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ABSTRACT

Lignin is the third most abundant natural polymer but nowadays it is not usedvalatized
enough because it is a potential high value compound and it is mainly burned in the production of
low value energy. The aim of this thesis work is therefore trying to find an application for lignin
that valorizes its potential instead of wastirigfor this reason, in this work, lignin as been used as

a starting reagent for the production of polyurethane coatings, exploiting its aromatic rings and
hydroxyl groups. The project has started synthesizing different diisocyanates starting from
molecules that are well present in the molecular structure of lignin; between all of them, the one
coming from vanillic acidl(4-bis(4isocyanate2-methoxyphenoxy)butanehas been chosen as

the best one according to solubility, purity and yield considerationgolgurethane reaction has

been carried out combining the NCO groups of that diisocyanate and the hydroxyl groups of three
different commercial ligninsSoda lignin, Kraft lignin and Organosolv lignirhe desired polymers
were, as anticipated, coatings @ntheir production was done depositing them on different
substrates and using a spin coater machine in order to obtain polyurethane films of the desired
thickness. At the end, the obtained coatings were studied and characterized with DSC, Optical
Contact Agle analysis, adhesion tests and TGA in order to better understand their properties, the
differences with the starting lignins and the effects that the three different lignins have on the
final polymers. These coatings were thought to be used as primasnultilayer coating and this
application could be interesting also on the market because the cost of the reagents is basically
inexistent and also because they can be considered bio derived and therefore they have a

particular attention on a market whiicis every day much more interested in green products.
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ABSTRACT IN ITALIANO

La lignina e il terzo polimero naturale piu abbondante, ma al giorno d'oggi non sfrugtato
valorizzatoancora adeguatament@erché & una molecola ad alto valore potenziale che pero e
prevalentemente utilizzata come combustibile nella produzione di eneigiascopo di questo
lavoro di tesi e quindi cercare di trovare un'applicazione per la lignina valorizzando il suo
potenziak invece di sprecarlo; per questo motivo, in questo lavoro, la lignina e stata utilizzata
come reagente di partenza per la produzione di rivestimenti poliuretanici, sfruttando i suoi anelli
aromatici e gruppi ossidrile. Il progetto e iniziato con la sintegliversi diisocianati a partire da
molecole che sono ben presentatella struttura molecolare della lignina; tra tutti loro, quello
proveniene dall'acido vanillico (1;8is(4isocianate2-metossifenossi)butanoe stato scelto come

il migliore basandsi su considerazioni di solubilita, purezza e rendimento di reaziorseguito, &

stata condotta una reazione poliuretanica combinando i gruppi NCO di quel diisocianato e i gruppi
ossidrile di te diverse lignine commercialighina di tipo Soda, Kraft e Organosolv). | polimeri
ottenuti, come detto, sono dei coating e la loro realizzazione e stata fatta utilizzandcspin
coater per ottenere film di poliuretano dello spessore desiderato. Infine, i coating ottenuti sono
statid G dzRAF GA S OFNIGOAGSNRTTFGA O2y 5{/ X IylfAaa
di comprenderne meglio le proprieta, le differenze con le lignine di partenza e gli effetti che le tre
differenti lignine hanno sui polimeri finalQuesti ®ating sono stati pensati per essere usati come
primer in un livestimento multistrato e questa applicazione potrebbe essateressante anche

sul mercato perché il costo dei reagenti &€ fondamentalmente inesistente e anche pe&iché
polimeri possono ssee considerati biederivati e pertanto possono godere di una particolare

attenzione in un mercato ogni giorno sempre piu attento e interessato a prodotti green.
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1. NTRODUCTION

One of the biggest challeng@mowadays is the one of trying to reduce as much as possible the
amount of fossil derived compousdh the industrial production. This is due to two main factors:
environmental reasons, that basically means attempting to reduce the consume of polluting
reagents in favor of green ones and economical reasons, namely substituting costly reagents
coming from oil indusiy with cheaper compounds with a l@veconomic valueThe severe fossil

fuels depletion summed to a continuous demand for energy requires tleatiftcation of
alternative renewable materials and the development of new environmentally friendly processes.

In this sense, lignocellulosic biomass is very attractive for the energy and chemical industrial sector
due to its highly abundant availabilityts relative low costs andts interesting chemical
composition; it is mainly composed by its three most important components: cellulose,

hemicellulose and lignin.

Lignocellulose is the major structural component of all plaased biomass and representset
most globally abundant renewable resource with over 75 billion tonnes available anfiljallyhe
lignocellulosic biomass is a composite of biopolymers with intertwined cellulose5@36 dry
weight basis), hemicellulose @32% dry weight basis), lign(1525 % dry weight basis) and

some other compounds ylose, arabinose, tannin, etc.) (Figure 1.1).

Biomass Composition

Cellulose

Hardwoods Other

(Glucose sugar) (Extractives, ash, etc.)

Grasses

Lignin
(Phenylpropyl-based)

4

a®
a®

.'
T

Hemicellulose
(Pentose sugars)

_I‘(‘,
o,
25

Crop residues

Solid waste Softwoods

Figure 1.1: average composition of a biomass

As said, a plant is composed by three main parts (Figure 1.2); these three components are:
16



Celluloseis the most abundant and famous componentwadod and it represents up to hatff its
mass; it is a polysaccharide with a big amount of hydrogen bonds that contribute to give the wood

its traditional rigidity and hardness.

Hemicelluloseis a low molecular weight polysaccharide that is essential to keep together cellulose
and lignin; isolatechemicelulose is an amorphous and hydrosoluble compound made of different

polymers such as pentose, esose and different acids.

Ligninis the most abndant compound in the cellular walls and has the fundamental role of giving
the plant its traditional rigidity, strength and resistance to atmospheric elements; its content

varies from 185 % for hardwood species to-35 % for softwood ones.

_OH

H _OH

Pentose

IO0 S
Hexose ...w.
s m

Figure2.2: graphical example of lignin composition
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1.1Lignin

[ABYAY OFNRY [FOGAY af Adydzyée SKAOK YSIya 22RO
on earth constituting about 1:830% of the wood and 320% of the annual plant®]. Anselme
Payen(Figure 1.3)as the first to recognize the presence of ligimnwood when, in 1838, he
NEFSNNBR Ay KAa ¢2N] G2 Fy aSyONHzaGAY3I YL GSNH
RSTAYSR (KAAa &Sy ONAlG playitd ligninl plays Mvital frade, adding stréngtly A y
and structure to the cell wallgontrolling fluid flow and protecting against biochemical stresses by
inhibiting enzymatic degradation of other component§his is made possible tank to its
hydrophobic nature and to its ietubility in ayueous systems, hdering the access to degradative
organisms and chemicalsignin arises from an enzynmtiated dehydrogenative polymerization

of three precursors (monolignols), namelcpumaryl, coniferyl and sinapyl alcotdl[5][6]. The

phenolic substructures that orginadeghese monolignols areatled p hydroxyphenyl (H, from
coumaryl alcohol), guaiacyl (G, from coniferyl alcohol) and syringyl (S, from sinapyl alcohol)
moieties

Phenilpropanic monomeric units in the lignin are kept together with a huge amount of different
kind of bonds, especiglether, esters and carbecarbon bondsin Fgure 1.3 an example of lignin

structure is reported.

Most abundant J W ¢
aromatic biopolymer ¢ L g
on earth; interacts r (™ Useful feedstock for
strongly with other cell -~ L. plastics, carbon
vs?aI); polymers. »L\(\ fibers, fuels,
= chemicals, and more.
Figure 1.3: Anselme Paygth7951871) Figure fréphical rgresentation of lignin
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1.2 Lignin structure

From a chemical point of view, lignin is a comppedyphenolic which is syntheed by plants
starting from three monolignols througlenzymatically started oxydative coupling reactioas;
said,the three monolignols involvedeported in Figure 1,5re: p-coumaryl alcohol (H), coniferyl
alcohol (G) and sinapyl alcohol (S). These monomeric precursors are distinguished based on
methoxyl groups present at C3 and @&sitionsin the aromatic ring. The monolignols are the

monomeric lignin precursors, whicheaformed via the phenylpropanoid biochemical pathway

s G H
{Syringy| alcohol) (Guaiacy| / Conifery| alcohol) {Hydroxypheny| / Coumary| alcohal)

HO HO HO

\ N

= = j
h (1 ®

MeO ‘fﬁ OMe \f’:’“‘orﬁle ~F
OH OH OH

Figure 1.5representation of the three monolignols

The heterogeneity oflignin polymers manifestsn molecular composition and linkage types
between the phenylpropane monomersyringy(S),guaiacyl(G),and phydroxyphenyl(H) units.
Lignin composition is therefordifferent not only between species, but also betweeflffatient
tissues of a single planEurthermore, softwood lignin ihe name given to a lignioharacterized

by a predominanbuilding unit that appears to be coniferyl alcohol (over 95% guastoyttural
elements) while the hardwood ones, on the contragte characterized by a variable ratio
coniferyl / synapyl structural units.

From many different studies conducted on tf@mation of lignin, the currently accepted theory
is the one proposing that it is an enzymatic catalytic-efectron oxidation of the monolignol that
initiates the lignin polymerization process. In thi®cess, the monomeric radicals interconnect via
radical coupling reactions. The phenoxyl radical formed presents a fairly stable resonan
structure (Figure 1. and the delocalized radical can potentially couple through four different
centres leading to the formation of various structural unitg Theradical reactivity and oxidation

potentials indicate which linkage may form most favourably in the phenol oxidative co(i®]ing
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HO. HO HO HO. HO.

Figure 1.6 phenoxyl radical resonance structure

Until today, it is still not very well known the real lignin structureany studies have been
performed about biosynthesis, chemistry and molecular biology of lignin but only an etjmat

and probabilistic structure can be presented; looking at this structure it can be said that the
distribution of the repeating units andunctional groups is completely randomic; in fact, the
mechanism through which lignin pwherizes to form the high moletar weight tridimensional

lattice is still nowadays under discussiodue to the presence of radicalic reactions during
dehydrogenativepolymerization, the distribution of chemical bondsagparently random and it

does not show any sterespecificity as shown in Figure 1.7This behavior is unual for
biopolymers even if a certain regignLJISOA FAOA (& A& 20 &S NIDE BRondR,dzNA Y -

maybe because some proteins take part to the process as molds.

,_,,..._DJ\_/ Phenolic OH

- 1)(;1 Methoxy|
P Carbonyl

Mo - )

Figure 1.7 representation of the randomic distribution of the functional groups in the lignin
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Lignin has many dérent functional groups, somahes also introduced during thex&action
process; the most important ones are aromatic and aliphatic hydroxyl groups, methoxyl, carbonyl
and carboxylic groups.

From these studies it appesthat the most common linkages found in ligr{iigure 1.8arei -O-
4,55,i -5, 405,i -1, and - , of which the -O-4 linkage as saidis prominent.

The majority (approximately twthirds) of all the chemical bonds in the natilignin polymeric
network are rgresented by the @-C ether linkage type between the phenylpropane units while
about onethird consists of € bonds between these units. Furthermore lignin also includes

branched and crosknked structures.

B-0-4

OCH,

Figure 1.8 most common lignin linkages

1.3 Extraction processes

The three components of the biomass (cellulosemieelluloses andignin) are separated one

from the other in biorefinery with a series of consecutive processes, which consist of:

Selection of lignocellulosic feedstock
Pretreatment (steam explosion)
Separation or pulping

Extraction

= =/ =_ A

Recovery of insoluble material
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Industrially, to extract lignin from wood, severe pH, pressure and temperature conditions are
required in order to obtain a commercial product with a chemical structure very different from the

one of the wood.

The structure of commercial lignins is furtheomplicated during extraction process by radical
reactions thattake place during the breakagef ester bonds; those bonds then rearrange
themselves and form a more complicated and compact polymeric structure. Therefore extraction
processes and conditiorgay a crucial role for the final structure and for the final properties of

the lignin.

Lignin is extracted frontell walls through chemical and physical method in a process called
GLIzE LAY AT GKAA Y Stury & thé $tdrting plasbiit als yhe deligiific&iony

process influencethe final composition, purity and properties.

