analysed too.

The infrared spectroscopic analysis was performed spectrometer FT-IR with an
ATR (Attenuated Total Reflectance) accessory. Thand of the spectrometer is
Interspectrum®and from the accessory 8pecac The range of wavelength used is
from 500 cm' to 4500 crit with spectral resolution of 2 ¢ The scans taken from
each sample are 8 and from the background are.8taise are overlapped forming a

unique graph for each sample.

Thanks to ATR accessory, not only samples thattamesparent and solid can be
analysed. Liquid, powder, films, etc samples cdudtested directly because when a
sample preparation is involved in between, som@gnes might change. So having
this equipment makes the obtention of the speetsgeeand it is a good way to ensure

that the sample remains with the same compositidrshape how it is synthesized.
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1. IL preparation
Two different reactions were carried out, just leiiifferent in the reagents purity.

The one where high purity methylimidazole was used the one carried out with more
problems. The ionic liquid obtained was totally Wwrowhile the other was slightly

yellow.

This result is totally the opposite of the expeated. Using the high purity reagent was
tried two times and the result was exactly the sanetally brown product. The second

time that this reaction was performed the mixtues \wupervised after one day since the
reaction started. Surprisingly, the mixture wagadly brown. Pictures presented below

can give an idea of the different behaviour ofrémgents.

Figure 17. On the right side, IL prepared with technical purity methylimidazole. On the
left side, IL prepared with high purity methylimida zole.

This phenomenon perhaps happens because the tinreaofion should be less
compared with the one established for the techipigaty reagents.

2. Characterisation of samples

The target of this study is to ensure that syniesshave been carried out properly, so
the polymer is valid to be used in future electmosing tests. What is going to be
checked is thermal behaviour and infra-red spectra.

Besides these two checkups, the degree of sulbmtitis determined in order to

compare how different reaction conditions affeet plolymer obtained.

First of all, some pictures of CS obtained are gmées=d below.
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Figure 18. CS obtained. (Left image) Up on the lefsynthesis 1:5 with catalyst, up on the
right: synthesis 1:3 with catalyst and down: synthesis 1.5 without catalyst. (Right image)
synthesis 1:1.

Figure 19. Polymers obtained by using high purity tearoyls chloride and technical purity
IL (on the left) or high purity IL (on the right).

As it can be seen iRigure 19 the polymers obtained were totally black. Perhapy
were burnt when staying in the oven af®Over night. Surprisingly, the polymers
were melted in the oven and before analysing thieey trystallized due to solvents
evaporation.

2.1 Degree of substitution results

As explained inChapter 1. overview, 2.3. Determination of degrdesobstitution
saponification method is used, what means thatetmesults are just guidance. The
method should be accurately carried out becausexigemely sensitive. Another
important point is that the formulas used are elwglir hence the results are
approximations.

What is expected about the results is that inongagie ratio between cellulose and
stearoyl chloride will increase the DS.

In theTable 8are presented the results of titration such asatheunt of polymer used
and millilitres of HCI and NaOH needed for titratio
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Table 7. Results of titration.

Synthesis ratio | Weighing
(cellulose : bottle + Weighing Polymer HCI 0,5N NaOH
stearoyl polymer bottle (g) (9) (ml) 0,5N (ml)
chloride) (9)
1:1 24,39 24,02 0,37 19,7 3,2
1:3 24,38 23,92 0,46 19,1 3
1:3 with catalyst| 25,00 24,02 0,98 36,1 1,4
1:5 24,98 24,00 0,98 39,2 1,5
1:5 with catalyst| 24,82 23,85 0,97 38,7 1,6
Blank 1* 24,47 23,95 0,52 19,1 3
Blank 2* 25,01 24,01 1 42 0,8

* Blankl is used for 1:1 and 1:3 calculations aanR 2 for the rest.

After doing calculations using the data froable 6and equationgl) and(2) from
Chapter 2: laboratory procedures, 3.2. Calculatiptise content of acyl group and the
DS obtained are summarized in the table beldable 9. The important result is the
DS.

Table 8. Results of acyl content and DS.

Synthesis ratio % acyl | DS
(cellulose : stearoyl chloride)| group

1:1 43,4 0,46
1:3 46,5 0,53
1:3 with catalyst 88,7 |4,62*
1:5 47,8 0,55
1:5 with catalyst 56,5 |0,78

*This result is not correct because the degree lugtgution can be only between 0 and
3. During the procedure for determining it someghivent wrong.

Although DS obtained are not as big as expecteyy, fibllow the correlation expected.
When the ratio between cellulose and stearoyl @domcreases, DS increases too.
There is just a slightly difference between themirsgeneral the properties of them
should be the same, referring mainly to solubilitilese low results may be because of
the media where the reaction is carried out (IL)doe to long aliphatic chain of the

substituent.
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2.2.Calorimetry test results

As DSC is used to study phase transitions of arpetyduring heating, it is expected to
obtain only one melting temperature. If more thare @are detected is because the
polymer contains impurities. For this reason, tahnique is useful for knowing which
impurities the polymer has. Therefore, for using ttellulose stearate afterwards they

should be removed by washing it again with orgaoigents.

The following three compounds can be found in tlenge. Thus, its melting
temperatures and its boiling point (only mentioifei is under 206C, the maximum

temperature achieved in this experiment) are pteden

Stearic acid: melting point (mp) 69®B[54]
Stearoyl chloride: mp 21-2€ and boiling point (bp) 174-178 [25]
Water: mp 6C and bp 10€C

All graphs are presented below, separated dueatdioa conditions used for polymer
obtention. In all of them, two curves are presentkd one referred to the process of
heat up the sample (upper one) and the one refesredol down the sample (lower

one).

