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ABSTRACT 

 

Lignin is the third most abundant natural polymer but nowadays it is not used and valorized 

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 wasting it; for 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 acid (1,4-bis(4-isocyanato-2-methoxyphenoxy)butane) has been chosen as 

the best one according to solubility, purity and yield considerations. A polyurethane reaction has 

been carried out combining the NCO groups of that diisocyanate and the hydroxyl groups of three 

different commercial lignins (Soda lignin, Kraft lignin and Organosolv lignin). The desired polymers 

were, as anticipated, coatings and their 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 Angle 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 primers in a multilayer 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 which is every day much more interested in green products.  
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ABSTRACT IN ITALIANO 

 

La lignina è il terzo polimero naturale più abbondante, ma al giorno d'oggi non sfruttato e 

valorizzato ancora adeguatamente perché è una molecola ad alto valore potenziale che però è 

prevalentemente utilizzata come combustibile nella produzione di energia. Lo scopo di questo 

lavoro di tesi è quindi cercare di trovare un'applicazione per la lignina valorizzando il suo 

potenziale invece di sprecarlo; per questo motivo, in questo lavoro, la lignina è stata utilizzata 

come reagente di partenza per la produzione di rivestimenti poliuretanici, sfruttando i suoi anelli 

aromatici e gruppi ossidrile. Il progetto è iniziato con la sintesi di diversi diisocianati a partire da 

molecole che sono ben presentati nella struttura molecolare della lignina; tra tutti loro, quello 

proveniente dall'acido vanillico (1,4-bis(4-isocianato-2-metossifenossi)butano) è stato scelto come 

il migliore basandosi su considerazioni di solubilità, purezza e rendimento di reazione. In seguito, è 

stata condotta una reazione poliuretanica combinando i gruppi NCO di quel diisocianato e i gruppi 

ossidrile di tre diverse lignine commerciali (lignina di tipo Soda, Kraft e Organosolv). I polimeri 

ottenuti, come detto, sono dei coating e la loro realizzazione è stata fatta utilizzando uno spin 

coater per ottenere film di poliuretano dello spessore desiderato. Infine, i coating ottenuti sono 

stati ǎǘǳŘƛŀǘƛ Ŝ ŎŀǊŀǘǘŜǊƛȊȊŀǘƛ Ŏƻƴ 5{/Σ ŀƴŀƭƛǎƛ ŘŜƭƭΩŀƴƎƻƭƻ Řƛ ŎƻƴǘŀǘǘƻΣ ǘŜǎǘ Řƛ ŀŘŜǎƛƻƴŜ Ŝ ¢D! ŀƭ ŦƛƴŜ 

di comprenderne meglio le proprietà, le differenze con le lignine di partenza e gli effetti che le tre 

differenti lignine hanno sui polimeri finali. Questi coating sono stati pensati per essere usati come 

primer in un rivestimento multistrato e questa applicazione potrebbe essere interessante anche 

sul mercato perché il costo dei reagenti è fondamentalmente inesistente e anche perché tali 

polimeri possono essere considerati bio-derivati e pertanto possono godere di una particolare 

attenzione in un mercato ogni giorno sempre più attento e interessato a prodotti green. 
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1. INTRODUCTION 

One of the biggest challenges nowadays is the one of trying to reduce as much as possible the 

amount of fossil derived compounds in 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 industry with cheaper compounds with a lower economic value. The severe fossil 

fuels depletion summed to a continuous demand for energy requires the identification 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 availability, its relative low costs and its 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 plant-based biomass and represents the 

most globally abundant renewable resource with over 75 billion tonnes available annually [1].  The 

lignocellulosic biomass is a composite of biopolymers with intertwined cellulose (35ς50% dry 

weight basis), hemicellulose (23ς 32% dry weight basis), lignin (15-25 % dry weight basis) and 

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

 

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: 
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 Cellulose is the most abundant and famous component of wood and it represents up to half of its 

mass; it is a polysaccharide with a big amount of hydrogen bonds that contribute to give the wood 

its traditional rigidity and hardness. 