Duringthe biomass delignification, ester and ether bonds that connect the plpeoganic units
are destroyed andignin fragments are dissolved intotdack liquor from which it will be obtained,
through a drying processhe lignin used on the marketvhich is characterized by a very different

structure from the original one present in the biomass.
The major pulping processes are:
Kraft pulping process

The most comran process for wood is the sulphate process, also known as (igfire 1.9
GKAOK YSIya AaNBAATASYUkalGNRByYy3IE Ay 3IASNKXYIYyS 6K
cellulose during this process. In the Kraft process, the wood pulp obtained bydheeptment is

cooked into a higly alkaline solution made of sodium hydroxide and sodium sulphide, at a
temperature which varies from 70°C td70°C for about an hour or two. During this treatment,

lignin macromolecules break due to ions and are itiked into water creating &dlack liquor. The
insoluble celluse is filtrated and recovereid the form of cellulose pulp, while the black liquor is
concentrated thanks to evaporation drit is used as fuel or it sssiccatedor the selling [9]. In

this work, one commercial Kraft lignin will be used: IndNtt000.
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Figure 1.9 Kraft lignin structure

Sulfite pulping process

The sulfite process is the secomibst used process after thKraft one. The sulfite process is
conducted in variable pH and allows produce many types of pulp, suitable for a wide range of
applications. The wood cooking liquor is made of a watery solution elaE@®7 %, to which a

base is added, so that the liquor pH can vary between 1 and 13. Process conditions are quite strict,
indeed, it can be done only under certain pressure values and at a temperature between 125 °C
and 180 °C, with cookingiies between 1 and 7 hours. Surated groups are introduced into the
structure of the lignin, in the position alpha, in comparisortite propanic lateral chain, so that it

is possible to obtain the lignosulfonate lignjrepresented in Figure 1.)10which istherefore

water-soluble[10].

OM
!
3 ]
Ho 'z'
e )
O
]
O3M A
> / oM
0 QI o
HO to O \0:‘ I
O
I O =~ mroduction

£ of sulfonate groups
0

Figure 1.10Lignosulfonate lignin structure
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Soda pulping process

This process utilizes sodium hydroxide instead of sulfurs to dissolve the lignin from the
lignocellulosic material. The obtained ligrfan example is reported in Figure 1.1from the soda
process is remvered through an alternative process that consists an acid precipitation,
maturation and filtration, in order to obtain a lignin without sulfun this work, one commercial

Soda lignin will be used: Protobind.

Figure 1.11 Sda lignin structure

Organosolv pulping

The usage of organic solvents to extract lignin from the biomass makes it possible to avoid the
formation of sulfur byproducts [11]. The Organosolv fragmentation allows the production of
lignin and higkquality cellulose and the continuous recycle of 8@vents permit to decrease the
waste of water and the diffusion of smells, which are generally associated with the pulping
process. The watery wood pulp obtained by the fneatment is extacted with organic solvents

at temperatures between 140 °C and @2C, and the lignin, dissolved in the solvent, is
recuperated through centrifuge or filtration. The most important processes of Organosolv

extraction are:

1 Alcell, based on a pulping process that uses a mixture of ethanol and water
1 Acetosolv, pulping thragh a mixture of acetic acid and HCI

1 Milox, process with a base of formic acid and hydrogenoxide

The lignins obtained during the Organosolv processes are particularly pure and free of sulfur

compoundsin this work, one commercial Organosolv ligwifi be used.
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1.4 Application

Lignin is versatile and useful in many applications, as witnessed by the high number of scientific
publications abouthe topic. The main usages lajnin, presented in Figure 1.12an be classified

in three goups with incrasing addedalue.
The groups are:

1. lignin used to produce energy, fuel, syngas;
2. lignin as macromolecule in polymeric compounds;

3. lignin as renewable source of aromat@smpounds through dg@olymerization

Fine chemicals
(Vanillin, phenol
derivatives)

Carbon fibres

Phenolicresins

Activated carbon

Phenol

Benzene, Toluene, Xylene (BTX)

Biofuel

Refinery (carbon cracker)

Bitumen

Cement additives

Energy

Figure 1.12potential lignin application

TheseA NR dzLJa | NB RA &G Ay 3 dohva- KNI RS (iIF6624 28 20 &l Kl KIS AUGNK Sa (FA.
the immediate applications, group 2 represents the mediigmm applications and group 3 the
longterm applcations. In the first grougdignin is used as source oérbon for the production of

energy or syngas. The second group explbigsmacromolecular nature ofignin to include it into
high-molecular mass products such as adhesives for wood or polyurethane foams. The third group
uses technologies that splitAiy Ay Qa YIF ONRBY2f SOdzZf S&a Ayid2 Yz2y?2
presence of aromatic rings, such as benzene, toluene and xylenes (BTX), which are useful as

building block for the synthesis of polymers.
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Until today the largest field in which lignin is involviedas fuel in biorefineries but this tendency
must be inverted because otherwise more than 40 % of the carbon involved in the photosynthesis
process is used in a not efficient way and it isased in the environmerds CQ@ Moreover, lignin

has some pediarities that could be extremelgdvartageous inodayQ aarket, peculiarities that

are not used when lignin is burned to produce energy.
Those main features are:

1 lignin is available in big volumes;
1 lignin has a big percentage of aromatic rings;

1 ligninhas many reactive ceats usefliin case of chemical reactions.

It has been estimated that the annual production of lignin on earth ranges frqa6 & 18

tong[12]. Lignin is a valuable byproduct of the paper and pulp industry produced in quantities
exceeding 50 million tons annua[ly/3], but the majority of this byproduct is currently disposed as
low-cost fuel to meet the energy needs of the mill. In addition to the conventional paper and pulp
AYRdAzZGNBEXT SGKFyYy2f 0A2 NS byyr&dNck[Bihand tiisivast quidiyrofzO S
fAIYyAY gAftft 0S F@LAftFrotfS FTNRBY O0A2NBUYSNARASaA
currenty used as alo®2 & FdzSt > Ffaz2d ¢KSNBEFTF2NBX aA3ayarUcC
scale use of lignin Ipyoducts in various applications. Over 1 million tons of lignin products are
currently produced annually for commercial applications including concrete additives, dyestuff
dispersants, binders or surfactants for animal feddst control, and pesticidgd.5][16] However,

all of these lignin uses are relatively laalue applications and their market demand represents a
YySItAIAGES FTNIXOGAZ2Y 2F OdzNNByd €t A3IYyAy LINRRdAzO
being a component of valdadded productshowever, there has been little success in creating
ligninderived high performance materials. Various researchers have synthesized and
characterized lignizontaining polymers. Rigid lignin molecules were 8y RSR A 0K b
polymers[17][18] and subsegently crosslinked,[19][20] or copolymerized to form polyurethan
polyestersand other copolymerg[21][22] of different morphologies including interpenetrating
polymer networks. However, most of these reported ligdarived polymers were thermosetnd

brittle materials, i.e. barely recyclable. The brittleness of these materials is related to the high

crosslink density due to the low molecular weight of the lignin segments. The highly polydisperse
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molecular weight of lignin molecules was likely the prignamdrance to synthesizing recyclable

high-performance lignin copolymers.

Proper utilization of renewable ligm to create lignifdbased plastics will be one of the great
strategies to contribute to a sustainable soci@tythe next years (following a circular scheme as

the one proposed in Figure 1.13

LIGNIN ﬁ; Q‘l HEMICELLULES
fis 8 -
w C '51-“;,-
P' -I"i.
ot

LE

CELLULOS -’ h.s. L=

i

i Coellulpse
-Lignin Hemicellulose

Lignin Thermoplastics e ﬂ

- W el

Bisdegradation

Figure 1.13production of lignin derived polymers and their recycling

Following the concepts of the paragraph above, in thissis work lignin has been used as a
starting material for the production of polyurhetane coatings; in this way lignin becomes one of
the reagents for the polymerization reaction and théore assumes digh value role in the

process.

1.5 Polyurethanes

In this thesis work, lignin based polymers that are going to be studied are polyurethanes (PU) and
therefore, before starting the description and the discussion of what has been done, in this

introductive section it is suitable to briefly discuss and explehnat a polyurethane is.
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The polymeric materials known as polyurethanes form a family of polymers which are essentially
different from most other plastics; they are one of the most important plastic material produced
worldwide with a production volume df7.9 million tonnes, of which 3.5 produced in Europe.
Polyurethanes are made bgxothermic reactions between alcohols with two or more reactive
hydroxyl (OH) groups per molecule (diols, triols, polyols) and isocyanates that have more than
one reactive iscyanate group-NCO) per molecule (diisocyanates, polyisocyanates): for example

in Figure 1.14adiisocyanate reacts with a diol.

The group formed by the reaction between the two molecules B lny’ I & (0 KSS f AdZNB BS

(shown in Figure 1.)%nd t is the essential part of the polyurethane molecule.
e (“ A
nO=C=N—=RI1=N=C=0 + nHO—R2—0H ‘[ -R N () —-R Oj»
| v
n

Figure 1.14schematic reresentation of the reaction between diisocyanate and diol to produce a
polyurethane

B
+R—N-C—0-
Il n
O
Figure 1.15urethane linkage

The characteristic of the final product dependpon the choice of the reacting polyol and
isocyanate; it is possible to obtain very different mateyialich as foamm with low rigidity or

expanded microcellular systems with very high resistance, all pending on the starting reagents.

For this reason iis possible to obtain a very large variety of polyurethanedpicts such as
elastomers, fibes, foams, adhesives, thermosetting materials, coatings and many more just
becausemany typologies opolyurethanesexist (as shown in Figure 1)l&hd therefore they find
application in many different fieldd.ookingat Table 1.1 and at Figure 1.16 and Figure 11§

possible to get an idea of the very big possibilities polyurethanes have.
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Table2.1: examples of polyurdtane materials with different characteristics

Examples of
polyurethane materials Characteristics
cushioning low densty, flexibility, resistance téatigue
shoe soles flexibility, resistance to abrasion, strengttyrability
building panels thermal insulation, strength, lonkife
artificial heart valves flexibility and biostability
electrical equipment electrical insulation, toughness, resistance to oils
Others dhesives

3%

4% Flastomers

e

Figurel.16: different PUbased final products Figurel.17: distribution of PU types orthe market
M elastomeric
polyurethane

flexible
polyurethane

rigid
polyurethane

O isocyanate
polyol

Figure 1.18different typologies of PU structures
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1.6 Coatings

In this thesis work, polyurethane coatingsare going to be synthesizedand characterizedand

therefore,oneagain,it is suitableto definewhat a coaing actuallyis before goingon.

Surfacecoatingsare defined as any mixture of filforming materials plus pigments, solvents, and
other additives, which, when applied to a surface and cured or dried, yietis éunctionalfilm.
Surface coatings includeaints drying oils and varnishesynthetic clear coatings, and other
products wlose primary function is to protect the surface of an object from #revironment

Most surface coatings employed industry and by consumersre based on synthetic polymers
that are industrially produced substances composed of extremely large, often interconnected
molecules that form tough, flexibland adhesivefilms when applied to surfaces. The other
component materials of surface coatings are pigments, solvents or carrier liquids, which povide
liquid medium for applying the filaiorming ingredients and additives, which provide a number of

special properties.

Coatings are always deposited on a surface calldgbtrates and usually more thame coating is
added in order to eate a multilayer surface on the substrat@sgure 1.19 maybe having every
layer with a different function for the protection of the substrate. In fact, coatings can increase

very different properties of the substrate such as:

Adhesion
Wettability

Primer Coating

Finish Coating

Corrosion resistance

Conversion Coating

Zinc coating

1

1

1

1 Wearresistance
1 Passivdire protection BesoMétel
1 Insulation

1 Anti-graffiti behavia
1

Antimicrobial behavip

Zinc coating

Convarsion Coating

Primer Coating Finish Coating

Figue 1.19 example of a multiplayer coating on a metal substrate

30


https://www.britannica.com/technology/thin-film
https://www.merriam-webster.com/dictionary/synthetic
https://www.merriam-webster.com/dictionary/environment
https://www.britannica.com/technology/industry
https://www.britannica.com/technology/adhesive
https://www.britannica.com/technology/film-chemistry
https://www.britannica.com/science/liquid-state-of-matter
https://en.wikipedia.org/wiki/Adhesion
https://en.wikipedia.org/wiki/Wetting
https://en.wikipedia.org/wiki/Corrosion_resistance
https://en.wikipedia.org/wiki/Fire_protection
https://en.wikipedia.org/wiki/Insulative_paint
https://en.wikipedia.org/wiki/Anti-graffiti_coating
https://en.wikipedia.org/wiki/Antimicrobial_surface

Moreover, there are many different techniques industrially used to deposit a codtiegmost

important and diffusednes are:

Vapor deposition, both chemical and physical
Chemical and electrochemidaichniques
Spraying

Rolko-roll coating processes

= =2 =2 4 -

Physical coating processes, such as spin coating and dip coating

In this work, spin coating has been employed for the deposition of the coatings on different
substrates. Spin coating is the procedure useden the coating must be deposited on flat
surfaces and must be quite thin; usually the coating solution is deposited dripping it in the middle
of the surface which is positioned on a rotating plate that trough o@rgal forces createshe

film, as shownn Figure 1.20The different characteristic that the final coating will have (thickness
and uniformity mainly) depend on different parameters, such as spin speed, spin time and exhaust

volume, with correlatias that are shown in figure 1.21

a) b)
e v
e .
{,‘.}I _ l:j:ll fvl
a;:'; o ) c;:_‘b (N
® ® oo gd

Figurel.20 four steps of spin coating procedure
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In partiaular, in Figure 1.21it is of particular interest the diagram regarding film thickness with
respect to spin spa(blue graph). According to this representation it is clear that increasing the
rotating geed thinner coatings are obtained and this is in line with what found in this thesis work;

in particular, this aspct will be treated and examad in section 3.8.

|

Film Thickness gy

Film Thickness

Film Thickness gy

Thickness Uniformity =g

Exhaust Volume =y

Exhaust Volume =y

Figure 1.21 coatings thickness and uniformity with respect to different pareeters

32



2. MATERIALS AND CHARACTERIZATIC
TECHNIQUES

2.1 Materials

All the used commercial materials are listed below with all the suppliers from which they were

bought.