The first graph presentedrigure 20 is from the polymer obtained by synthesis 1:1
without catalyst, which has a DS of 0,46.

As it can be seen, it presents two huge peaks:aomend 56C and the other around
65°C.

47



Chapter 3: results and discussion
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Figure 20. Calorimetry graph of cellulose stearatevith 0,46 DS ( synthesis 1:1 without
catalyst).

The two next graphs correspond to polymers obtaimgdsynthesises 1:3 without
(Figure 27) and with catalystHigure 22. The first one has a DS of 0,53.

It is good to mention that for polymer obtained twitatio 1:3 without catalyst two

shapes of it were tried (as powder and as a fikigure 21).

About the first graphKigure 21), it can be seen that it presents one huge pealdr
40°C and a small, nearly inappreciable, al@0rhey are the same ones presented in the
previous graph, but the fact that the second peaktioned is smaller means that it
contains less impurities. Analysing the graph carséen that the shape of the sample

does not change the result.
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Figure 21. Calorimetry graph of cellulose stearatevith 0,53 DS (synthesis 1:3 without
catalyst).

In the second calorimetry resuigure 22 two peaks are obtained. This time, one
appears around 40 and the other one around°@0 It can only be seen in the heat up
curve, not in the cool down one. It sometimes happe this kind of graphs because of

the cooling and heating velocity. It is a geneedtdviour in calorimetry graphs.

4275

=

-1280

1IRN /
N/
N/

-130,5

Hest FlowEnda Lip (mi#)

4308
1601 20 20 0 50 0 0 80 a0 g8

Figure 22. Calorimetry graph of cellulose stearat®btained from synthesis 1:3 with
catalyst.
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The following graphs belongs to CS with 0,35gure 23 and 0,78 Figure 24 DS.
The first one corresponds to synthesis 1:5 witloatialyst and the second to synthesis

1.5 with catalyst.

-8819

/N
v

Heat FlowEndo Up (miA)

| \
N

S \J‘

95,56
BER 20 30 40 50 &0 0
Temperature (:C)

a0 0 100 110 145

Figure 23. Calorimetry graph of cellulose stearatevith 0,55 DS (synthesis 1:5 without
catalyst).
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Figure 24. Calorimetry graph of cellulose stearatsvith 0,78 (synthesis 1:5 with catalyst).
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In both cases, the graph presents the main peakdrdGC (talking only about the

heating curve) what means that these polymers laéstearic acid remaining.

Finally, the two graphs for the CS obtained witghpurity reagents are presented. The
first one Figure 25 corresponds to CS obtained with IL and stearbtdride of high
purity and the second onkigure 29 to CS with only stearoyl chloride of high purity.

Both graphs only show one peak at the same temyperdt is present around 4D so it
corresponds to the melting temperature of the petymhere are no peaks that shows

that these CS present impurities.

/\ Peak = 40.84 °C

50
\ Area = B45.662 mJ

Delta H= 1933120 J/g
60 / \
=10 / \

VRN

-0

100

Heat FlowEnda Up (M)

120

130
Area = -B42 561 mJ
Delta H = -192.3836 J/g

140

Peak = 32.66 °C

150

156
-0,1275 10 20 30 a0 a0 &0 mn 80 87,56

Temperature (°C)

Figure 25. Calorimetry graph of cellulose stearat®btained from synthesis 1:5 without

catalyst and carried out with high purity reagents.
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Figure 26. Calorimetry graph of cellulose stearat®btained from synthesis 1:5 without

catalyst and carried out with high purity stearoyl chloride.

Summarising, taking a quick view to all graphscanh be seen that the polymers more
purified are the ones produced with high puritygesas Figure 25andFigure 26. In

all the other graphs at least two peaks can beeagted what means that besides the
polymer there are impurities. The main impurityttban be detected is stearic acid due
to the peak that appears around 68Z0rhere is no stearoyl chloride remaining in the

samples and water neither.

The polymer melting temperature is imprecise teeine and it varies slightly from

one ratio to the other. As a general comment,dhge obtained is from 40 to %@

2.3FTIR spectroscopy results

Six spectra have been obtained (one for each sgistla@d one for cellulose). All of

them are presented below.

The results obtained from FTIR spectroscopy aregmed in graphs (spectra). They
are obtained directly from the laboratory devicedu$or examining the samples and

they show the absorbance in front of wavenumbefjcm
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All peaks presented are referred to the bonds legtwiiee different atoms that shape

cellulose stearate and other possible compoundsitbaemaining as impurities inside

the polymer. Thus, it is really useful for detegtihese impurities.

2.3.1. Peaks obtained and general comments

Apparently, by taking a quick look to all graphscetflulose stearate they seem to be the

same. This is a good point because it means thagaaitions have been carried out in a

similar way. Moreover, it means that there are ifiler@nt products obtained depending

on the ratio of the reaction, all the reactionsehproduced the ester, and there are not

strange impurities remaining. The one that is déffie is cellulose spectrum because it is

not an ester, so it does not present all the glukisthe rest have. In order to appreciate

these slight differences, all graphs are overlapp&she Eigure 27).