Hemicellulose is a low molecular weight polysaccharide that is essential to keep together cellulose 

and lignin; isolated hemicelulose is an amorphous and hydrosoluble compound made of different 

polymers such as pentose, esose and different acids. 

Lignin is the most abundant 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 18-25 % for hardwood species to 25-35 % for softwood ones. 

 

Figure 2.2: graphical example of lignin composition 
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1.1 Lignin 

[ƛƎƴƛƴ όŦǊƻƳ [ŀǘƛƴ άƭƛƎƴǳƳέ ǿƘƛŎƘ ƳŜŀƴǎ ǿƻƻŘύ ƛǎΣ ŀŦǘŜǊ ŎŜƭƭǳƭƻǎŜΣ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ōƛƻǇƻƭȅƳŜǊ 

on earth constituting about 15-30% of the wood and 12-20% of the annual plants [2]. Anselme 

Payen (Figure 1.3)was the first to recognize the presence of lignin in wood when, in 1838, he 

ǊŜŦŜǊǊŜŘ ƛƴ Ƙƛǎ ǿƻǊƪ ǘƻ ŀƴ άŜƴŎǊǳǎǘƛƴƎ ƳŀǘŜǊƛŀƭέ ŜƳōŜŘŘƛƴƎ ŎŜƭƭǳƭƻǎŜΦ [ŀǘŜǊΣ ƛƴ мусрΣ {ŎƘǳƭȊŜ 

ŘŜŦƛƴŜŘ ǘƘƛǎ άŜƴŎǊǳǎǘƛƴƎ ƳŀǘŜǊƛŀƭέ ŀǎ ƭƛƎƴƛƴ [3]. In plants lignin plays a vital role, adding strength 

and structure to the cell walls, controlling fluid flow and protecting against biochemical stresses by 

inhibiting enzymatic degradation of other components. This is made possible tank to its 

hydrophobic nature and to its insolubility in aqueous systems, hindering the access to degradative 

organisms and chemicals. Lignin arises from an enzyme-initiated dehydrogenative polymerization 

of three precursors (monolignols), namely p-coumaryl, coniferyl and sinapyl alcohol [4][5][6]. The 

phenolic substructures that orginates these monolignols are called 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, especially ether, esters and carbon-carbon bonds. In Figure 1.3 an example of lignin 

structure is reported. 

                

 Figure 1.3: Anselme Payen (1795-1871)                        Figure 1.4: graphical representation of lignin 
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1.2 Lignin structure 

From a chemical point of view, lignin is a complex polyphenolic which is synthesized by plants 

starting from three monolignols through enzymatically started oxydative coupling reactions; as 

said, the three monolignols involved, reported in Figure 1.5, are: p-coumaryl alcohol (H), coniferyl 

alcohol (G) and sinapyl alcohol (S). These monomeric precursors are distinguished based on 

methoxyl groups present at C3 and C5 positions in the aromatic ring. The monolignols are the 

monomeric lignin precursors, which are formed via the phenylpropanoid biochemical pathway. 

 

Figure 1.5: representation of the three monolignols 

 

The heterogeneity of lignin polymers manifests in molecular composition and linkage types 

between the phenylpropane monomers: syringyl(S), guaiacyl (G), and p-hydroxyphenyl (H) units. 

Lignin composition is therefore different not only between species, but also between different 

tissues of a single plant. Furthermore, softwood lignin is the name given to a lignin characterized 

by a predominant building unit that appears to be coniferyl alcohol (over 95% guaiacyl structural 

elements) while the hardwood ones, on the contrary, are characterized by a variable ratio 

coniferyl / synapyl structural units. 

From many different studies conducted on the formation of lignin, the currently accepted theory 

is the one proposing that it is an enzymatic catalytic one-electron oxidation of the monolignol that 

initiates the lignin polymerization process. In this process, the monomeric radicals interconnect via 

radical coupling reactions. The phenoxyl radical formed presents a fairly stable resonance 

structure (Figure 1.6) and the delocalized radical can potentially couple through four different 

centres leading to the formation of various structural units [7]. The radical reactivity and oxidation 

potentials indicate which linkage may form most favourably in the phenol oxidative coupling [8]. 
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Figure 1.6: phenoxyl radical resonance structure 

 