2.1.1 Reacting acids

4-hydroxybenzoic acid (MW= 138.12 g/mol, d=1.46 g/chg SigmaAldrich 240141
Transferulic acid (MW= 194.18 g/mol, d=1.32 g/cin Fluka 46280
Vanillic acid (MW= 168.15 g/mol, d= 1.06 g/m¢.SigmaAldrich 94770

2.1.2Dibromoalkanes

1,4-dibromobutane (MW= 215.91 g/mol, d=1.808 g/milrluka34050

1,6-dibromoesane (MW= 243.97 g/mol, d=1.586 g/m¢.SigmaAldrich 629038

2.1.3Solvents

Chloroform (CHeg)l (MW= 119.37 g/mol, d=1.489 g/circ Sigma Aldrich 67663
Methanol (CHOH) (MW=32.04 g/mol, d2.6 g/cr) - Fluka 67561

Dimethyl sulfoxide (DMSO) (MW=78.13 g/mol, d=1.10 g/mk)SigmaAldrich 6768
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Water (MW=1802 g/mol, d=0.998 g/mLg SigmaAldrich 7732185

Toluene (MW=92.14 g/mol, d=0,866 g/chc SigmaAldrich 108883
Ethyl Acetate (MW=88.11 g/mol, d=0,902 g/mt,)SigmaAldrich 141886
Tetrahydrofuran (THF) (Mw=72,11 g/mol, d=0,889 g/mt,)SigmaAldrich 186562
Acetone (MW=58.08 g/mol, d=0,791 g/mt,)SigmaAldrich 67641

Dry N,NDimethylacetamide (MW=87,12 g/mald= 0,937 g/mL)Fluka 38839

Deuterated chloroform (CD£I(MW=128.38 g/mol, d=1.5 g/cing SigmaAldrich 151823
Diiodomethane (DIM) (MW=267.84 g/mol, d=3.32 g/chx, SigmaAldrich 75116

Isopropanol (MW=60.10 g/mol, d=0,785 g/mt,)SigmaAldrich 67630

2.1.4 Akanediols

1,10-decandiol (MW=174 g/mol, d=1.08 g/cf- Sigma Aldrich 112470

2.1.5 Lignins

Organosolv lignin, provided by ECN
Kraft lignin, THF soluble fraction of Indulin commercial lignin

Soda ligninProtobindlignin obtained from wheat straw/Sarkanda grass coming from soda pulping

of nonwoody biomass provided by Green Value

Pextlc Protobind extracted fraction in MEK, provided by Biobasicenvironnement
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2.1.6 Catalysts

Dibutykin dilaurate (DBTDL) (MW=631 g/mol, d= 1.06 g/ml-)Fluka 34930

2.1.7Acids and bases

Sodiumhydroxide (NaOH) (MW=40 g/mol, d= 2.13 g/cH- Sigma Aldrich 30620
Hydrochloric acid (HCI) (MW=36.46 g/mol, d= 1.187 g/cin Sigma Aldrich 7647010

Triethylamine TEA) (MW= 149.18 g/mol, d=1.126 g/én Riedelde-Hasn 16304

2.1.8NMR reagents

Anhydrous pyridine (Py) (MW=79.102 g/mol, d= 0.9783 g/&r; SigmaAldrich270970
2-chloro-4,4,5,5tetramethyl1,3,2dioxaphospholane (Phosphorylation reagent)

(MW=182.584 g/mold= 1.149 g/m).¢ SigmaAldrich 447536
Chromium (I1l) acetylacetote (relaxation reagent, CrAc)

(MW=349.32 g/mol, d= 1.35 g/cin SigmaAldrich 574082
EndoN-hydroxy5-norbornene2,3-dicarboximidg(Internal standard, 1S)

(MW=179.17 g/mol, d= 1.282 g/chn SigmaAldrich 226378
Dimethylformamide (MW=73.09 g/mol, d= 0.944 gfin- Baker Analyzed 7032

2.1.9Diisocyanates

Tolylene2,4-diisocyanate (TDI) (MW=174,14 g/mol, d=1,214 ghRlyka 89870
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2.1.10Salts

Potassium bromide (KBr)

Sodium azide (NajN

(MW=119 g/mol, d=2.75 g/cf- Sigma Aldrich 7758023

(MW=65.01 g/mol, d= 1.85 g/cin Sigma Aldrich 71289

2.1.11Inert gasses

NITROGEN N

ARGON (Ar)

2.1.120ther reagents

Ethylchloroformate

(MW= 108.52 g/mold=1.14 g/cn) - Fluka 23131
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2.2 Characterization techniques

In the following pages all the employed analytical techniques are introduced and explained.

2.2.1NuclearMagneticResonance (NMR)

NMR analysis is a spectroscopy technique based on the different magnetic features of atomic
nuclei. Everything charged and in movement has a magnetic moment which produces a magnetic
field; in this way spinning nucleus behaves as a magnetic bar orientédeorotation axis. The
magnet is named nuclear spin number (E%2)and when it isset in a wider external magnetic
field B, it can orient in two possible different ways: the spin can align withgainst the field, as

shown in Figure 2.1.

i@\@i g
O

Figure 2.1 alignment of the atoms according to aBxternal magnetic field

One of these two options is more probable and corresponds to the lower energy state. Between
these two states there is a gap of energy strictly connected to the intensity of the field applied.
This twostate description is appropriate for most nuclei obloigic interest includingH, **C*N,

1 31p_ After setting the sample in the external magnetic field, a Kgiquency wave is applied

and the excitation of the nuclei causes their flip from the lower energy state to the higher one and

an induced voklige is detected.

The folowing *H-NMR ChemDrawspectrumsimulation {H-NMRis the most common and easiest
NMR technique because it is the one regarding protons), repoatea clarification example

Figure 2.2is characterized by spectrundescribed ith four main features:

a) Number of signals: they show how many different protons are present;

37



b) Location of the signal or chemical shift: it gives the information about how much the protons
FNBE aKAStRSR® LG Aa YSIadznBR & ¥WNRUHBK LISHDNG S §

reference the shift value of a well known reference molecule;

c) Intensity of the signal: it is determined by the measurement of the peak area. It is directly

proportional to the number of protons filling the sampesition in the molecule;

d) Signal Splitting: indicates the number of protons on adjacent atom.

ChemNMR 'H Estimation

Estimation quality is indicated by color: good, medium, rough

I "

3 | 2 | 4 | 0

PPM

Figure 2.2: ChemDraw simulatét-NMR spectrum
Following all the information derived from the spectrum, it is possible to understand the
disposition ofthe hydrogen atoms along the molecule and therefore it is possible to deduce the
molecular structure of the molecule. Performing other typologies of NMR anal@sidN, *°F, *'P)
it is possible to evaluate the disposition of different functional grodpsexample,**F NMR has

been used in this thesis work to quantify the hydroxyl groups present in the [@B8jin
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All the analysis where performed inBauker Avance 500 spectrometand the obtained spectra

where investigated using MestreNova software.

2.2.2Fourier TransformInfraRed (FTIR)

FTFIR stands for Fourier Transform InfraRed and it is a technique used to identify the components
of a material with the use of IR radiatid@4][25][26]. When the sample is positioned, the IR
radiation passes through it andsome pat is absorbed by the sample whitee remaining part is
transmitted on the other sideThe results show the absorption and transmission creating a
molecular fingerprint of the sample.

The source emits the IR from a glowing btackly source; this beam enters the interferometer
that then produces a unique type of signal which includes all the infrared frequencies. Once the
signal has passed through the sample it arrives to the detector for final measurement. Then the
measured signas sent to the computer where the Fourier transformation takes p[2@¢

The daa analysis was done inOmnic Spda Software (Thermo Scientific), schematically
represented in Figure 2.8nd the set parametersra: resolution of 2 crit and 64 scansn a range

of wave numbers between 4000 and 400 tm

}]E[C]IELSO_\' cell DETECTOR SIGNAL PROCESSING AND
INTERFEROMETER compartment DATA RAPPRESENTATION
hx
i microprocessor display
R B ~p] display
C— 13 mirror
it T
)
— . =
— ' » ) interface ides
P ——
. semi-transparent
fixed mirror .
mirror sample
printer
O source

Figure 2.3: schematiepresentation of a FIR machine
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2.2.3Differential ScanningCalorimetry (DSC)

Differential Scanning Calorimetry or DSC is a dynamic experimental technique that detects the
exothermic and endothermic transitiortf a sample
DSC can be used to study the melting behaviour of a crystalline polymer or the glass transition
temperature (Tg). When a polymer is in a molten state and it is cooled, in some point it will reach
the ghss transition temperature (Tg). At that temperature, the mechanical properties of the
polymer change due to changes in chain mobility (the material passes from an elastic behaviour to
a brittle one). This transition does not occur at a unique temperatbrd,it is over a range of
temperatures; in the final DSC graph the Tg point is considered to be in the middle of the inclined
region[28].
During the analysis, heat is supplied or removed from the sample, with respect to a reference
standard, at constant temperature variation rate.
Once a known mass of the sample is introduced, this provides a signal of heat flux proportional to
the specificheat of the sample for each temperature appli€this technique allowed to detect
different thermal transitions occurring inside of the sample: each eventual crystallization, fusion,
evaporation and glass transition could be visualized as a sharp chanige heat flux value (on
the y-axis), according to the nature of the transition itself; a special mention, as already said, is
given to the glass transition, which appears as an endothermal sigmoidal change of the base line.
Three different temperature Maes for each sample transition are given: an Onset temperature
(Toonse), corresponding to the starting point of sigmoid, a different value, associated with the
inflection point of the profile (Tgeg} and a temperature taken as the average temperature
between those involved in the sigmoid @fig). Due to the kinetic nature of the glass transition, the
heating/cooling rate was always chosen as constant and equal to £20°C/min. The analysis normally
consisted of three thermal ramps, chosen as follow: froiQ% 150°C, from 150°C to 25°C and
from 25°C to 200°C.
Theory of DSC is usually based on heat transfer equaffiisto simulate heat flow into the
tested materials:

dQ/dt=n ¢E(T)
where E(T) is the proportionality factor and it depends upon ge®mmetry and materials of

construction of the differential temperature sensor.

40



A DSC 823e (Mettleroledo) instrument was used. The parts of the sys{sohematically visible
in Figure 2.4jnay be listed as:

1 the DSC sensopus their crucibles and signal amplifier;

1 the furnace, its temperature sensor and any cooling and atmosphere facilities;
1 the programmer or computer controller;
1

the recorder, plotter or data processor.

Atmosphere
Control
Programmer
or Computer
|
Coolinj
Control
Sensor Data Recorder
Amp or Computer

Figure 2.4: schematic presentation of a DS@achine

41



2.2.4ThermoGravimetric Analysis (TGA)

Thermogravimetric analysis is a technique devoted to high precision measurements of mass
variation as a function of temperature or timg9][30][31]

Before the analysis, a small portion of te@mple is loaded on an open pan made of platinum and
this is attached to a microbalance assembly, inside of the furnace of the instrument. Then, the
system measures the initial mass of the sample at room temperature and it continues measuring it
during the analysis development. This investigation could be either performed while a heating
ramp is applied, at constant heating rate, or even isothermally, once applied a fixed temperature
value. This type of analysis was used to evaluate the polymer degradatgrerature and its
general thermal behaviourNevertheless, eventual presence of residual solvent (or moisture) in
the sample could be also determined, as an initial weight loss, after which the TGA profiles will
typically reach a plateau to some constavetight level until the polymer degradation temperature
range is reached. To do gbe TGA instrument, a TGA Q 50 Instruments), was set to apply a
constant heating rate of 20°C/min, from 25°C to 800°C. All the analyses were performed both in
natural (air) and inert () atmosphere to take into account separately the polymer behaviour and
the role of oxygen in the degradation mechanism. The instrunieclhematically represented in
Figure 2.5)provides both the trend of the weight percentage (%) and tieight percentage

derivative (%/°C) as a function of the temperature (°C).

Photodiodes
Infrared LED

Meter movement —

Balance arm

Tare pan

Sample platform

Thermocouple

Sample pan ——
7 o
Furnace assembly — /

Purge gas outlet

Heater e

Elevator base

Purge gas inlet

Sample pan holder

Figure 2.5: schematic pgesentation of a TGA machine
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2.2.5 Optical Contact Angle (OCA)

Wettability with water and diiodomethane (DIM) was evaluated by measuring the statitact
Fy3tsS ¢ 4 GKS tAlJdARKkaz2t AR AYUSNFI OS g(sh OK A
shown in Figure 2.10Yhe resulting contact angle values were obtained by calculating the average

of the measurements performed on 15 dropletsposited on the coatings

Optical contact angle measurements were carried out using an OCA 20 instrument (Dataphysics
Co.), equipped with a CCD phatamera and with a 500 pl Hamilton syringe to dispense liquid
droplets on the coated substratgsigure2.11) Tess were performed at room temperature, using

the sessile drop technique.