First of all, main peaks that appear in the spesteassummarized iable 7and also its
meaning is explaineds5, 56, 57, 58, 59]

Table 9. Main peaks from the spectra and their meang.

Wavenumber (cmi?)

Corresponding bond or

group movement

Related compounds

3400 O-H stretch Water[55, 56 pag 74]
1600 H-O-H bend cellulose OH58]
2800 . _ Aliphatic chain of 18 carbons
C-H aliphatic
2900 [58]
1744[57] Cc=0
Ester
1237[57] C-O-C
1000-110057] C-O Ester and celluloge-OH
722[58] CH2 rocking at least -CH2-CH2-CH2-CH2-
1400[57] CH3 Last carbon from aliphatic chai

>
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Figure 27.Cellulose (dark green), Cellulose stearate 1:1 (ke), 1:3 (pink) and 1:5 (light green’
spectra overlapped.
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Secondly, besides detecting the peaks, there arveotier spectra that are extremely
useful for interpreting the ones obtained. Thesetlae liquid waterKigure 28 and the
stearic acidKigure 29 spectra.

The first one is important because it allows expitay the shape of the polymer spectra
in the highest (over 3000 ¢ and in the lowest (under 1000 Yrwavelengths. If
water spectrum and obtained spectra (cellulosesteatates) are compared carefully, it
can be seen that they are truly similar, especialthese areas mentioned. Hence, it can
be said that there is water remaining in the sasnghalyzed.

0.B -
0.7

—— Fiber-optic IR Spectrum of Ligquid Water

0.6 Libration
0.5
0.4
0.3
0.2

0.1 4

H-0-H Bend

2" Lib. Overtone

'

Absorbance (AU)

0-H Stretch

0.0+

4000 3600 3200 2800 2400 2000 1600 1200 800 400
4
Wavenumber (cm )

Figure 28. IR spectrum of liquid water [55]

The second oneF{gure 29 confirms the presence of carbon chains that ctoma
stearoyl chloride, the reagent that provides tlde shains in CS. They are formed for
eighteen carbons and there are a lot of them smtémesity of the signal is sufficiently
important for taking it into account. The problenthwthese peaks is that they can be
referred to the presence of stearic acid in theturgx not only to the aliphatic chains

that are substituting cellulose hydroxyls.
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Figure 29. IR spectrum of stearic acid (peaks at 28 and 2800 crit). [60]

2.3.2. Comparison between derivative spectra obtained by

reaction with and without catalyst

The synthesises that are carried out with a rati@:® and 1.5 were tested with and
without catalyst in order to see if something clemgnd if it is possible to obtain the

same product, cellulose stearate.

Comparing the two spectra of ratio 1:3, nothingyseé& change. Both of them have the
same peaks, what means that the products, the raterials remaining and the
impurities are the same. Therefore, it is betteuse catalyst because reaction time

becomes half. The spectra are presented below.

0.54

ﬂ_ﬂ_lﬁ-lw s UNJAM\'JW

3000 2000 1000
Wavenumbers

Absorbance

Figure 30. Cellulose stearate spectrum. Synthesis31
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1.04

0.51

Absorbance

0.01

0.5

3000 2000 1000
Wavenumbers

Figure 31. Cellulose stearate spectrum. Synthesis3lwith catalyst.

The same results were obtained with the 1:5 rea&tidhe differences between using or

not using catalyst does not modify the spectra. §pectra are presented Figure 32

andFigure 33

As in both synthesis ratios the same conclusidiouad out, definitely can be proved
that using catalyst does not affect CS obtainednamictover it reduces reaction time.

1.0+

Abhsorbance

0.0+

3000 2000 1000

Wavenumbers

Figure 32. Cellulose stearate spectrum. Synthesiss1
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Figure 33. Cellulose stearate spectrum. SynthesisSlwith catalyst.

2.3.3. Comparison of esters spectra versus cellulose spech

As it was supposed to be, cellulose spectrum amiadiwes spectra have a lot of
differences. This fact proves that the reactiontaien place and the product obtained

(derivative) is different from the raw material.l 8bmments are based &igure 27

One surprising thing about spectra is that thes¥rithesis spectrum is really similar to
cellulose spectrum but, on the other hand, it piesents the characteristic peaks of
esters. The others two ratio spectra are defindegfgrent from cellulose spectrum.

The main difference that shows that the reactioa a@omplished is the spectra shape
around 1000 cih This wavelength corresponds to C-O bond whiclprissented in
cellulose in the hydroxyl groups (-C-OH). Theseup® are the ones that react with the
substituent, so the hydrogen is replaced for ah group (R-CO-). Due to this fact, a
new bond is formed, -C-O-C- (1237 dnand the first bond mentioned becomes less in
number. This is the reason because the peak at d@®®ecomes smaller while the
peak at 1237 cthbecomes bigger. As much bigger is DS, easier apfweciate this

change in the spectrum.

Cellulose spectrum and CS obtained from synthegisare presented belowigure 34

andFigure 35.
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Figure 34. Cellulose spectrum.
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Figure 35. Cellulose stearate spectrum. Synthesisl1l

In addition, around 1740 cfa new peak appears in derivatives spectra. The tat
absorbs at this wavelength is C=0 which is onéhefrhost characteristics bonds of an

ester. Detecting that peak reaffirms that celluktearate has been obtained.
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Another two peaks that should be mentioned areties that appear in 2800 and 2900
cm’. The presence of long aliphatic chains that beltmghe cellulose substituent
generates them. So they do not appear to the asflpectra.