Until today, it is still not very well known the real lignin structure; many studies have been 

performed about biosynthesis, chemistry and molecular biology of lignin but only an hypothetical 

and probabilistic structure can be presented; looking at this structure it can be said that the 

distribution of the repeating units and functional groups is completely randomic; in fact, the 

mechanism through which lignin polymerizes to form the high molecular weight tridimensional 

lattice is still nowadays under discussion. Due to the presence of radicalic reactions during 

dehydrogenative polymerization, the distribution of chemical bonds is apparently random and it 

does not show any stero-specificity, as shown in Figure 1.7. This behavior is unusual for 

biopolymers even if a certain region-ǎǇŜŎƛŦƛŎƛǘȅ ƛǎ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʲ-O-4 bonds, 

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

 

 

Figure 1.7: representation of the randomic distribution of the functional groups in the lignin 
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Lignin has many different functional groups, sometimes also introduced during the extraction 

process; the most important ones are aromatic and aliphatic hydroxyl groups, methoxyl, carbonyl 

and carboxylic groups. 

From these studies it appears that the most common linkages found in lignin (Figure 1.8) are ̡ -O-

4, 5-5, ̡ -5, 4-O-5, ̡ -1, and ̡ - ,̡ of which the ̡ -O-4 linkage, as said, is prominent.  

The majority (approximately two-thirds) of all the chemical bonds in the native lignin polymeric 

network are represented by the C-O-C ether linkage type between the phenylpropane units while 

about one-third consists of C-C bonds between these units. Furthermore lignin also includes 

branched and cross-linked structures. 

 

Figure 1.8: most common lignin linkages 

 

1.3 Extraction processes 

The three components of the biomass (cellulose, hemicelluloses and lignin) are separated one 

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

¶ Selection of lignocellulosic feedstock  

¶ Pre-treatment (steam explosion)  

¶ Separation or pulping  

¶ Extraction  

¶ 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 further complicated during extraction process by radical 

reactions that take place during the breakage of ester bonds; those bonds then rearrange 

themselves and form a more complicated and compact polymeric structure. Therefore extraction 

processes and conditions play a crucial role for the final structure and for the final properties of 

the lignin.  

Lignin is extracted from cell walls through chemical and physical method in a process called 

άǇǳƭǇƛƴƎέΤ ǘƘƛǎ ƳŜŀƴǎ ǘƘŀǘ ƴƻǘ ƻƴƭȅ ǘƘŜ ƴature of the starting plant but also the delignification 

process influences the final composition, purity and properties. 

During the biomass delignification, ester and ether bonds that connect the phenylpropanic units 

are destroyed and lignin fragments are dissolved into a black liquor, from which it will be obtained, 

through a drying process, the lignin used on the market, which 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 common process for wood is the sulphate process, also known as Kraft (Figure 1.9), 

ǿƘƛŎƘ ƳŜŀƴǎ άǊŜǎƛƭƛŜƴǘκǎǘǊƻƴƎέ ƛƴ ƎŜǊƳŀƴΣ ǿƘƛŎƘ ƛǎ ǘƘŜ Ƴŀƛƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ǘƘŜ ŘǊŀǿƴ ƻǳǘ 

cellulose during this process. In the Kraft process, the wood pulp obtained by the pre-treatment is 

cooked into a highly alkaline solution made of sodium hydroxide  and sodium sulphide, at a 

temperature which varies from 70°C to 170°C for about an hour or two. During this treatment, 

lignin macromolecules break due to ions and are solubilized into water creating a black liquor. The 

insoluble cellulose is filtrated and recovered in the form of cellulose pulp, while the black liquor is 

concentrated thanks to evaporation and it is used as fuel or it is essiccated for the selling  [9]. In 

this work, one commercial Kraft lignin will be used: IndilinTM1000. 
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Figure 1.9: Kraft lignin structure 

Sulfite pulping process 

The sulfite process is the second most used process after the Kraft one. The sulfite process is 

conducted in variable pH and allows to produce many types of pulp, suitable for a wide range of 

applications. The wood cooking liquor is made of a watery solution of SO2 at 4-7 %, 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 cooking times between 1 and 7 hours.  Sulfonated groups are introduced into the 

structure of the lignin, in the position alpha, in comparison to the propanic lateral chain, so that it 

is possible to obtain the lignosulfonate lignin (represented in Figure 1.10), which is therefore 

water-soluble [10]. 