Using the measured contact angles for two different wetting liquids, the surface energy for the
analyzed material was derived using the OWRK (Owens, Wendt, Rabel, and Ka#iel) meich

yields the surface energy of the solid tog with its polar and dispersivaomponents.

ysfzysv-'-yfv_z }/Sa;}/;_z }/;!:,y;,) y]\-'cosg=]/51’_]/m?

Figure26:OWRKQa SljdzZt GA2Y Figue2.7:Yound2a SljdzZ GA2Y

Combining the OWRK equatigfigure 2.6 A (1 K (0 KS (Fyds/ A7as pasyife to

obtain a final equatin (Figure 2.8}hat, once lin@rized, gives the value of the surface tension.

2 N

Figure 2.8: global surface tension equation

(Uteost) 7, _ |rari | [y
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In the equations above the subscripts |,v and s stordliquid phase, vapour phase and solid
phase respectivelyisible in Figure 2.9Wwhile the superscripts p and d stand for polar forces and

dispersion forces.

-

SUBSTRATE SUBSTRATE

vapor 6 = contact angle

180° >0 > 90° 0°<0<90°

! !

Poor wetting Good wetting

Vsv

solid

Figure 2.9: reresentation of¢ angle components Figure 2.10: wetting behavior \th respect tog

Push Block
»
Em—

Screw

Motorized Syringe
Assembly

/
Hi-Mag Lens Stepping Motor LED Back Light

[Syringe Control
Image Process
Calculations

/ [ |
Sample Stage IElevation

Focusing

Image Grabber

Figure 2.11: experimental set up of the OCA test
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2.2.6Pull off test

Adhesion is defined as the intatomic and intermolecular interaction that is established at the
interface of two surfaces. Any consideration of adhesion mechanisms requires the knowledge of
the physical and chemical properties of the adhering surfaces. In literature adhesion is d#scribe
through its subdivision in three main adhesion mechanisms: mechanical coupling, molecular
bonding, and thermodynamic adhesion. The mechanical coupling or interlocking adhesion
mechanism is based on the adhesive penetrating into the surface of the stédbéstech as in the

case of glue on wood). Molecular bonding is the most widely accepted mechanism for explaining
adhesion between two surfaces in close contact; it involves intermolecular forces between
adhesive and substrate sudcs dipoledipole interactons, van de Waals forces and chemical
interactions like ionic, covalent and metallic bonding. This mechanism describes the strength of
the adhesive joints by the presence of interfacial forces and also polar groups. Molecular bonding
mechanisms requiresa deep contact between the two substrates. However, intimate contact
alone is often insufficient for good adhesion at the interface; this could be due to the presence of
defects, cracks and air bubbles. The thermodynamic mechanism presents an advantagigeove
20KSNJ YSOKIyAaYaxz aiayos Al R2SayQi ySoSaaiil
an equilibrium procss established at the interfa¢a2].

Several adhesion measurement technigues exist, able to highlight different surface properties of
the materials; in this work, a PosiTest-MTManual adhesion PUIQFF teste Figure 2.12as

used to evaluate the adhesion of several coatings on differerdistsates. In particular, it
measures the force required to pull a specified coating area away from its substrate using
hydraulic pressure.

The steel dollies of 20 mm in diameter are bonded to the coated substrates Asatgjte 2011
glue;after a suitabé curing treatment (40 °C overnight) that allows the glue to dry, the dollies are
vertically pulled off via the PosiTest, which gives as result the force in MPa applied for the

detachment.
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Actuator Handle Pump Handle

Figure 2.12: PosiTest A manual instrumentation

2.2.7Plasmatreatment

An air plasma treatment with a Kenosistec Plasma System equipped with a Gambe®F2GK
power supply(Figure 2.13 and Figure 2.14ps carried out on the substrate prior to the layer
deposition, immediately after cleaning wigbap andacetone.For the plasma treatment, the RF

power supply was set to 180 W for 900 s.

Figure 2.13: Plasma machine in function Figure 2.14: Instrumentation diagram of plasma machine
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2.2.8Spin coating

For the spin coating depositions, \WS400BZ6NPP/LITE (Laurell) spin coater was employed

(Figure 2.15)Enough drops of the solutions were carefully poured on the chosen substrate until
complete creation of a film. Then, the substrate was forced to rotate around its vertical axis: once
equiibrium was reached, between outward centrifugal force and inward viscous force, a uniform
film, with homogeneous thickness was obtained. Deposition duration was normally set as 30

seconds with an angular velocity of 400 r.p.m..

Figure 2.15 Spincoating machine used during the test
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3.RESULBAND DISCUSSION

3.1 Introduction

The real core of this thesis work is the production of fullytmsed and bialerived polyurethane
coatings; this means that both the iscocyanate and the polyol involved in the polyurethane
reaction must be lignin derived and that no-based compound mat be used. This goal was
achieved choosing lignin as polyol, using therefore its hydroxyl groups, and synthesizing
isocyanates starting from compounds completely lignin derived; in particular, these compounds
are derived from lignin d@olymerization proess that, starting from big and complex molecules

typical of lignin, gives smaller and useful compounds.

The work, therefore,has been started with the synthesis of different isocyanates for the
successive reaction with the hydroxyl groups of the ligminoider to produce polyurethane

materials.
The starting molecule@heir structure is shown in Figure 3dged in this work are:

1 4-hydroxybenzoic acid
M Transferulic acid

M Vanilic acid

All those three acigslare characterized by the presence of an aromaitigy which increase the
mechanical properties of the final prodyca carboxylic group and an hydroxyl group in para
position with respect to the carboxylic one; they can also have anmwthyl group in meta

position with respect to the carboxylic group

Those functionalities are essential in order to carry out the synthesis of the diisocyanates with a

procedure which has been found in literaty&3].

Moreover, in this work two different dibromoalkanes have been employed in order to change the

distancebetween the two aromatic rings in the final diisocyanate; the two dibromoalkanes are:

1 1,4¢dibromobutane
 1,6-dibromoesane
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Every product coming out at every step of the synthesis has been analyzetHWNR and FTIR

in order to check the good succedstloe reaction.

The general procedure for the production of the lignin derived diisocyanates is the following:
starting from the acid a diacid is obtained with the insertion of a dibromoalkane that has the
function of increasing the length of the molecutbg diacids are used for the synthesis of azides
with a chemical reaction called Curtius rearrangement; finally the azides are reacted andsheir N
groups are substitutes with the isocyanate one (NCO). At this point diisocyanates are reacted with
lignin n order to produce a polyurethane polymer. The general schermé¢he reactions is

reported in kgure3.1.

O
OCN
0, T

@)
OH O/\/\/
4-hydroxybenzoic acid 4-hydroxybenzoic diisocyanate NCO
(0]
N
A OH ocC pZ ~o
» 0]
(ONQ (ONQ = NCO
trans-ferulic acid trans-ferulic diisocyanate

R sonae s

vanillic diisocyanate_C6

OCN
~o
I O\@\
NCO

vanillic acid

o

~
vanillic diisocyanate_C4
HO\
_ Lignin/OH
HO \
OH

i

Polyurethane polymer

Figure3.1: general scheme of the work
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3.2 Synthesis ofl-hydroxybenzoialiisocyanate

Step |
Reaction scheme

0
O Br/\/\/Br HOJ\©\
HO o
J\©\ NaOH, H,O 0NN
OH 24 h OH

EZ3 O

Table 3.1: reagents starting quantities forllydroxybenzoic diacid synthesis

‘ Starting quantity

4-hydroxybenzoicacid 12.76 g

NaOH in water 2 gin 100 mL
1,4-dibromobutane 1.2mL
Procedure

A three necked rourdbottom flask equipped with a reflux condenser, a nitrogen inlet and an
additional funnel was charged withydroxybenzoic acid and with a solution of sodium hydroxide
and water. The reaction mixture was refluxed for 1 h and thendipdomobutane was added
drop-wise over a period of 30 min and refluxing was continued for 24 h. The reaction mixture was
cooled and washed with ethyl acetate and the aqueous layer was acidified with aqueous

hydrochloric acid. The precipitate was filtered and dried under vacuum.

4-hydroxybenzoic diacidbtained: 1.2 g
Molar Yield : 36 %
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'H NMR spectrum of the product (reported in Figure 3.2) proves the good success of the reaction;
in this figure, every NMR peak is associated to the hydrogens of the molecule proving its right

formation.

O
b
aHO c
d e [
b O
o b
a
C OH
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Figure 3.2'"H NMR spectrum (in gcDMSO, 400 MHz) of-Bydroxybenzoic diacid
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Step Il

Reaction scheme

O

HO)K©\ EZ3
O/\/\/O
OH

o o)
IS
(CoHs)3N, CI” "OC,H5 0°C,8h
NaN,, THF:H,0

N;OC
\©\O/\/\/O\©\ EZ5
CONjy

Table 3.2: reagents quantities for-dydorxybenzoic azideynthesis

I

4-hydoxybenzoic diacid 129

Mixture THF:water (3:1 v/v) 15 mL:5 mL
Mixture TEA in THF 29 mLin4 mL
Ethylchloroformate 2 mL

Solution of NaN in water 1.87gin7.2mL
Procedure

A threenecked rounebottom flask equipped with aeflux, a nitrogen inlet and an adain funnel

was charged with 4hydroxybenzoic diacichnd a mixture of tetrahydrofuran and water. The
reaction was cooled to 0 °C and a solution of trimethylamine in tetrahydrofuran was added drop
wise over a period of 1kinutes. To the reaction mixture, ethylchloroformateas added drop

wise over a period of 10 minutes and stirred for 2 hours. A solution of sodium azide in water was
added dropwise over a period of 10 minutes and the mixture was stirred at 0 °C for & lama

then at room temperature for 4 hours. lamld waterwas added gradually to the reaction mixture
when the solid precipitated out. The precipitate was filtered and washed with water. The product
was dissolved in dichloromethane and washed with wadieied over anhydrous sodium sulfate,

filtered and concentrated under reduced pressure to afford a white solid.
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4-hydorxybenzoic azidebtained: 0.5 g
Molar Yield: 36 %

'H NMR spectrum of the product (reported in Figure 3.3) proves the good successreftiien;

in this figure, every NMR peak is associated to the hydrogens of the molecule proving its right

formation.
) O
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b d
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Figure 3.3'"H NMR spectrum (in CDCH00 MHz) of qydorxybenzoic azide
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Step 1l

Reaction scheme

N;OC
T
CONj;

dry toluene
8h, 80° C

OCN
\©\ /\/\/O
L
NCO

Table 3.3: reagents quantities fordydroxybencoic diisocyanate synthesis

' 4-hydroxybenzoic azide 05 g
Dry toluene 10 mL
Procedure

A two necked roundottom flask equipped with a reflux condenser anchi&rogen inlet was
chamged with 4hydroxybenzoic azidand dry toluene. The reaction mixture was heated at 80 °C
for 8 hours. The toluene was removed under reduced pressure ankite wolid compound was

obtained.
4-hydroxybencoic diisocyanatibtained: 26 mg

Molar Yield: 62 %
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'H NMR spectrum of the product (reported in Figure 3.4) proves the good success of the reaction;

in this figure, every NMR peak is associated to the hydrogens of the molecule proving its right

formation.
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Figure 3.4™H NMR spectrum (in CDCHR00 MHz) of hydroxybencoic diisocyanate
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FTFIR spectra (reported in Figure53 prove the disappearance of the azide (peak at 2130) and the
formation of the diisocyanate (pealat 2277), confirming once again the good success of the

synthesis.
4-hydorxybenzoic azide AR(KBrp £ )Q2¥30; 4-hydroxybencoic diisocyanate FE(KBrp =

cm?): 2277, 3320.

213015

Absorbance

5 0 b . . ' . . . . ' . . . f 0 . . B . ' . ? . . ' i
4000 3500 3000 2500 2000 1500
Wavenumbers (cm-1)

Figure3.5: FTIR of-shydoxybenzoic azidégreen) and 4hydroxybencoic diisocyanate (red)

3.3 Synthesis of tranderulic diisocyanate

Step |

Reaction scheme

o)
o)
Br
- /\/\/O
HO NaOH, H,0 ) O ©\/\(OH
O 24 h >
o)

EZ4
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Table 3.4: reagents starting quantities for trafisrulic diacid synthesis

Starting quantity

Transferulic acid 3.88¢

NaOH in water 2 gin 100 mL
1,4-dibromobutane 1.2mL
Procedure

A three necked roundbottom flask equipped with a reflux condenser, a nitrogen inlet and an
additional funnel was charged with traffisrulic acid and with &olution of sodium hydroxide and
water. The reaction mixture was refluxed for 1 h and thendiBfomobutane was added drep
wise over a period of 30 min and refluxing was continued for 24 h. The reaction mixture was
cooled and washed with ethyl acetate artbe aqueous layer was acidified with aqueous

hydrochloric acid. The precipitate was filtered and dried under vacuum.