Finally, comparing the water peaks of the specaira lze seen that cellulose stearate is
more hydrophobic than cellulose. Only the produmtmed by the reaction with ratio

1:1 is nearly as hydrophilic as cellulose (Begure 27).
2.3.4. Comparison between esters spectra

The comparison between spectra of the three synttiest have different raticellulose
. stearoylchloride leads to think that the reaction in the case 8fdnd 1:5 is better
than in 1:1 ratio. In fact, there are some areasr&vBpectra show significant differences

(seeFigure 27).

Over 3000 critand under 1000 ciithe strongest peak is presented by the synthessis 1:
while the other two reactions are similar and thaklpis nearly inappreciable. As it has
been said before, this peak is one part of watectspm so it provides enough
information to ensure that when ratio of the reactincreases, water absorption
decreases. In other words, the polymer obtaindtienreaction with ratio 1:5 and 1:3
are more hydrophobic than the one obtained withr#tie 1:1. Comparing ratios 1:5

and 1:3, they do not present differences relateéld water absorption.

Another remarkable difference is on the peaks tygtear around 1000 €m The
product obtained by 1:1 synthesis still presentseaarmous amount of C-O bonds
instead of a majority of C-O-C ester bonds (1237 cnwith the other two ratios
happens the other way round, C-O bonds are chafoged-O-C bonds and for this
reason this peak become smaller. Because of tisisradition, carrying out the reaction
of cellulose esterification with 1:1 as ratio leadsthink that the ester obtained has a
low degree of substitution.
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2.3.5. High purity reagents

The results obtained using high purity reagents samamarized in one graph. Both

reactions are carried out with a ratio 1:5 and euticatalyst.

0.5+

=
T

Absorbance

=
e

0.1

0.0+

2500 2000 1500 1000
Wavenumbers

Figure 36. FTIR spectra of 1:5 synthesis done withigh purity IL (blue line) and technical
purity IL (red). In both cases high purity stearoyl chloride is used.

As it can be seen, there is no big difference beihwaesing or not pure IL. This fact does
not affect to CS obtained. Just one small peakrat@400 crit appears when technical
purity IL is used instead of high purity one (mag because of the large quantity of

impurities that the first contains due to its cajou

Another interesting comparison is the one made &&twone of this CS obtained from
high purity compounds and CS obtained from all téedl purity reagents. The graph is

presented below.
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Figure 37. FTIR spectra of 1:5 synthesis done withll compounds of technical purity
(green line) and technical purity IL but high purity stearoyl chloride (blue line).

Between the use of high purity stearoyl chloride nat, more differences can be
observed. One of the main peaks of an ester isrkethat appears around 1250%cm
referred to C-O-C bonds and it is by far bigger winggh purity stearoyl chloride is
used. This means that the majority of C-O bondmfoellulose (peaks around 1000-
1100cni nearly cannot be seen) have reacted forming tlee. &hus, using high purity

reagent (stearoyl chloride) allows obtaining higb&:.

3. Electrospinning

In order to produce fibers with this technique, plodymer has to be dissolved because
it is obtained as powder from the synthesis. Thetune¢ has to be homogeneous and
enough viscous and the most important thing is thate cannot be precipitated

polymer.

For dissolving the polymer, cellulose stearate (@8)anic solvents were tried. First of

all, a small portion of polymer was mixed with & ¢ solvents separately and the ones
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where the polymer was soluble were chosen as thi& m@mponents for the

electrospinning solutions.

Indeed, the best solutions for using in electrasipigpn are the ones that contain a
mixture of solvents. It is usual that the mixtuentains one solvent and one non-
solvent, referred to the polymer solubility. Thtlse organic solvents found that cannot

dissolve CS were added in a small fraction to tesavhere is soluble.

Another important thing to take into account is do@centration of the polymer in the

solvents mixture. The range of concentrations twed from 8% to 17 % by mass.

After finding a good mixture of solvents and a abie polymer concentration, the
mixtures were tried in the electrospinning devicel #ater checked in the microscope

(some pictures are presented below).

All in all, it can be said that there are threepsteequired to produce fibers by
electrospinning. The first one is finding suitaBl@vents for the polymer studied, the
second one is prepare a mixture of solvents faodiieng the polymer and find the right

concentration of it and finally, the third one Ie@rospin that mixture.
3.1.Results

Even though five different reactions were performedly one product was
electrospinned. The only polymer tried was the ao@ined from the synthesis with 1:3
ratio and without catalyst. The only reason foripgyattention just to one derivative
obtained was the lack of time. Finding the suitatdeditions and solvents requires a lot
of time, resources and experiments. Until the mdamamy of the mixtures tried was

successful in obtaining fibers.

Anyway, all polymers obtained where dissolved ia fame solvents in order to see if
the reaction ratio and the degree of substitutgatly affect CS solubility.
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Chapter 3: results and discussion

3.1.1.0rganic solvents tried for dissolving the polymers

With the aim of obtaining a visual, quick and easynparison between the solubility of
the polymers, solubility results are presentedhentable belowTable 10.

Table 10. Solubility results for polymers synthesied.