 

Figure 1.10: Lignosulfonate 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 lignin (an example is reported in Figure 1.11) from the soda 

process is recovered through an alternative process that consists in an acid precipitation, 

maturation and filtration, in order to obtain a lignin without sulfur. In this work, one commercial 

Soda lignin will be used: Protobind. 

 

Figure 1.11: Soda lignin structure 

Organosolv pulping 

The usage of organic solvents to extract lignin from the biomass makes it possible to avoid the 

formation of sulfur by-products [11]. The Organosolv fragmentation allows the production of 

lignin and high-quality cellulose and the continuous recycle of the solvents 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 pre-treatment is extracted with organic solvents 

at temperatures between 140 °C and 220 °C, and the lignin, dissolved in the solvent, is 

recuperated through centrifuge or filtration. The most important processes of Organosolv 

extraction are: 

¶ Alcell, based on a pulping process that uses a mixture of ethanol and water 

¶ Acetosolv, pulping through a mixture of acetic acid and HCl 

¶ Milox,  process  with a base of formic acid and hydrogen peroxide. 

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

compounds. In this work, one commercial Organosolv lignin will 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 about the topic. The main usages of lignin, presented in Figure 1.12, can be classified 

in three groups with increasing added value.  

The groups are: 

1. lignin used to produce energy, fuel, syngas; 

2. lignin as macromolecule in polymeric compounds; 

3. lignin as renewable source of aromatics compounds through de-polymerization. 

 

Figure 1.12: potential lignin application 

 

These ƎǊƻǳǇǎ ŀǊŜ ŘƛǎǘƛƴƎǳƛǎƘŜŘ ŀƭǎƻ ōȅ ǘƘŜƛǊ άǘƛƳŜ-to-ƳŀǊƪŜǘέΣ ǎƻ ǘƘŀǘ ǘƘŜ ŦƛǊǎǘ ƎǊƻǳǇ ǊŜǇǊŜǎŜƴǘǎ 

the immediate applications, group 2 represents the medium-term applications and group 3 the 

long-term applications. In the first group, lignin is used as source of carbon for the production of 

energy or syngas. The second group exploits the macromolecular nature of  lignin to include it into 

high-molecular mass products such as adhesives for wood or polyurethane foams. The third group 

uses technologies that split liƎƴƛƴΩǎ ƳŀŎǊƻƳƻƭŜŎǳƭŜǎ ƛƴǘƻ ƳƻƴƻƳŜǊǎ ǿƛǘƘƻǳǘ ǎŀŎǊƛŦƛŎƛƴƎ ǘƘŜ 

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 involved is as 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 is released in the environment as CO2. Moreover, lignin 

has some peculiarities that could be extremely advantageous in todayΩǎ market, peculiarities that 

are not used when lignin is burned to produce energy. 

Those main features are: 

¶ lignin is available in big volumes; 

¶ lignin has a big percentage of aromatic rings; 

¶ lignin has many reactive centers useful in case of chemical reactions. 

 

It has been estimated that the annual production of lignin on earth ranges from 5ς36 × 108 

tons[12]. Lignin is a valuable byproduct of the paper and pulp industry produced in quantities 

exceeding 50 million tons annually [13], 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 

ƛƴŘǳǎǘǊȅΣ ŜǘƘŀƴƻƭ ōƛƻǊŜŬƴŜǊƛŜǎ ŀƭǎƻ ǇǊƻŘǳŎŜ ƭƛƎƴƛƴ ŀǎ ŀ byproduct [14] and this vast quantity of 