Transferulic diacidobtained: 2.9 g
Molar Yield: 65 %
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'H NMR spectrum of the product (reported in Figure 3.6) provegttel success of the reaction;

in this figure, every NMR peak is associated to the hydrogens of the molecule proving its right

O b 4 %
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Figure 3.6™H NMR spectrum (ingkDMSO, 400 MHzof transferulic diacid
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Step Il

Reactionscheme
0 ~
HO™ ~F o) EZ4
O/\/\/O
O ~_OH
o)
0

(CaHs)3N, Cl)kOCsz 0°C,8h
NaNs, THF:H,0

N3OC._~ ~0
\/\©\O/\/\/O\©\/\ EZ8
SN Z>CONs

Table 3.5: reagents quantities for trarferulic azide synthesis

A

Transferulic diacid 292¢g

Mixture THF:water (3:1 v/v) 25 mL:10 mL
Mixture TEA in THF 5.5mLin 6.6 mL
Ethylchloroformate 3.8 mL

Solution of NaN in water 3.43 gin 10 mL
Procedure

A threenecked rounebottom flask equipped with a reflux, a nitrogen inlet and an &ddifunnel

was charged with tranterulic diacidand a mixture of tetrahydrofuran andater. The reaction

was cooled to 0 °C and a solution of trimethylamine in tetrahydrofuran was addedvdsepover

a period of 15 minutes. To the reaction mixture, ethylchloroformate was added-dis@ over a
period of 10 minutes and stirred for 2 hous.solution of sodium azide in water was added drop
wise over a period of 10 minutes and the mixture was stirred at 0 °C for 2 hours and then at room
temperature for 4 hours. lceold water was added gradually to the reaction mixture when the
solid precipiated out. The precipitate was filtered and washed with water. The product was
dissolved in dichloromethane and washed with water, dried over anhydrous sodium sulfate,

filtered and concentrated under reduced pressure to afford a white solid.
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Transferulicazideobtained: 1.9 g
Molar Yield: 58 %

'H NMR spectrum of the product (reported in Figure 3.7) proves the good success of the reaction;

in this figure, every NMR peak is associated to the hydrogens of the molecule proving its right

formation.
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Figure 3.7'H NMR spectrum (in CDC#00 MHZ of transferulic azide
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Step 1l

Reactionscheme

dry toluene
8h,80°C

OCN % \O
O/\/\/O\©\/\
= NCO

O\
EZ9

Table 3.6: reagents quantities for trarferulic diisocyanate synthesis

Quantity
' Transferulic azide 05 g
Dry toluene 10 mL

Procedure

A two necked roundottom flask equipped with a reflux condenser and arogen inlet was
charged with tranderulic azideand dry toluene. The reaction mixture was heated at 80 °C for 8
hours. The d¢luene was removed under reduced pressure and latevsolid compound was

obtained.
Transferulic diisocyanat@btained: 1 g

Molar Yield: > 90%
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'H NMR spectrum of the product (reported in Figure 3.8) proves the good success of the reaction;
in this figure,every NMR peak is associated to the hydrogens of the molecule proving its right

formation.
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Figure 3.8"H NMR spectrum (in CDCHO0 MHz) of tranderulic diisocyanate
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FFIR peak value&eported in Fgure 3.9) prove the disappearance of the azide (2138™mand
the formation of the diisocyanate (2261 &n confirming also in this case the possibility of

obtaining the desired diisocyanate from the synthesis.
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Figure 3.9: FTIR of trafferulic azide (red) andrans-ferulic diisocyanatg(light blue)

3.4 Synthesis of vanillic diisocyanate C4

Step |

Reaction scheme

0
0
T ~o
HO o

NaOH, H,0 0T
! OH 24h O OH
~

EZ6 0

Table 3.7: reagents starting quantitider vanilic diacid_C4#ynthesis

Starting quantity

Vanillic acid 3.369g
NaOH in water 2 gin 100 mL
1,4-dibromobutane 1.2mL
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Procedure

A three necked roundbottom flask equipped with a reflux condenser, a nitrogen inlet and an
additional funnel was charged with vanillic acid and with a solution of sodium hydroxide and
water. The reaction mixture was refluxed for 1 h and then-digromobutane was added drep

wise over a period of 30 min and refluxing was continued for 24 h. The reaction mixture was
cooled and washed with ethyl acetate and the aqueous layer was acidified willeoas

hydrochloric acid. The precipitate was filtered and dried under vacuum.

Vanillic diacid_Cdbtained:1.59
Molar Yield: 40 %
'H NMR spectrum of the product (reported in Figure 3.10) proves the good success of the reaction;

in this figure, every NMReak is associated to the hydrogens of the molecule proving its right

formation.
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Figure 3.10'H NMR spectrum (ingcDMSQ 400 MH3 of vanillic diacid_C4
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Step Il

Reaction scheme

(C2Hs)3N, Cl)I\OCsz 0°C,8h
NaN3, THF:H,0

N3OC \O
O/\/\/O\@ EZ11

O~ CON,3

Table 3.8reagents quatities for vanillic azide_C4ynthesis

‘ Quantity

Vanillic diacd 4 ~ 15g¢g
Mixture THF:water (3:1 v/v) 15 mL:5 mL
Mixture TEA in THF 3.2mLin4 mL
Ethylchloroformate 2.2 mL
Mixture of NaN; in water 2gin 58 mL

Procedure

Athree-necked rounebottom flask equipped with a reflux, a nitrogen inlet and an &ddifunnel

was charged with vanillic diacid_@1d a mixture of tetrahydrofuran and water. The reaction was

cooled to 0 °C and a solution of trimethylamine in tetrahydrafuwas added dropvise over a

period of 15 minutes. To the reaction mixture, ethylchloroformatas added dropvise over a

period of 10 minutes and stirred for 2 hours. A solution of sodium azide in water was added drop

wise over a period of 10 minutes @he mixture was stirred at 0 °C for 2 hours and then at room

temperature for 4 hours. lceold water was added gradually to the reaction mixture when the

solid precipitated out. The precipitate was filtered and washed with water. The product was
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dissolvel in dichloromethane and washed with water, dried over anhydrous sodium sulfate,
filtered and concentrated under reduced pressure to afford a white solid.

Vanillic azide_Cdbtained:840 mg
Molar Yield: 50 %

'H NMR spectrum of the product (reported in Figi3.11) proves the good success of the reaction;

in this figure, every NMR peak is associated to the hydrogens of the molecule proving its right

formation.
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Figure 3.11'"H NMR spectrum (in CDCR00 MH3 of vanillicazide_C4
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Step 1l

Reaction scheme

N3;OC
3 \O
O/\/\/O\©\ EZ11

0]

~ CONj4
dry toluene
8h, 80°C
OCN
o
O/\/\/O@ EZ12
BN NCO

Table 3.9reagents quatities for vanillic diisocyanate_Cdynthesis

Vanillic azide_C4 720 mg
Dry toluene 10 mL
Procedure

A two necked roundottom flask equipped with aeflux condenser and a ndgen inlet was
charged with anillic azide_C4nd dry toluene. The reaction mixture was heated at 80 °C for 8
hours. The toluene was removed under reduced pressure anchiéevsolid compound was

obtained.
Vanillicdiisocyanate_Cdbtained: 615 mg

Molar Yield: > 90%
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'H NMR spectrum of the product (reported in Figure 3.12) proves the good success of the reaction;

in this figure, every NMR peak is associated to the hydrogens of the molecule proving its right

formation.
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Figure 3.12'"H NMR spectrum (in CDC#00 MH3 of vanillic diisocyanate_C4
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FFIR values prove the disappearance of the aZjueak at 2140 cif) and the formation of the
diisocyanate (peak at 2291 ely) as visible in Figure 3.13
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Figure 3.13: FTIR of vanillic diacid_C4 (violet), vanillic azide_C3dretivanillic diisocyanate_ C4 (green)
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3.5 Synthesis of vanillic diisocyanate C6

Step |

Reaction scheme

o 0
AN Br
Br HO ~o
HO . o
NN
NaOH, H,0 0
OH  24n O OH
O\
EZ27 o

Table 3.10: reagents starting quantitider vanillic diacid_C&ynthesis

‘ Starting quantity ‘

Vanillic acid 3¢

NaOH in water 1.785gin 90 mL
1,6-dibromoesane 1.37 mL
Procedure

A three necked roundbottom flask equipped with a reflux condenser,ndrogen inlet and an
additional funnel was charged with vanillic acid and with a solution of sodium hydroxide and
water. The reaction mixture was refluxed for 1 h and thendil§omoesane was added drepise

over a period of 30 min and refluxing was dantd for 24 h. The reaction mixture was cooled and
washed with ethyl acetate and the aqueous layer was acidified with aqueous hydrochloric acid.

The precipitate was filtered and dried under vacuum.

Vanillic diacid_C6 obtained: 1.380 g
Molar Yield: 37 %
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'H NMR spectrum of the product (reported in Figure 3.14) proves that the reaction has gone

properly but the purity is not so good because the peaks present in the spectrunoatkeenonly

ones regarding varit diacid_C6, meaning that a mixture of guets has been formed.
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Figure 3.14'H NMR spectrum (ingkDMSO, 400 MHz) of vanillic diacid_C6
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Step Il

Reaction scheme

J
(CoHs)3N, CI™ "OCaoHg 0°C,8h
NaN3, THF:H,O

N3OC \O
EZ28
/\/\/\/O
° L

RN CONj3

Table 3.11reagents quatities for vanillic azide _C8ynthesis

‘ Quantity
Vanillic diacid_C6 - 1.380 ¢
Mixture THF:water (3:1 v/v) 124 mLin4.1mL
Mixture TEA in THF 2.74 mLin 3.3mL
Ethylchloroformate 1.9mL
Mixture of NaN; in water 1.716 gin 4.9 mL

Procedure

A threenecked rounebottom flaskequipped with a reflux, a nitrogen inlet and an adalit funnel

was charged with vanillic diacid_@6d a mixture of tetrahydrofuran and water. The reaction was
cooled to 0 °C and a solution of trimethylamine in tetrahydrofuran was added-dreg over a
period of 15 minutes. To the reaction mixture, ethylchloroformatas added dropvise over a
period of 10 minutes and stirred for 2 hours. A solution of sodium azide in water was added drop
wise over a period of 10 minutes and the mixture was stirred & @or 2 hours and then at room
temperature for 4 hours. lceold water was added gradually to the reaction mixture when the

solid precipitated out. The precipitate was filtered and washed with water. The product was
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dissolved in dichloromethane and washedth water, dried over anhydrous sodium sulfate,

filtered and concentrated under reduced pressure to afford a white solid.

Vanillic azide_Cébtained: 320 mg

Molar Yield: 20 %

'H NMR spectrum of the product (reported in Figure 3.15) proves that thetiosahas gone

properly but the purity is not so good because the peaks present in the spectrum are not the only

ones regarding vanillic azide_C6, meaning that a mixture of products has been formed.
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Step 1l

Reaction scheme

N3;OC
3 \O
o EZ28
o R S e \@\

(0]
~ CONj
dry toluene
8 h, 80°C
OCN
o
(0]
NN @ EZ29
(0]
~ NCO

Table 3.12reagents quatities for vanillic diisocyanate C8ynthesis

Vanillic azide_C6 320 mg
Dry toluene 4 mL
Procedure

A two necked rounebottom flask equipped with a reflux condenser and a ogen inlet was
charged with vanillic azide_Gfhd dry toluene. The reaction mixture was heated at 80 °C for 8
hours. The toluene was removed under reduced pressure anchiéevsolid compound was

obtained.
Vanillic diisocyanate_Qibtained: 223 mg

Molar Yield: > 90 %
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'H NMR spectrum of the product (reported in Figure 3.16) proves that the reaction has gone
properly but the purity is not so good because the peaks present in teetspn are not the only

ones regarding vanillic diacid_C6, meaning that a mixture of products has been formed.
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Figure 3.16'"H NMR spectrum (in CDECH00 MHz) of vanillic diisocyanate C6

FFIR values prove the disappearance of the aZjueak at 2143 cif) and the formation of the
diisocyanate (peak at 2288 efy) as visible in Figure 3.17
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Figure 3.7: FTIR of vanillic azide_C6 (green) and vanillic diisocyanat¢&re@p

At this point, achoice between the four isocyanates has been performed taking as detegnini

parameters the yield, the purity and thelubility of the final prodat as shown in Table 3.13.