Synthesis ratio 1:3 15 15 15
Solvent (cellulose : stearoyl | 1:3 c;a\t 15 c;’:\t IL and stearoyl technical purity IL +
chloride) chloride high purity | stearoyl chloride high purity

Soluble
DMSO Turbulence
No soluble X X X X X

Soluble
DMF Turbulence
No soluble

Soluble
DMAc Turbulence
No soluble

Soluble
Chloroform Turbulence
No soluble

Soluble
Toluene Turbulence
No soluble

Soluble
methanol Turbulence
No soluble X

Soluble
acetone Turbulence
No soluble X

Soluble
ethyl acetate Turbulence
No soluble

Soluble
water Turbulence
No soluble X X X X X X

Soluble
formic acid Turbulence
No soluble X X X X

Soluble
ethanol Turbulence
No soluble X X X

The polymers obtained with technical purity do mpoesent a lot of differences in
solubility at all. Just some changes were produgkdn dissolving them in toluene,
methanol, acetone and ethanol. The changes inikylidre not bigger because the

degree of substitution of all the polymers is maréess the same (presentedCinapter
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Chapter 3: results and discussion

3: results and discussion, 2.3. Degree of subgityitand this is the main parameter

related with solubility.

As it can be seen imable 10 the only solvent for all of them is chloroformdathe

common non solvents are DMSO, water and formic.acid

In toluene, surprisingly, are soluble just the podys that were synthesized without
catalyst. The solubility in ethanol is decreasedemwhhe ratio of the synthesis is

increased and the contrary happens with methamnbaeatone.

About using high purity reagents it should be ghat solubility in organic solvents is
increased. In this case, this new polymer is selulIDMF, DMAc, acetone and ethyl
acetate while the other ones are not. Due to thsemvation, it can be said that CS
obtained with reagents of higher purity has highegree of substitution.

3.1.2.Electrospinning attempts with cellulose stearate dhined

from 1:3 synthesis without catalyst

3.1.2.1. Solubility

Focusing on the polymer obtained from 1:3 synthesiisout catalyst, it has to be said
that just two suitable solvents were found, chlorof and toluene. For this reason, all
the rest tried were considered as possible caradiddtbeing non-solvent in the mixture

for electrospinning. ITable 11is summarized the solubility of this polymer.

Table 11. Solubility for polymer obtained in 1:3 sythesis without catalyst.

Solvent | Soluble | Turbulence | No soluble
DMSO X
DMF X

DMAc X

Chloroform X

Toluene X

methanol X
acetone X
ethyl acetate X

water X
formic acid X
ethanol X
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Chapter 3: results and discussion

Usually, for electrospinning, the most common sotseused are dimetilcetone
(DMACc), N,N-dimetilformamide (DMF) and dimetilsulkide (DMSO). They were the
first tried but they are not suitable for CS. Capgantly, other options were considered.
Chloroform and toluene are solvents that have né&eem used for electrospinning
because of their fast volatility. However, as tloay dissolve CS they were used as the

main solvent in the solvent mixture.
3.1.2.2. Solvent mixtures

As said before, chloroform and toluene are the nsainents for CS in the mixtures
prepared. The target of adding a non solvent isdéorease mixture’s volatility.
Anyway, the amount of non solvent added should ibg because it can provoke

polymer precipitation.
The best procedure for finding good conditionstfa mixture is the following one.

First of all, the mixture of solvents should begaeed in the ratio chosen. After that, a
high concentration of polymer should be chosen #ra polymer and the solvent
mixture amount placed in a weighing bottle. Thése, ¢oncentration of polymer can be

corrected if it is wrong just adding solvents mnetu

This way of working (starting with a high concemima) is better because it is easier

adding more solvents to the mixture than addingrpetr if the concentration is wrong.

For expressing the relation between solvents imthéure, mass ratios are used instead

of molar ratios.

Some of the combinations used and tried are sumathmTable 12
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Chapter 3: results and discussion

Table 12.Solvent mixtures tried.

-

Solvent mixture % Ratio Ratio NOT Remark
(antisolvent : solvent) | polymer OK OK
1 acetone : 4 chloroform 10 X Jelly
too viscous
1 DMSO : 4 chloroform 10 X and
precipitation
1 DMSO : 4 chloroform 10 X -
(recalculate)
1 DMSO : 10 chloroform 15 X jelly
1 MeOH : 4 chloroform 10 X precipitatio
Chloroform | 1 MeOH : 8 chloroform 10 X not enougl
viscous
1 MeOH : 8 chloroform 12 X -
1 DMF : 10 chloroform 15 X jelly
1 Ethanol : 10 15 X jelly
chloroform
1 THF : 10 chloroform 15 X jelly
1 THF : 10 chloroform 11 X -
1 THF : 10 chloroform 13 X -
1 acetone : 3 toluene 17 X Jelly
1 acetone : 5 toluene 12 X Jelly
3 acetone : 5 toluene 9,3 X Jelly
Toluene 1 MeOH : 8 Toluene 10 X too viscou
1 MeOH : 8 Toluene 9 X -
1 DMSO : 8 Toluene 10 X -
1 THF : 8 toluene 10 X too viscou
1 THF : 8 toluene 9 X t00 Viscous

vr—uU)

The following picture can illustrate how these mbes look like.

Figure 38. Examples of electrospinning mixtures. Té one on the left is suitable for

electrospinnig, the one in the middle is too viscauand the on the right, the polymer is

precipitated.
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Chapter 3: results and discussion

As it can be seen, the mixtures tried were notessfal at all. Particularly, the worst
non-solvent used was acetone. It provokes polymesigtation very easily (with few
millilitres) and it is highly volatile.