ƭƛƎƴƛƴ ǿƛƭƭ ōŜ ŀǾŀƛƭŀōƭŜ ŦǊƻƳ ōƛƻǊŜŬƴŜǊƛŜǎ ƛƴ ǘƘŜ ƴŜŀǊ ŦǳǘǳǊŜΦ ¢ƘŜ ƭƛƎƴƛƴ ŦǊƻƳ ōƛƻǊŜŬƴŜǊƛŜǎ ƛǎ 

currently used as a low-Ŏƻǎǘ ŦǳŜƭΣ ŀƭǎƻΦ ¢ƘŜǊŜŦƻǊŜΣ ǎƛƎƴƛŬŎŀƴǘ ŀǘǘŜƴǘƛƻƴ Ƙŀǎ ōŜŜƴ ƎƛǾŜƴ ǘƻ ŀ ǿƛŘŜ-

scale use of lignin byproducts 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 feed, dust control, and pesticides.[15][16] However, 

all of these lignin uses are relatively low-value applications and their market demand represents a 

ƴŜƎƭƛƎƛōƭŜ ŦǊŀŎǘƛƻƴ ƻŦ ŎǳǊǊŜƴǘ ƭƛƎƴƛƴ ǇǊƻŘǳŎǘƛƻƴ ǊŀǘŜǎΦ [ƛƎƴƛƴ ǇƻǎǎŜǎǎŜǎ ǎƛƎƴƛŬŎŀƴǘ ǇƻǘŜƴǘƛŀƭ ŦƻǊ 

being a component of value-added products; however, there has been little success in creating 

lignin-derived high performance materials. Various researchers have synthesized and 

characterized lignin-containing polymers. Rigid lignin molecules were bƭŜƴŘŜŘ ǿƛǘƘ ƅŜȄƛōƭŜ 

polymers [17][18] and subsequently cross-linked, [19][20] or copolymerized to form polyurethane, 

polyesters and other copolymers [21][22] of different morphologies including interpenetrating 

polymer networks. However, most of these reported lignin-derived polymers were thermoset and 

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 primary hindrance to synthesizing recyclable 

high-performance lignin copolymers. 

Proper utilization of renewable lignin to create lignin-based plastics will be one of the great 

strategies to contribute to a sustainable society in the next years (following a circular scheme as 

the one proposed in Figure 1.13). 

 

 

Figure 1.13: production of lignin derived polymers and their recycling 

Following the concepts of the paragraph above, in this thesis 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 therefore assumes a high 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 explain what a polyurethane is. 

 

LIGNIN HEMICELLULOSE 

CELLULOSE 
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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 of 17.9 million tonnes, of which 3.5 produced in Europe. 

Polyurethanes are made by exothermic reactions between alcohols with two or more reactive 

hydroxyl (-OH) groups per molecule (diols, triols, polyols) and isocyanates that have more than 

one reactive isocyanate group (-NCO) per molecule (diisocyanates, polyisocyanates): for example, 

in Figure 1.14, a diisocyanate reacts with a diol. 

The group formed by the reaction between the two molecules is knƻǿƴ ŀǎ ǘƘŜ άǳǊŜǘƘŀƴŜ ƭƛƴƪŀƎŜέ 

(shown in Figure 1.15) and it is the essential part of the polyurethane molecule. 

 

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

 

Figure 1.15: urethane linkage 

 

The characteristic of the final product depends upon the choice of the reacting polyol and 

isocyanate; it is possible to obtain very different materials such as foams with low rigidity or 

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

For this reason it is possible to obtain a very large variety of polyurethane products such as 

elastomers, fibers, foams, adhesives, thermosetting materials, coatings and many more just 

because many typologies of polyurethanes exist (as shown in Figure 1.18) and therefore they find 

application in many different fields. Looking at Table 1.1 and at Figure 1.16 and Figure 1.17 it is 

possible to get an idea of the very big possibilities polyurethanes have. 

 



29 
 

 

Table 2.1: examples of polyurethane materials with different  characteristics 

Examples of 

polyurethane materials 

 

Characteristics 

cushioning low density, flexibility, resistance to fatigue 

shoe soles flexibility, resistance to abrasion, strength, durability 

building panels thermal insulation, strength, long life 

artificial heart valves flexibility and biostability 

electrical equipment electrical insulation, toughness, resistance to oils 

 

Figure 1.16: different PU based final products                 Figure 1.17: distribution of PU types on the market 

 

Figure 1.18: different typologies of PU structures 
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1.6 Coatings 

In this thesis work, polyurethane coatings are going to be synthesized and characterized and 

therefore, one again, it is suitable to define what a coating actually is before going on. 