Table 3.13: final characteristic of the synthesized isocyanates

Name Structure Solubility Yield Purity
4  OON_A~_  Lowin Good
hydoxybenzoic \O\O/\/\/O commercial 13 % purity
diisocyanate \O\NCO solvents from NMR
spectrum
Transferulic OCN._~ ~o Low in Good
diisocyanate \/\©\O/\/\/O\©\/\ commercial 38 % purity
BN Z NCO
solvents from NMR
spectrum
Vanillic OCN ~o0 Good
diisocyanate_C4 \Q\O/\/\/O\@ Good 20 % purity
ok NCO from NMR
spectrum
Vanillic OCN ~o Low purity
diisocyanate_C6 \©\o/\/\/\/0\©\ Good 7% from NMR
O~ NCO spectrum
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In particular, 4-hyoxybenzoic diisocyanate and trafesuilc diisocyante were discarded for
solubility reasons meaning that they were not soluble in the traditional solvents where the
subsequent polymerization reaction should be done; vanillic disocianate C6 was efichiast
potential candidate for the next steps for purity reasons meaning that the spectra from the NMR
were not so clear due to the presence of a mixture of products all together with the isocyanate;
therefore, according to thes cansiderations, vanillic diocyanate_C4 has been dsm as the
reference isayanate, being well soluble in many solvents and characterized by a synthesis path
with an acceptable yield and good level of purity and therefaltethe following polymerization
tests have been carriedut using it. Before moving on four more batches have been syrtbdsi
scaling up the quantities, in order to have enougdnillic disocyanate C4to work with. The

guantities used in the scale up syesis are reported in Table 3.14.

Table 3.14reagent quantities used in the scale up synthesis of vanillic diisocyanate_C4

e

Vanillic acid 10 g

NaOH in water 5.946 g in 297.35 mL
1,4-dibromobutane 3.55 mL

Obtained dacid 4.89¢

Mixture THF:water (3:1 v/v) 47.06 mL in 15.69 mL
Mixture TEA in THF 10.44 mL in 12.55 mL
Ethylchloroformate 7.2 mL

Mixture of NaN; in water 6.53 gin 18.82 mL
Obtainedazide 234¢g

Dry toluene 28.35 mL

This scale up reaction hagen carried out with a final molar yeéeequal to 20 % and this value is

in line with the one obtaned for the small productionysithesis, as shown in Table 3.13.

In Figure 3.19 and 3.20 two moments of the vanillic diisocyanate C4 synthesis are visible.
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The global scheme of theeale upreactian is shown in the figure belogFigure 3.18)

(e} (o}
Br
HO Br > HO ~o
O
o NaOH, H,O O/\/\/
a
(0] 12 o) OH
>~ Reflux, 24 h ~
(6]

1 2
TEA, Ethylchloroformate
NaNj;, THF:H,0
0°C-RT,8h

_N ~ O
o 0 Toluene N
o O 80°C,8h N3 o
-0 o/\/\/o
(ONG N/’C
(ONg N3
(o)
4 3

Figure 3.18global scheme of raction for the synthesis of vanillic diisocyanate_C4

Figure 3.19lab desk where the synthesis were performe

Figure 3.20photo of vanillic azide_C4 synthes
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3.6 Preliminary polymerization tests

At this point, the diisocyanates were ready to be used for the making of the polyurethane
following the classical reaction betweddH and NCO group$ome preliminar polymerization

tests have been performed in order to understand the behavior of the system and its reactivity in
different conditions; for this reason, in the very first polymerization tests polyols, isocyanates and
solvents have been changed time by timeonder to try to find the best conditions for the cross
linking following differentprocedures found in literaturg34][35][36][37][38]. The reactions
presented in this section have the primary goal of understanding test by test what could be the
best conditions for the polymerization; for this reasons, no characterization has been performed
on these samples but just notes and tips have been recorded experiment by experiment in order
to optimize as much as possible the further reactioAsother thing hat is important to say
before starting with these tests is that, except for the first one (EZ13) all the following polymers
are going to be branched polymers because lingnin has much more than two OH groups and
therefore it will form not a linear polymewith the diisocyanate but a more complex and knotty

structure.
Experiment EZ13

Reaction scheme

_N
< o
o O\©\
o)

o) _C”
> Ez12 N
HO, OH | 80°C,8h
M1O dry toluene
DBTDL

EZ13 n
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Table 3.15reagents quantitiefor EZ13synthesis

e

Vanillic diisocyanate_C4 60 mg
1,10decandiol 27.2 mg
Dibutyltindilaurate (DBTDL) 1uL
Dry toluene 11 mL
Procedure

In a 25 mL thre@ecked round bottle flask equipped with reflux condenser and nitrogen inlet, 27,2

mg of 1,10-decandiol and 60 mg ofawillic diisocyanate CHave been dissolved in 10 mL of dry

G2t dzSySe m >[ 2F 5.¢5[ ¢la RAaaz2zt SR Ay ™M Y]
reaction has been conducted at 80 °C for 8h, left stirring at room temperature overnight and then

the toluene has been removed dar reduced pressure. The obtained product was dissolved in

CHGJand precipitated by addition of methanol. The solid has been filtered and dried in vacuum.
Yield w/w: 75 %
Comments

This synthesis can be considered as the stangatgmer synthesisThe poduced polymer is a
linear one being the reagents involved bothfbinctional (an isocyanate with two NCO groups and

a commercial diol with two OH groups); this means that the obtained polymer can not be a
reticulated one. The reticulation of the polymes not the interest of this experiment that was
instead performed to check the consumption of the isocyanate in the reaction; this check was
done looking at HR peakgshown in Figure 3.21) that in faptove polymer formation (3310,
1700 cm™) and disapparance of NCO peak (2295 Bm
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Figure 3.21: FTIR of vanillic diisocyanate_C4 (green) and EZ13 (red)

Experiment EZ16 A and EZ17

Reaction scheme

o) _C”
S Ez12 N
80°C, 8h
Pext1 dry toluene
DBTDL
-\ H _
+Pext1” o
(@] (@]
O\ NJ\O/ Pext1—
H
L EZ16 A Jq
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Table 3.16reagents quantitiedor EZ16 Asynthesis

e

Vanillic diisocyanate_C4 30 mg
Pextl 75 mg
Dibutyltindilaurate (DBTDL) 1uL
Dry toluene 12 mL
Procedure

In a 25 mL thremecked round bottle flaskquipped with reflux condenser and nitrogen inlet, 75

mg of Pextl have been dissolved in 10 mL of dry toluene at 40 °C for 2 h. The solution has been
cooled to roomtemperature, and 30 mg ofawillic diisocyanate C4 dissolveda separate vial in
1mLofRNE (2ftdsSyS KIS 6SSy I RRSR® m>[ 2F 5. ¢5]
added to the mixture. The reaction has been conducted at 80 °C for 8 h, left stirring at room
temperature overnight, heated again at 80 °C for 4 hours and evaporated uedeced pressure.

The obtained product was dissolved in GH@d precipitated by addition of methanol. The solid

has been filtered and dried in vacuum.
Yield w/w: 15 %
Comments

This experiment was performed to have a very first idea of the reactivigylighin; a well soluble

lignin has been chosen in order to avoid all the problems regarding solubility of the reagents and
be free of focusing on other parameters. The NCO:OH molar ratio chosen for this test is 3:1 and
the resulting yield (w/w) is 15 % vdh is too low for an industrial future application. Poor
solubility of the polymer is observed and this is in line with the fact that the obtained product has
a reticulated structure (being lignin pefynctional from hydroxyl groups point of view) artdg

well known that reticulated polymers are insoluble in many commercial solvents. Again the
consumption of the isocyanate (peak at 2294-t)ris checked lookg at FTIR peaks (Figure 3.22):

the peak of the red line (the one of the isocyanate) disapp@arthe spectra of the polymers

meaning that no more isocyanate is available in the reaction system.
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Figure 3.22: FTIR of vanillic diisocyanate_C4 (red), EZ16A (green) and Pextl (violet)

The solution obtained after the filtration has been dried in wamuand the solid obtained (EZ16C)
has been analyzed with FTIR. From the spectrum béfogure 3.23)it appears that EZ16@ed

line) is mainly composed by the diag lignin fraction Pextl (violdine).
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Figure 3.23: FTIR of EZ16C (red) and Pexdletyi

Another reaction (called experiment EZ17) has been done in the same conditions of the previous
one except for the NCO:OH molar ratio (3.ifilthis casg that has been increased a little bit by

putting less lignin and the solvent volume that has been doubled in order to see if the starting
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concentration of the reagents have any effect. The final yield (w/w) is 23 % which is still too low
for a future indwstrial production. Also in this test, poor polymer solubility has been observed,

proving once again the reticulated nature of the final product.

Experiment EZ1&nd EZ19

Reaction scheme

_N
< ~o
0" O\©\
.0
c

EZ12 N~

80°C,8h
dry N,N-Dimethylacetamide

O\H/N
/ \ o O/\/\/O\@ 0] \ A
ONG NJ\O/ Pe<t1—

L EZ16 A Jn

Pext1

Table 3.17: reagents quantitieler EZ18ynthesis

e

Vanillic diisocyanate_C4 25 mg
Pextl 50 mg
Dibutyltin dilaurate (DBTDL) 5uL
Dry N,NDimethylacetamide 20 mL
Procedure

In a 50 mL twenecked round bottle flask equipped with reflux condenser and nitrogen iblet,
mg of Pextl and 25 mg efnillic diisocyanate CHave been dissolved in 19 mL of dry N,N
5AYSiKet | OSiGlIYARS® p >[ 27F 5. ¢50OimethyNBatainplaza t &
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was added to the mixture. The reaction has been conducted at 80r°€h, left stirring at room

temperature overnight, heated again at 80 °C for 4 hours and evaporated under reduced pressure.
Comments

In this experiment, the real focus is on the solvent that has been changed passing from toluene to
N,N-Dimethylacetami@; the result is a complete and easglubilization of lignin in the solvebut
also adifficult evaporation of the solvenat the end of the procedure antherefore no product

guantification and FIR analysis was possible.

Another experiment has been de (EZ19) in the same conditions except for the solvent volume
employed(less than one fourth with respect to the previous experimentdrder © see if having
less solvent could mean easier evaporation step but that was not the case because it was still

impossible to evaporate the solvents, recover and analyze the product due to its stickiness.

Experiment EZ20EZ21, EZ22 and EZ23

Reaction scheme

1
I
~
]

NCO Soda lignin \(n)/ S”ggian B
60 °C, 24 h ] \ e) NH / -
NCO dry THF ~-Sodalignin™™
L/ \ 0 dn

Procedure

In a 25 mL twenecked round bottle flask equipped with reflaendenser and nitrgen inlet, 100
mgofSodd A Iy Ay KI @S 0SSy RA&aazt @dSR Ay nzZdg Y[ 27F
dry THRand different volumef tolylene2,4-diisocyanate and has been prepared and added to
the mixture. The reaction hdseen conducted at 60 °C for 8 h, left stirring at room temperature
overnight and heated again at 60 °C for 4 hours. The mixture is cooled in an ice bath, and water is

slowly added to precipitate the polymer which is then filtered and dried under reduceskpre.
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Comments

These last four tests have been done using a commercial diisocyanate (TDI) in order to not
consume too much the synthesized one for these preliminary test; moreover another solvent, THF,
has been tested with good results both from a salityo of the reagentgoint of view and from a
recovery of the product after the evaporation step. According to these considerations, it is
possible to say that THF is the perfect solvent for the polymerization reaction and therefore it will
be used in althe following reactions. The difference between the four test is the NCO:OH molar

ratio that changes time by time as reported in Table 3.18.

Table 3.18reagents quantitiefor EZ20synthesis

‘ Molar Ratio NCO:OH

EZ20 1.8:1
EZ21 3.7:1
EZ22 2:1
EZ23 6:1

The yelds (w/w) of the these four tests (reported in the Table 3.19) are good but what is still not
working very well is the tuning of the NCO:OH molar ratio because from the FTIR of these
experiments (Figure 3.24) it is clear that there is still unred isocyanate (peak at 2272 &jrwith

an intensity of the peak which is proportional with the quantity of isocyanate put in the reaction.
Therefore a calibration study must be done in order to find the optimal NCO:OH molar ratio

without going attempt byattempt.

The optimization step will be performed and discussed in section 3.7.
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In the igure below (Figure 3.24), as said, it is possible to see the variable peak intensity in the NCO
region (2272 cm) for the four experiments; the goal to bebtained in the next section is to
completely flatten this peak, having therefore all the available NCO groups consumed by the OH

ones of lignin, without affect the stability and the structure compactness of the formed polymers.
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Figue 3.24 FTIR of EZ2(green), EZ21 (violet), EZ22 (light blue) and EZ23(red)
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In the following table (Table 39} all the data and informatioregarding the previous experiments

are reported and summarized.