Mixtures obtained with suitable conditions wereedriin the electrospinning device.
Anyway, some of the other mixtures where tried bab without expecting any positive

result.
3.1.2.3. Electrospinning experiments

Electrospinning device is showed in the followingtpre. It consists of an automatic
dispenser, a rotary cylinder and a high voltagekep

Figure 39. Electrospinning setup.

Some of its parameters (explainedGhapter 1: overview, 3. Electrospinningan be
changed in order to obtain different results. Thesomodified for achieving CS fibers

were the voltage and velocity rate (millilitresppbduct electrospinned per hour).

In order to electrospin the mixture, it has to Baced in a syringe and afterwards
introduced in the machine. The syringes used aréndfand the needle diameter is

0,4mm. Some results of electrospinning attemptpereented iTable 13
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Table 13. Different mixtures tried to electrospin.

Electrospinning

O

Solvent mixture conditions Fibers | Observations
pure chloroform 15 kV; 3,5 mL/h NO drops
(10% polymer)
1 MeOH : 8|18kV;1,5mL/h NO no drops, it
chloroform (12% 15 kV; 1,5 mL/h evaporates s
polymer) 15 kV; 0,5 mL/h fast
18 kV; 0,5 mL/h

Chloroform 15kV; 3,5 mbh
1 MeOH : 8|15kV;2,5mL/h NO drops,
chloroform (10%, 15 kV; 1,5 mL/h evaporation s
polymer) fast
1 DMSO : 4 15kV;2,5mL/h NO drops, spray
chloroform
(10% polymer)
pure toluene 15 kV; 2 mL/h NO drops
(10% polymer) | 15 kV; 1,5 mL/h
1 MeOH : 8|15kV; 3,5mL/h NO drops
Toluene
(10% polymer)

Toluene |1 DMSO : 8 15kV;2,5mL/h NO drops, spray

Toluene
(10% polymer)
1 THF : 8|15kV;2,5mL/h NO drops
toluene

(9% polymer)

Some pictures made with a microscope of thesetseard presented below.

Figure 40. Microscope images. On the le# chloroform : 1 DMSO and 10 and on the right

8 chloroform : 1 DM SO and 10%.
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Figure 41. Microscope images. On the left toluene: 1 DM SO and 10% and on the right8

toluene: 1 methanol and 10%.

After all these trials done without any successdjfferent strategy was tried. Using as
solvent only pure chloroform, different mixtures regrepared with different polymer
concentrations (7%, 9%, 11%, 13%). Using a conasiotr of 15% was tried but the
mixture was totally jellied. Electrospinning all dfem was the good way for finding
optimum polymer concentration. After that, the ongth best results (11%, 13%) were
tried with the same concentration but adding anasbésent to the mixture, THF. The

mixtures and the results are summarizetlable 14

Thus, the appropriate concentration of polymeresveen 11% and 13% for obtaining
some kind of small fibres. What is obtained hassite@pe of a mesh. The entire surface
where the fibre is collected is covered with thesell fibres mentioned.

Lower and higher concentrations should not be ukedier concentrations leads the
results to drops and higher concentrations makestihation become jelly making it
impossible to electrospin.

Adding a non-solvent to the mixture apparently doeschange anything. Comparing
the results where the same polymer concentratiaisesl,the extended drops (or short

fibres) look more or less the same.
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Table 14. Results obtained with electrospinning jusvarying polymer concentration.

Solvent

Polymer concentration

Microscope image

Chloroform

7%

9%

11%

13%

Chloroform + THF

11%

13 %
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Conclusions

Goals achievement

The synthesis of CS has been carried out succhssfih all ratios. All the polymers
precipitated correctly as powder except the onainbt with 1:1 synthesis. While
washing it with methanol its behaviour was gelaisobut its later characterisation
showed that the ester was achieved.

Obtaining the DS by saponification method is quiterecise due to its sensitiveness. It
would be a good idea to try one of the other memtib methods that are based in

spectra obtention.

Increasing the ratio between cellulose and steatugpride has made DS to increase (as
expected). Anyway, the difference determined is ermbugh significant for noticing
changes in CS properties. The maximum DS obtaise@d, 18 in 1:5 synthesis with
catalyst.

For CS obtained by reactions carried out with tpghity reagents was not possible to
determine DS. But owing to the increased solubilityorganic solvents that these CS
present (compared to all the other polymers obtBirtecan be said that DS is high. At
least it can be ensured that DS is much more hitjizer 0,78 because if there is only a

tinny difference, the solubility properties are nudified.

The fact that the substituent has really long @ihchains may be a reason for the low
DS value obtained. As longer is the substituerghaliic chain, reactivity decreases a

lot.

Using IL is the simplest way for achieving cellidosnodification and it can be
recovered easily, compared to the conventionauloslé modification carried out with
poisoning and non-recoverable reagents. Surprigirsyinthesizing it with high purity
reagents produced a extremely dark (brown) IL. Theobtained with the normal
products was nearly transparent, what means tleafirdt one is full of impurities. It
leads to think that high purity reagent is moresgiere to temperature and impurities.
Anyway, using it for producing CS was tried and tlesults show that the purity of
ionic liquid does not affect the reaction processlb(FTIR spectra of CS obtained in

technical purity IL and high purity IL have the sashape).
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Using FTIR spectra is useful because comparingpleetrum of raw cellulose and the

spectra from the derivatives can be seen how teiom has progressed. Is an easy way
to ensure that the reaction has taken place beestsepeaks and aliphatic chain peaks
appear in derivatives spectra and not in cellums® Thanks to this graphs it has been
seen that using catalyst does not affect the reSalusing it leads to decrease until half

the reaction time without changing properties (liristtead of 3h).