Surface coatings are defined as any mixture of film-forming materials plus pigments, solvents, and 

other additives, which, when applied to a surface and cured or dried, yields a thin functional film. 

Surface coatings include paints, drying oils and varnishes, synthetic clear coatings, and other 

products whose primary function is to protect the surface of an object from the environment. 

Most surface coatings employed in industry and by consumers are based on synthetic polymers 

that are industrially produced substances composed of extremely large, often interconnected 

molecules that form tough, flexible and adhesive films when applied to surfaces. The other 

component materials of surface coatings are pigments, solvents or carrier liquids, which provide a 

liquid medium for applying the film-forming ingredients and additives, which provide a number of 

special properties. 

Coatings are always deposited on a surface called substrates and usually more than one coating is 

added in order to create a multilayer surface on the substrates (Figure 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 

¶ Corrosion resistance 

¶ Wear resistance 

¶ Passive fire protection 

¶ Insulation 

¶ Anti-graffiti behavior 

¶ Antimicrobial behavior 

 

 

                                              
Figure 1.19: example of a multiplayer coating on a metal substrate 

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
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Moreover, there are many different techniques industrially used to deposit a coating; the most 

important and diffused ones are: 

¶ Vapor deposition, both chemical and physical 

¶ Chemical and electrochemical techniques 

¶ Spraying 

¶ Roll-to-roll coating processes 

¶ 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 used when 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 centrifugal forces creates the 

film, as shown in Figure 1.20. The 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 correlations that are shown in figure 1.21. 

 

 

Figure 1.20: four steps of spin coating procedure 
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In particular, in Figure 1.21, it is of particular interest the diagram regarding film thickness with 

respect to spin speed (blue graph). According to this representation it is clear that increasing the 

rotating speed thinner coatings are obtained and this is in line with what found in this thesis work; 

in particular, this aspect will be treated and examined in section 3.8. 

 

Figure 1.21: coatings thickness and uniformity with respect to different parameters 
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2. MATERIALS AND CHARACTERIZATION 

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/cm3) ς Sigma Aldrich 240141  

Trans-ferulic acid         (MW= 194.18 g/mol, d=1.32 g/cm3) - Fluka 46280 

Vanillic acid         (MW= 168.15 g/mol, d= 1.06 g/mL) ς Sigma Aldrich 94770 

 

2.1.2 Dibromoalkanes 

1,4-dibromobutane         (MW= 215.91 g/mol, d=1.808 g/mL) - Fluka 34050 

1,6-dibromoesane         (MW= 243.97 g/mol, d=1.586 g/mL) ς Sigma Aldrich 629038 

 

2.1.3 Solvents 

Chloroform (CHCl3)         (MW= 119.37 g/mol, d=1.489 g/cm3) ς Sigma Aldrich 67663 

 Methanol (CH3OH)         (MW=32.04 g/mol, d=2.6 g/cm3) - Fluka 67561 

Dimethyl sulfoxide (DMSO)        (MW=78.13 g/mol, d=1.10 g/mL) ς Sigma Aldrich 67685 
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Water           (MW=18.02 g/mol, d=0.998 g/mL) ς Sigma Aldrich 7732185 

Toluene          (MW=92.14 g/mol, d=0,866 g/cm3) ς Sigma Aldrich 108883 

Ethyl Acetate          (MW=88.11 g/mol, d=0,902 g/mL) ς Sigma Aldrich 141886 

Tetra hydrofuran (THF)        (MW=72,11 g/mol, d=0,889 g/mL) ς Sigma Aldrich 186562 

Acetone          (MW=58.08 g/mol, d=0,791 g/mL) ς Sigma Aldrich 67641 

Dry N,N-Dimethylacetamide        (MW=87,12 g/mol, d= 0,937 g/mL) - Fluka 38839 

Deuterated chloroform (CDCl3)  (MW=128.38 g/mol, d=1.5 g/cm3) ς Sigma Aldrich 151823 