Table 3.19: summary table

Sample

Polyol

Quantity

Maols OH

Diisocyan. Mass

Mols
NCD

[

Ratio

NCOD:OH

Solvent
(Dry)

1,10- 27.2mg  3L3*10° Vanillic B0mg 31.2*10° 11 Toluene
decandiol diisocy C4 (10 mL)
EZ164 Pextl 75 mg 5.25*%10° Vanillic 30mg 15.6%10° 31 Toluene 15%
diisocy C4 (10 mL}
EZ17 Pextl 30 mg 3.5%10° Vanillic  25mg  13*10° 3.71 Toluene  23%
diisocy_C4 (20 mL)
EZ18 Pextl 30 mg 3.5*%10° Vanillic  25mg  13*10° 3.7:1  N,N-DMAc /
diisocy_C4 (20 mL)
EZ19 Pextl 20 mg 1.4*10+ Vanillic 10mg 5.2%10° 371 N,N-DMAC /
diisocy _C4 (4 mL})
EZ20 Soda 100 mg 37.6%10° TDI S0puL  69.8%10° 1581 THF b4 %
lignin (5 mL)
EZ21 Soda 100mg  37.6%10° TDI 100 uL  139%10° 3.71 THF 72%
lignin (3mL)
EZ22 Soda 100mg  37.6%10° TDI 55 uL  76.8%10° 2:1 THF 79 %
lignin {5 mL)
EZ23 Soda 100mg  37.6%10F TDI 167 pl  233*10® 6:1 THF B84 %
lignin (5 mL})
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3.7 Research of th@ptimal OH:NCO ratio

In this section, coatings synthesis and production has been stastddre starting it is suitable to

briefly explain what is expected from this kind of reaction.

Lignin, as already said, has a certain amount of hydroxyl groups available in the polyurethane
reaction; the fact is that this amount of hydroxyl groups depends upon the type of the lignin and
moreover these hydroxyl groups can not be considered all readti the same way first of all
because they are of different types (mainly aliphatic, phenolic and carboxylic) and, in second
analysis, because they usually have a serious steric impedence that makes some of those OH
groups basically inert during the re@m. For this reason a precise quantification of the hydroxyl
groups in the three lignin typologies (Kraft, Soda and Organosolv) must be performed and a
calibration step to find the perfect NCO:OH molar ratio must be performed as well; in fact,
knowing hav many OH groups are present in a lignin is not enough to understand its reactivity
because as said it is still unknown how many hydroxyl groups are reactive with respect to the total
ones presentTo do that, FIR was employed to understand and see atwatio the isocyanate

was completely consumed by the reactiavith all the three ligninsand then submit those
coatings to a solubility test in order to check and test their stability. In this sec®saidthree
different lignins have been employed order to see if any difference was then found in the final
coatings Another consideration is that having lignins more hydroxyl groups that can react with the
NCO ones of the isocyanate, it is expected to have at the end branched and reticulated golymer
belonging therefore to the thermosetting family of polymer with all the features that identify that

groups of polymers.

One the hydroxyl quantification had been done, the step after, starting from section 3.7.2, was the
preparation of samples in differérconditions with a quite complete range of OH:NCO ratios,
meaning that a scale of ratios was prepared and every sample (with a different OH:NCO ratio one
from the other) was analyzed at FTIR in order to check if the isocyanate was completely consumed

by the reaction or if it was still present at the end of the process.
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3.7.1Hydroxyl quantification in lignins troughi'P NMR

At first, a quantification of the hydroxyl groups present in lignins was needed in order to
understand how many OH could theoretigaleact with the NCO groups of the diisocyanate in the

polyurethane reaction and to do th&tP NMR analysis was used.

Sample preparation
The procedure for the preparation 6P NMR has been found in literatuf23] and it consists in
putting together different previously prepared solutions. The theory at the base of this procedure
is that in order to see the hydroxyl groups it is needed to phosporilate them and therefore a
phosporilation reagent is added. Moreovdreing the molecule very big it is needed to add a
relaxation agent in order to decrease the time the molecule needs during its motion when
invested by the magnetic field generated by the NMR machine. As said, two solution were
prepared as follows:
1 solution A: 10 mg of Endbl-hydroxy5-norbornene2,3-dicarboximide were dissolved in
0.5 mL of a mixture of pyridine and deuterated chloroform 1.6:1 v/v;
1 solution B: 5.7 mg of chromium (Ill) acetylacetonatewere dissolved in 0.5 mL of a mixture
of pyridine and daterated chloroform 1.6:1 v/v.
Thennndn Y3 2F fAIYAYy oSNB O2YLIX SGSteée RAaazft gSH
components were added:
Hnn >[ 2F te@NRARAYS
man >[ 2F aztdziazy |
pn >[ 2F az2ftdzirazy
M n n  2-¢hlorgd&4,5,5tetramethytl,3,2dioxaphospholane
mon >4 [/ 5/ f

= =/ =2 =A =
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Integration procedure:
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Figure 3.25: Soda lignftP NMR spectrum

The spectrunin Figure 3.25 (the one regarding soda ligngnphased with the reference peak of
the reaction product of ETMDP with water at 132.2 ppm. The areas corresponding to different

OH groups are determined using the following integration rangegound in literaturg23]:
- Internal standard: 153 ppm
- Aliphatic OH: 150447.0 ppm
- Phenolic OH: 145:037.2 ppm

- Carboxylic OH: 136B35.0 ppm

The area corresponding to the IS is normalized to 1.
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Finally, the [OH] expressed in mmol/g is determined using the following equation:

Wi B 0 QRITY B

VO —EceETeT A

The final hydroxil quantification values are reported in Table 3.20.

Table 3.20 hydroxyl quantification summary table

-OH aliphatic -OH phenolic -COOH

[mmol/g] [mmol/g] [mmol/g]
Soda lignin 2.24 ' 5.72 1.36 9.32
Kraft lignin 1.65 4.40 0.38 6.43
Organosolv lignin 2.20 3.38 0.16 5.74

From thetable above it is possible to understand that all the three lignins have a majority of
phenolic OH, followed by alipathic ones and a minority of carbogytiaps; Soda lignin results to

be the one with the highest total amount of hydroxyl groups, followed by Kraft lignin and then by
Organosolv. These values still does not say what is the most reactive lignin because even if Soda
lignin has the highest amoumtf OH this does not means that all of them are reactive; moreover
carboxylic groups, for steric reasons, can not be considered as reactive as the other two typologies

of OH and therefore they will be not considered when calculating the NCO:OH molar ratios
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3.72 Catalygd tests with Soda lignin andtolylene-2,4-
diisocyanate (TDI)

Procedure

The very first attempt of polymerization was done using tolyl@pediisocyanate (TDI) as
RAA&A20&FyIFrGS Ay 2NRSNI (2 CRahy ltave agehetaliidea abkhg A £ A

behavior of the system.

At first, a solution of Sodéignin inTHF(5 % w/w) is prepared and lstirring for a whole night;

then, after having filtered this sotion, 5 mL of it are takeand different amounts of tolylen@,4-
diisocyanate (TDI) are added to thefms shown in Table 3.21When the diisocyanate is well
dissolved and the mixture is homogeneous, the catalyst (DBTDL) is added and the whole system is
let under stirring for 2 miates (DBTDL weight is calculated as 1% of the kteidd the dry masp

After then, every sample is deposited on glass and then put in the spin coater at 1500 r.p.m. for 40
seconds. The glass is then put in the oven for Irtadd 50 °C for the crodmking of the coating.

Finally, the obtained coatings are scratched from the glass and grinded with KBr powder in order

to analyze them with FTIR.

Table 3.21table of quantities for the catalysd tests with TDI

Sample Ratio Weight of Volume of Weight of lignin  Weight of Volume of

name OH:NCO TDI[mg] TDI [mL] [mg] DBTDL [mg] DBTDL [pL]
' glassQ c 1tol3 27,4 0,0225 22,5 0499 0471 |
glassR_c 1to1l.2 25,3 0,0207 22,5 0,478 0,451
glassS ¢ 1tol.1l 23,2 0,0190 22,5 0,457 0,431
glassT_c 1tol 21 0,0172 22,5 0,435 0,410
glassU ¢ 1t00.9 18,9 0,0155 22,5 0,414 0,391
glassV_.c 1t00.8 16,8 0,0138 22,5 0,393 0,371
glassW_c 1to0.7 14,7 0,0120 22,5 0,372 0,351
glassX_ ¢ 1t00.6 12,6 0,0103 22,5 0,351 0,331
glassY_ ¢ 1to0.5 10,5 0,0086 22,5 0,33 0,311
glassZ c 1to0.4 8,4 0,0069 22,5 0,309 0,292
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Figure 3.26: FTIR of catagatests with TDI

From the picture abovéFigure 3.26}t is possible to checthat some samples, the ones with the
highest amount of isocyanate, present in the F3pRectrum the NCO peak (2269 ¢nwhile a

decreasing trend in the intensity of this peak is observed as the amount of TDI put in the reaction

decreases.
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3.7.3 Catalyged tests with Soda lignin and vanillic
diisocyante C4

Procedure

The second set dfests was done with the vanillic diisocyante4 synthesied in the previous
section andwith the standard catalyst for thisind of polymerization: DBTDA first, a solution of
Sodalignin inTHF (5 % w/w) is prepared and let it stirring for a whole mititen, after having
filtered this solution, 5 mL of it are takeand different amoung of vanillic diisocyanate Cdre
added to thenas shown in Table 3.22)Vhen the diisocyanate is well dissolved and the mixture is
homogeneous, the catalyst (DBTDLpudkled and the whole system is let under stirring for 2
minutes (DBTDL weight is calculated a% Df the weight of the dry massifter then, every
sample is deposited on glass and then put in the spin coater at 1500 r.p.m. for 40 seconds. The
glass ighen put in the oven for 1 hour at 150 °C for the reticulation of the coating. Finally, the
obtained coatings are scratched from the glass and grinded with KBr powdeden to analyze
them with FTIR.

Table 3.22table of quantities for the catalysd tegs with vanillic diisocianate_C4

Sample Ratio Quantity Quantity Weight Volume
name OH:NCO of vanillic of lignin[mg] of DBTDL [mg  of DBTDL [uL]
diisocianate_@
[mg]
glassO ¢ 1to1l.3 60,4 22,5 0,829 0,782
glassN_c 1tol.2 55,8 22,5 0,783 0,739
glassM ¢ 1tol.1 51,1 22,5 0,736 0,694
glasse_ ¢ 1tol 46,5 22,5 0,69 0,651
glassG ¢ 1t00.9 41,8 22,5 0,643 0,607
glassH ¢ 1t00.8 37,2 22,5 0,597 0,563
glassl_c 1t00.7 32,5 22,5 0,55 0,519
glassJ ¢ 1t00.6 27,8 22,5 0,503 0,475
glassKk ¢ 1t00.5 23,3 22,5 0,458 0,432
glassL_c 1to04 18,6 22,5 0,411 0,388

95



This set otests was performed in order to understand if passing from a commercial diisocyanate
(TDI) used in the experiment above to vanillic diisocyanate_C4 synthesizedpiretih@us section,
something changes in terms or reactivity of the isocyanate with the hydroxyl groups of lignins; to
understand this fact, again FTIR analysis was employed to check the presence and the intensity of
the NCO peak in different samples withfferent OH:NCO ratios. The obtained spectra are
reported in the picture below (Figure 3.27) and they show a trend in line with the one of the
previous experiment, meaning that the NCO peak (226%)dm progressively decreasing as the

guantity of the isayanate put in the reaction decreases.
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Figure 3.27FTIR of catalysl tests with vanillic diisocianate_C4

In order to get to more consistent and reliable results, the catalyzed test with molar ratio OH:NCO
from 1:1 to 1:0.4 were repeated identicalpbtaining the same results and getting therefore a

LINRPPS 2F NBadzZ 6aQ NBLINRRAZOAOAf AlGEd
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3.7.4 Non-catalysed tests with Soda lignin and vanillic

diisocianate _C4

Procedure

In this set of test, the procedure has been replicated exactly equal to the presemi®ns with
the only difference of the catalyst removal: those experiments were therefore performed in order

to understand the role of the catalyst in the reaction.

At first, a solution of Sodagnin inTHF (5 % w/w) is prepared and let it stirring &owhole night;

then, after having filtered this sotion, 5 mL of it are takemnd different amounts of vanillic
diisocyanate C4 are added to them(as shown in Table 3.23When the diisocyanate is well
dissolved every sample is deposited on glass and putnn the spin coater at 1500 r.p.m. for 40
seconds. The glass is then put in the oven for 1 hour at 150 °C for the reticulation of the coating.
Finally, the obtained coatings are scratched from the glass and grinded with KBr powder in order

to analyzethem with FTIR.

Table3.23:table of quantitiesfor the non catalysed tests witlvanillic diisocianate_C4

Sample name  Ratio OH:NCO Quantity of vanillic Quantity of lignin[mg]
diisocianate_C4mqg]
~ glassE = 1tol 46,5 22,5
glass G 1t00,9 42 22,5
glass H 1t00,8 37 22,5
glass | 1t0 0,7 32,5 22,5
glass J 1t00,6 27,8 22,5
glass K 1t00,5 23,3 22,5
glass L 1t00,4 18,6 22,5
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As said, this set of experiments was done in order to understand the role of the catalyst in the
process and to dehat once again FTIR spectra of the different samples with different OH:NCO

ratios (reported in Figure 3.28) were investigated.
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Figure3.28 FTIR of non catalyed tests withvanillic diisocianate C4

At first see, it seems that removing the catalyst the reactionush more unfaveed leaving in the

system a lot of unreacted isocyanates; actually, the catalyst has only a kinetic role because it just
AYONBI aSa (GKS NBI OlA 2y it Nposshle testiliRee th& isoGyarate dfterS NI
one hour of thermal treatment. To be sure about this consideration, some other non catalyzed
experiments have been done on the 1:0.7, 1:0.6 and 1:0.5 ratio samples, checking the presence on

the isocyanate &time zero, after 1 hour and after two hours.