By means of calorimetry test the presence of intigsrican be detected in all the
samples. All of them present stearic acid as thennmapurity. Hence, its presence

shows that the cleaning process done is not enpungthanol is used).

The solvents found that can dissolve CS with a@e@f substitution around 0,5 (all
ratios tried) are chloroform and toluene. For tlidymers obtained with high purity
reagents was found that DMF, DMAc, acetone andletbgtate are suitable solvents

too.

Using chloroform and toluene for electrospinningriproblem because they have high
volatility. Its use makes the mixture to dry redifst while it is being electrospinned.

This may be one of the reasons of obtaining drogead of fibers.

For these reasons, attempts for electrospin CS iatvbeen successful, but it does not
mean that the polymer is not suitable for electimspg. The conditions of the mixtures
(like polymer concentration, solvents...) and frtira setup (like voltage, distance from
the syringe to the collector...) should be changed tried more times. The range of
concentration obtained as the most suitable is dmtvwi1% and 13% in mass because

the mixtures have enough viscosity but they daoeabme jelly.
Further experiments

As example for trying in the future, the mixtures electrospinning can be heated up
(but always below solvent boiling point) for disgolg CS easily and for avoiding that
they become jelly. Applying heat will allow increéag the percentage of polymer in the
mixture, even arriving to 20% by weight. Not onlgating the mixture is enough, the
syringe and the needle should be heated up todhdsonly way of preventing

jellification of the mixture while electrospinning
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What could also be tested is a more careful wayeofoving water from the IL and
from the cellulose, as well as using purged nitnrogéhe one used during this synthesis
is inline gas, so it can be replaced for high pugis from balloons. Trying to add an

organic base could also work for improving the tiescbecause the by-product is HCI.

Finally, CS should be cleaned with an organic salvehere stearic acid is more soluble

than in methanol but at the same time cellulosarate is not.
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Résumé in English

The aim of the thesis is to develop technologypiamducing cellulose fatty acid esters
that later will be used to produce fibrous matseriay means of electrospinning. Main
material of the study is cellulose-stearate whiglaipolymer synthesised by reaction
between stearoyl chloride and cellulose. The erpantal part consists of synthesis of it
by chemical modification of cellulose using ioniguid as a reaction media. In addition,

ionic liquid is also synthesised from the beginning

Various syntheses are carried out in order to nhpalymers with different degree of
substitution because it is known that it affectiilsiity a lot. Three ratios cellulose:
stearoyl chloride are tested as well as the usatafyst or not. Those tested are 1:1, 1:3
with and without catalyst and 1:5 with and with@atalyst too. Moreover, high purity
reagents for producing IL and CS are purchased hiyhetidazole and stearoyl
chloride) in order to compare its use in CS obtemtiThe synthesis chosen for repeating

is 1:5 without catalyst.

All samples are characterized by means of diffesérsicanning calorimetry (DSC),
infra-red spectroscopy (FTIR) with ATR accessoryd asaponification method for
determining the degree of substitution.

As expected, as bigger the ratio is, bigger isBeobtained but one important point is
that the results found are all under 1 what me&as the DS is really low. Using

catalyst or not does not affect to DS and it daatsnmodify the properties so it is better
to use it because reaction time becomes half (1791 method for determining that is

a manual test based in a saponification reactionedoack titration.

From the calorimetry test it is observed that ttemimpurity remaining in the samples
after washing them with methanol is stearic acidpd@ate it from CS is difficult

because this compound may not be enough solulttésiorganic solvent.

The FTIR spectra are a useful technique to corfttble reaction is being done or not.
In the cellulose stearate graphs obtained, theaygieaks from ester (1740 ¢nfor
C=0 and 1240 cih for C-O-C) can be found but they cannot be foumdéllulose
spectra, as expected. Comparing cellulose specndra derivative one it can be seen
that the peak corresponding to bond C-O from thardwyl groups (1000-1100 cfy
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decreases while the other ones from ester mentitwafore increases. With these
observations it can be said that the reaction &leent place, thus the polymer has been
obtained.

Another important point is to find appropriate saiv or solvent mixture and spinning
conditions for obtaining the fibrous materials witontrollable parameters. The
technique used for producing fibres, called elegioning, is nowadays an important
field of research and it is being developed foufatapplications related with nanoscale
fibers diameter. It is based in the obtention béfs by applying a difference of voltage

between mixture supplier (syringe) and the collecto

The attempts with this method have not been sutdesisall so no fibers have been
obtained (some more experiments are required falirfg the optimum electrospinning
conditions). Anyway, while doing these tests twaathle solvents for the polymer have
been found, toluene and chloroform. The fact thtytare highly volatile makes
electrospinning more difficult. The range of polynw@ncentration in the mixtures has
to be between 11-13%, more than that makes thaureixiecome jelly and less makes it

not enough viscous.

Definitely, using high purity reagents (especigliyre stearoyl chloride) makes DS
increase a lot. Testing the solubility of the pogm obtained with these conditions
showed that are highly soluble in a lot of orgasotvents. This result leads to think that
DS is much more bigger in polymer obtained withhhpowrity reagents than in technical

ones. It is more important that stearoyl chlorsl@igh purity one than the IL reagents.