Diiodomethane (DIM)        (MW=267.84 g/mol, d=3.32 g/cm3) ς Sigma Aldrich 75116 

Isopropanol          (MW=60.10 g/mol, d=0,785 g/mL) ς Sigma Aldrich 67630 

 

2.1.4 Alkanediols 

1,10-decandiol         (MW=174 g/mol, d=1.08 g/cm3) - Sigma Aldrich 112470 

 

2.1.5 Lignins 

Organosolv lignin, provided by ECN 

Kraft lignin, THF soluble fraction of Indulin commercial lignin 

Soda lignin, Protobind lignin obtained from wheat straw/Sarkanda grass coming from soda pulping 

of non-woody biomass provided by Green Value 

Pext1 ς Protobind extracted fraction in MEK, provided by Biobasicenvironnement 
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2.1.6 Catalysts 

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

 

2.1.7 Acids and bases 

Sodium hydroxide (NaOH)        (MW=40 g/mol, d= 2.13 g/cm3) - Sigma Aldrich 30620 

Hydrochloric acid (HCl)        (MW=36.46 g/mol, d= 1.187 g/cm3) - Sigma Aldrich 7647010 

Triethylamine (TEA)        (MW= 149.18 g/mol, d=1.126 g/cm3) - Riedel-de-Hašn 16304 

 

2.1.8 NMR reagents 

Anhydrous pyridine (Py)        (MW=79.102 g/mol, d= 0.9783 g/cm3) ς Sigma Aldrich270970 

2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Phosphorylation reagent)  

      (MW=182.584 g/mol, d= 1.149 g/mL) ς Sigma Aldrich 447536 

Chromium (III) acetylacetonate (relaxation reagent, CrAc)  

      (MW=349.32 g/mol, d= 1.35 g/cm3) - Sigma Aldrich 574082 

Endo-N-hydroxy-5-norbornene-2,3-dicarboximide (Internal standard, IS)  

      (MW=179.17 g/mol, d= 1.282 g/cm3) - Sigma Aldrich 226378 

Dimethylformamide         (MW=73.09 g/mol, d= 0.944 g/m3) - Baker Analyzed 7032 

 

2.1.9 Diisocyanates 

Tolylene-2,4-diisocyanate (TDI)   (MW=174,14 g/mol, d=1,214 g/mL) - Fluka 89870 
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2.1.10 Salts 

Potassium bromide (KBr)        (MW=119 g/mol, d=2.75 g/cm3) - Sigma Aldrich 7758023 

Sodium azide (NaN3)        (MW=65.01 g/mol, d= 1.85 g/cm3) - Sigma Aldrich 71289     

 

2.1.11 Inert gasses 

NITROGEN (N2) 

ARGON (Ar) 

 

2.1.12 Other reagents 

Ethylchloroformate         (MW= 108.52 g/mol, d=1.14 g/cm3) - Fluka 23131 
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2.2 Characterization techniques 

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

 

2.2.1 Nuclear Magnetic Resonance (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 oriented on the rotation axis. The 

magnet is named nuclear spin number (I = ± ½) and when it is set in a wider external magnetic 

field B0, it can orient in two possible different ways: the spin can align with or against the field, as 

shown in Figure 2.1. 

 

Figure 2.1: alignment of the atoms according to a B0 external 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 two-state description is appropriate for most nuclei of biologic interest including 1H, 13C,15N, 

19F, 31P. After setting the sample in the external magnetic field, a radio-frequency wave is applied 

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

an induced voltage is detected.  

The following 1H-NMR ChemDraw spectrum simulation (1H-NMR is the most common and easiest 

NMR technique because it is the one regarding protons), reported as a clarification example in 

Figure 2.2, is characterized by a spectrum described with four main features:  

a) Number of signals: they show how many different protons are present;  
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b) Location of the signal or chemical shift: it gives the information about how much the protons 

ŀǊŜ ǎƘƛŜƭŘŜŘΦ Lǘ ƛǎ ƳŜŀǎǳǊŜŘ ǘƘǊƻǳƎƘ ŀ ǎŎŀƭŜ ŎŀƭƭŜŘ άŘŜƭǘŀ ǎŎŀƭŜέ ƛƴ ǇŀǊǘ ǇŜǊ Ƴƛƭƭƛƻƴ όǇǇƳύΣ ǘŀƪƛƴƎ ŀǎ 