According to thespectrareported in Figure 3.29, 3.30 and 3,3list afterone hour of thermal
treatment the effect of the catalyst is no more visible and after two hours no difference is present

between caalyzed and non catalyzed tests.

For this reason, from this pointgatalyst has been removed from all the following tests; for a
future industrialapplication the removal ofatalyst is a huge advantage from an economical point

of view and also for a mattesf simplicity of the production process.
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Figure3.31 FTIR on 1:6.ratio sample at increasing time
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3.7.5Tests based on masatios between Soda lignin and
vanillic diisocyanate C4

Going on thinking to a possible future industrial process, it was considered a good thing to convert
the molar ratio into mass ratibecause it was necessary to quantify the amount of lignin needed
to obtain fully crosdinked even if, for an academic and scientific point of view, molar ratios are

still reported in the following tables.

The samples were prepared mixing a constant amountanillic isocyanate C4with increasing
amount of a solutiorof Soda lignirand THF and then make up to the mark with fresh THF in order
to have isovolume batchggs shown in Table 3.24); the samples that does not show anymore the

isocyanate peak will be subjected to a solubility test in THF.

Table 3.24 table of mass based ratie quantities for the non catalyad tests with vanillic diisocianate_C4
and Soda lignin

Sample name Mass ratio Vanillic Soda ligniimg] Molar ratio
diisocianate_C4 OH:NCO
[ma]
~ Sodalignitto0.8 108 18 225 110039

Soda ligninl to 0.7 1:0.7 18 25.7 1t00.34
Soda ligninl to 0.6 1:0.6 18 30 1t00.29
Soda ligninl to 0.5 1:0.5 18 36 1t00.24
Soda lignini to 0.4 1.04 18 45 1t00.19
Soda ligninl to 0.3 1:0.3 18 60 1t00.15
Soda ligninl to 0.2 1:02 18 90 1t00.10
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From the FTIR spectra of the different samples (reported in Figure 3.32) it is still possible to see a

decreasing trend of the NCO peak as the amount of diisocyanate put in the reaction decreases.
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Figure3.32 FTIR of mass based ratidmetween Soda lignin anganillic diisocianate_C4

In order to better interpret the figure above, a zoom around the significant region (2270 was

performed in order to be extremely sure that the NCO peak was completely disappeared. The

zoom of the spect is reported in Figure 3.33.
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Figure3.33 zoomof figure 3.32on NCO peak region

In the figure above, the red line is the one referring to the 1 to 0.5 mass ratio (corresponding to a

molar ratio of 1:0.24) and it can be considered the first fractioth@ut anymore isocyanate; the
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samples, starting from that ratio and going lower (fractions 1:0.4, 1:0.3 and 1:0.2) were subjected

to a solubility test.

3.7.6 Tests based on mass ratios between Kraft and

vanillic diisocyanate C4

This set of experiment were prepared exactly in the same way of the previous one except for the
type of lignin which is employed; this time, it was used a Kraft ligrhe. samples were prepared
mixing a constant amount afanillic disocyanate C4with inceasingamount of a solution of Kraft

and THF and then make up to the mark with fresh THérder to have isovolume batches (as
aK2g6y AY ¢FofS odHpOT (GKS &l YL S&a GKIFIGO R2Sa
subjected to a solubility test in THF.

Table 3.25table of mass based rat®quantities for the non catalyad tests with vanillicdiisocianate_C4
and Kraft lignin

Sample name Mass ratio Vanillic Kraft lignin[mg] Molar ratio
diisocianate_C4 OH:NCO
[ma]
~ Kraftlignn 108 675 8.45 110 0.69
1t0 0.8
Kraft lignin 1:0.7 6.75 9.65 1to 0.60
1t0 0.7
Kraft lignin 1:0.6 6.75 11.25 110 0.52
1t00.6
Kraft lignin 1:0.5 6.75 13.5 1t00.43
1t0 0.5
Kraft lignin 1:0.4 6.75 16.875 1t00.34
l1to0.4
Kraft lignin 1:0.3 6.75 22.5 11t00.26
1t00.3
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From the FTIR spectra of the different samples (reported in Figure 3.34) it is still possible to see a
decreasing trend of the NCO peak as the amount of diisocyanate put in the reaction decreases.;

this trend is in line wh all the previous tests.
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Figure3.34: FTIR of mass based ratidmtween Kraft andvanillic diisocianate C4

In order to better interpret the figure above, once again a zoom around the significant region
(2270 cnt) was performed in order to bextremely sure that the NCO peak was completely
disappeared. The zoom of the spectra is reported in Figure 3.35.
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Figure3.35 zoomof figure 3.34on NCO peak region
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In the figure above, the red line is the one referring to the 1 to 0.6 mass ratio (pomdsg to a
molar ratio of 1:0.52) and it can be considered the first fraction without anymore isocyanate; the
samples, starting from that ratio and going lower (fractions 1:0.5, 1:0.4 and 1:0.3) were subjected

to a solubility test.

The results of thisdaA 6 NI G A2y SELISNAYSYyG AGQ&a OSNE Ay id SN
that Kraft lignin is more reactive in terms of hydroxyl groups; in fact, it is known from table that
Kraft lignin has less OH groups with respect to Soda lignin but the nuolaurd of diisocyanate

that can completely react with Kraft lignin is higher (1:0.52) with respect to the amount of
diisocyanate that can fully react with Soda lignin (1:0.24). The conclusion of these results is that

the OH groups in Kraft are more reactivaybe due to a lower degree of steric impedence.
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3.7.7Tests based on mass ratios between Organosolv lign

and vanillic diisocianate C4

In this set of experiment a new lignin was employed (Organosolv lignin) in order to have a third set
of tests to compare.The samples were prepared mixing a constant amountvahillic
diisocyanate C4with increasing mount of a solution of Organosolv ligrand THF and then make

up to the mark with fresh THF in order to have isovolume bat¢agshown in Table 3.26)

Table 3.26 table of mass based ratquantities for the non catalyad tests with vanillic diisocianate_C4
and Organosolv lignin

Sample nane Mass ratio Vanillic diisocianate_C4  Organosolv Molar ratio
[mg] lignin [mg] OH:NCO
~ Organosolv. 105 5625 1125 110047 |
lignin1to 0.5
Organosolv 1:04 5.625 14.06 1to 0.37
lignin1to 0.4
Organosolv 1:0.3 5.625 18.75 1t00.28
lignin1to 0.3
Organosolv 1.02 5.625 28.125 1t00.19
lignin1to 0.2
Organosolv 1:0.15 5.625 37.5 1t00.14
lignin1to 0.15
Organosolv 1:0.1 5.625 56.25 110 0.09
lignin1to 0.1
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From the FTIR spectra of the different samples (reported in Figure3.36) it gostlble to see a
decreasing trend of the NCO peak as the amount of diisocyanate put in the reaction decreases.;

this trend is in line with all the previous tests.

Absorbance

. ' . . . . ' . . . . ' . . . . ' . . . . v . . . . '
3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)

Figure3.36 FTIR of mass based ratidsetween Organosolv lignimnd vanillicdiisocianate_C4

In order to better interpret the figure above, once again a zoom around the significant region
(2270 cn) was performed in order to be extremely sure that the NCO peak was completely

disappeared. The zoom of the spectra is reported inrei@.37.
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Figure3.37. zoomof figure 336 on NCO peak region
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In the figure above, the red line is the one referring to the 1 to 0.2 mass ratio (corresponding to a
molar ratio of 1:0.19) and it can be considered the first fraction without anynsweyanate; the
samples, starting from that ratio and going lower (fractions 1:0.15 and 1:0.1) were subjected to a

solubility test.

The results of this calibration and optimization tests show that the reactivity of this Organosolv
lignin is quite similarga G KS { 2RI fA3IyAyQa 2yS 06SOFdzasS (GKS
consumed is similar (1:0.24 in Soda lignin and 1:0.19 in Organosolv lignin). Of course, having
Organosolv much less hydroxyl groups, as shown in Table 3.20, the diisocyanateestss to

get that molar ratio is lower.

At this point,as anticipatedall the obtained coatings where no more isocyanates was found by
the FFIR, were submerged in fresh THF in order to check their stability through a solubili(ggest
shown in Figure8.38) the samples with the lowst amount of isocyanate which ompletely
consumed during the reaction and whose stability has been proven by the solubility test have

been chosen as the reference samples for the furtherdyms and characterization teoiques.

Figure 3.380one of thesolubility test done during this thesigvork

These chosen samples are:

1 Sodalignin/vanillic diisocyanateC4 1/0.5 (wt/wt);
1 Kraftlignin/vanillic diisocyanateC41/0.6 (wt/wt);
9 Organosoltignin/vanillic diisocyanateC41/0.2 (wt/wt).
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In the following pages, trs® samples will be ehnacterized with different techiques and for

commodity they will be simply indicated &®da, Kraft and Organosolv coatiegpectively.

3.8 Relation between rotating speed and coating

thickness

Before starting the characterization of the coatings, an analysis of the correlation between the

rotational speed used in the spin coater to make the coatings and their thickness has been done.

Three coatings for each tating speed, expressed ndes per minute (rpm), have been prepared
and on them a thickness value has been fogvalues reported in Table 3.2&he average values,
plotted in a graph, show a behavior compliant to those found in literature, that means a

decreasing thickness wiihcreasing rotational speed.

Table 3.27 coatings thickness values with respect to rotating speed

Thickness (nm)

‘ RPM M1 Average Std. Dev. ‘
400 1900 1800 1897 1865 56
600 1770 1790 1789 1783 11
800 1320 1265 1304 1296 28
1000 1220 1211 1227 1219 8
1200 1099 1108 1078 1095 15
1400 1057 1060 1065 1060 4
1600 960 967 980 969 10
1800 850 890 895 878 24
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Figure 3.39graphical rresentation of thickness vs rpm relation

The results obtained are in gnwith what found in literaturg45][46]. In fact a behavior like the
one in Figure 3.39 is expected because increasing the rotational speed the material deposited on
the substrates is more forced to go on the boundarieshaf substrates due to centrifugal forces

and therefore the thickness of the coating results lowered.
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3.9 Characterization of the coatings

In this section, the obtained coatings are characterized in order to understand their characteristics
and their differences from the starting lignins. The characterization tests that have been

performed on the coatings are:

1 Differential Scanning Calorimetry (DSC)

1 Optical Contact Angle (OCA)

i Adhesion Tests

1 Thermo Gravimetric Analysis (TGA)

3.9.1 Differential Scanning Calorimetry

Differential Scanning albrimetry has been performed on the three chosen samples in order to
find a glass transition temperature value and therefore to understand the behavior (glassy or
rubbery) of the polymer in ifferent temperature ranges; the experiment has been done with an

heating rate of 20 °C peninute, with three heating ayes:

M1 from 25°C to 150°C;
 from 150 °C to 25°C;
1 from 25°C to 200°C.

Only the third cycle, which is the one where it is possible to firedTg value, is reported in the

following pictures.

First of all, the DSCs of the starting lignins (reported in Figure 3.40) have been done in order to

have a reference spectrum for a comparison.
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Figure 3.40DSC of Soda lignikraft lignin and Orgaosolv lignin

From the picture above it is possible to find the Tg value of the lignins; these values are reported

in Table

Table 3.28 glass temperature of the lignins obtained from DSC

o

Soda lignin 138.75

Kraft lignin 105.14

Organosohignin 152.18

According to the Tg vlues above reported it is possible to say that Organosolv lignin has the glass
transition at higher temperature with respect to Soda lignin and much more with respect to Kraft

lignin.
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At this point, the same analysisa$ been performed on the synthiged coatings in order teee if

any difference in the Tg appedvstween the lignins and the polymers.

Aexo 04.10.2018 14:24:52 "exo 08.10.2018 16:16:08
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Figure 3.41DSC of Soda lignin based coatikgaft lignin based coating and Organosolv lignin based
coating

Fromthe picture (Figure 3.41pnbove it is possible to find the Tg value of the lignins; these values

are reported in Tabl8&.29.

Table3.29 glass temperature of the lignin based coatings obtained from DSC

T

Soda lignin/vanillicdiisocyanate @/D,5 (wt/wt) 146,04
Kraft ligniri vanillicdiisocyanate_C4:1/0,6 (wt/wt) 135,80
Organosolv lignihvanillicdiisocyanate_ C#0,2 (wt/wt) 163
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