All in all, this polymer, as well as electrospingitechnique, should be further studied

in order to obtain the fibers expected.
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Kokkuvote

Magistritod eesmargiks oli arendada tselluloosivinapete estreid, mis sobiksid
elektroketruse teel kiudude valmistamiseks. Peamimétav materjal oli tselluloos-
stearaat, polumeer, mis sunteesitakse stearouiidkloja tselluloosi vahelisel
reaktsioonil. TO66 eksperimentaalne osa koosnes igedmtselluloos-stearaadi
suinteesist, modifitseerides tselluloosi ioonvedeldeskkonnas. T66 kaigus sinteesiti

ka sobiv ioonvedelik.

TOO kaigus slnteesiti erineva asendusastmega ltesdluderivaate, kuna on teada, et
asendusaste maojutab oluliselt nende polimeeridaistatiust. Katsetati kolme
tselluloosi : stearoddlkloriidi suhet ja reaktsiodoimumist katallisaatoriga voi ilma
selleta. Katsetatud suhted olid 1:1, 1:3 ja 1:5skd&atallisaatoriga ja ilma selleta.
Sunteesi suhtega 1.5 korrati kasutades kdrgendasbitusastmega ioonvedelikku ja

stearouulkloriidi, et kontrollida puhtusastme m@gaktsiooni tulemustele.

Koiki proove anallusiti diferentsiaalse skaneerikalorimeetria, ATR Fourier

infrapunaspektroskoopia ja asendusastme maaramssEdsstusmeetodiga. Eeldatult
kasvas asendusaste stearoutilkloriidid sisaldusga#tas kuid jai siiski madalaks,
vaartusega alla Uhe. Katallisaator ei mdjutanuddasastet ja materjali omadusi kuid

seda on maistlik kasutada kuna reaktsiooni aeggihv@oole vorra.

Kalorimeetria abil leiti, et peamine jaak (ebap@tumaterjalis peale pesemist
metanooliga on steariinhape. Selle eraldamineulsels-stearaadist on komplitseeritud

piiratud lahustuvuse tdttu metanoolis.

Infrapunaspektroskoopia on kasulik meetod kontr@ks soovitud reaktsiooni
toimumist. Tselluloos-stearaadi spektritest letiriée iseloomulikud piigid (1740 cih
iseloomustamiaks C=0 rilhma ja 1240 ‘ciseloomustamiaks C-O-C rithma), mis
oodatult puudusid tselluloosi spektris. Leiti, etOCsidemele vastav piik (1000-1100
cm?) véhenes ja eelnevalt mainitud estrile iseloomuikpiigid kasvasid vérreldes
tselluloosi spektrit selle derivaadi spektriga. Nervaatluste pdhjal saab jareldada, et

tselluloosi derivaadi tekkimise reaktsioon on tomd.

ToOO teiseks oluliseks Ulesandeks oli leida konituall parameetritega kiulise materjali

valmistamiseks sobiv lahusti vdi lahustite segu géektroketruse tingimused.
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Elektroketrus on kaasajal oluline uurimisvaldkomlle eesmargiks on vélja arendada
nanomodtmetes diameetriga kiududest tulevikumagerjgiude saadakse rakendades
suurt pinge erinevust polumeerilahust edastavdasifsla ja (maandatud) kollektori

vahel.

Kéesoleva t66 raames ei Oonnestunud siiski tai¢likldktroketruse teel tselluloos-
stearaadist kiude valmistada, kuna selle mahtjivate ketrusparameetrite leidmiseks
piiratuks ning t66d tuleb kindlasti jatkata. Siideiti katsetuste kaigus kaks sobivat
lahustit, tolueen ja kloroform. nende lahustite rslenduvus muutis ketruse siiski
komplitseerituks. Optimaalne polimeeri kontsenivats nendes lahustites oli 11 —
13%. Suurem Kkontsentratsioon muutis lahuse geelisaks ja vaiksema

kontsentratsiooni korral oli lahuse viskoossus&miseks liiga vaike.

Kdrge puhtusastmega reagentide (eriti stearouiidipr kasutamine suurendas
asendusastet margatavalt. Ka paranes selle tulemussadud tselluloosi derivaadi
lahustuvus erinevates orgaanilistes lahustitedeSghreldub, et suure asendusastmega
derivaatide saamiseks tuleb tehnilise puhtusastmeggentide asemel kasutada kérge

puhtusastmega reagente.

Tselluloos-stearaadi funktsionaliseerimise ja etéddtruse tingimuste alaseid uuringuid
on vajalik jatkata, et oleks vdimalik valmistadadsaid tselluloosipdhiseid

nanomodtmetes diameetriga kiude.
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APPENDIX

Some extra pictures that show laboratory proceddmsces used and compounds

obtained.

IL crystallized.

Desiccator.

Cellulose that has not been dissolved

Polymer mixed with methanol. Two

correctly in the IL.
phases can be observed.
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Appendix

IL used for polymerization 1:1.

Titration setup.

Starting point of the IL synthesis. Mixture after titration with HCI.
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Appendix

Mixture after titration with NaOH.

Synthesis 1:5. Polymer obtained after

drying it in the oven.

Synthesis 1:5 with catalyst. Polymer
obtained after drying it in the oven.

Synthesis 1:1. Polymer obtained.

Synthesis 1:3 with catalyst. Polymer
obtained after drying it in the oven.
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Appendix

Microscope used for evaluation of FTIR spectrometer with ATR

- accessory.
electrospinning results.

Differential Scanning Calorimeter.
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