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 same position in the molecule;  

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

 

Figure 2.2: ChemDraw simulated 1H-NMR spectrum 

Following all the information derived from the spectrum, it is possible to understand the 

disposition of the hydrogen atoms along the molecule and therefore it is possible to  deduce the 

molecular structure of the molecule. Performing other typologies of NMR analysis (3C,15N, 19F, 31P) 

it is possible to evaluate the disposition of different functional groups, for example, 19F NMR has 

been used in this thesis work to quantify the hydroxyl groups present in the lignin [23]. 
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All the analysis where performed in a Bruker Avance 500 spectrometer and the obtained spectra 

where investigated using MestreNova software. 

 

2.2.2 Fourier Transform InfraRed (FT-IR)  

FT-IR stands for Fourier Transform InfraRed and it is a technique used to identify the components 

of a material with the use of IR radiation [24][25][26]. When the sample is positioned, the IR 

radiation passes through it and some part is absorbed by the sample while the remaining part is 

transmitted on the other side. The results show the absorption and transmission creating a 

molecular fingerprint of the sample.  

The source emits the IR from a glowing black-body 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 signal is sent to the computer where the Fourier transformation takes place [27].  

 The data analysis was done in  Omnic Specta Software (Thermo Scientific), schematically 

represented in Figure 2.3, and the set parameters are: resolution of 2 cm-1 and 64 scans, in a range 

of wave numbers between 4000 and 400 cm-1.  

 

 

Figure 2.3: schematic representation of a FT-IR machine 
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2.2.3 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry or DSC is a dynamic experimental technique that detects the 

exothermic and endothermic transitions of 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 glass 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 temperature, but 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 specific heat of the sample for each temperature applied. 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 change in the 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 values for each sample transition are given: an Onset temperature 

(TgONSET), corresponding to the starting point of sigmoid, a different value, associated with the 

inflection point of the profile (TgFLEX) and a temperature taken as the average temperature 

between those involved in the sigmoid (TgMID). 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: from 25°C to 150°C, from 150°C to 25°C and 

from 25°C to 200°C. 

Theory of DSC is usually based on heat transfer equations [29] to simulate heat flow into the 

tested materials:  

d Q / d t = ɲ¢ ϊ E(T) 

where E(T) is the proportionality factor and it depends upon the geometry and materials of 

construction of the differential temperature sensor. 
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A DSC 823e (Mettler-Toledo) instrument was used. The parts of the system (schematically visible 

in Figure 2.4) may be listed as:  

¶ the DSC sensors plus their crucibles and signal amplifier;  

¶ the furnace, its temperature sensor and any cooling and atmosphere facilities;  

¶ the programmer or computer controller;  

¶ the recorder, plotter or data processor. 

 

Figure 2.4: schematic representation of a DSC machine 
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2.2.4 ThermoGravimetric Analysis (TGA) 

Thermogravimetric analysis is a technique devoted to high precision measurements of mass 

variation as a function of temperature or time. [29][30][31] 

Before the analysis, a small portion of the sample 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 degradation temperature and its 

general thermal behaviour. Nevertheless, 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 constant weight level until the polymer degradation temperature 

range is reached. To do so, the TGA instrument, a TGA Q 500 (TG 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 (N2) atmosphere to take into account separately the polymer behaviour and 

the role of oxygen in the degradation mechanism. The instrument (schematically represented in 

Figure 2.5) provides both the trend of the weight percentage (%) and the weight percentage 

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

 

Figure 2.5: schematic representation 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 static contact 

ŀƴƎƭŜ ʻ ŀǘ ǘƘŜ ƭƛǉǳƛŘκǎƻƭƛŘ ƛƴǘŜǊŦŀŎŜ ǿƘƛŎƘ ƛǎ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ (as 

shown in Figure 2.10). The resulting contact angle values were obtained by calculating the average 

of the measurements performed on 15 droplets deposited on the coatings.  
Optical contact angle measurements were carried out using an OCA 20 instrument (Dataphysics 

Co.), equipped with a CCD photo-camera and with a 500 µl Hamilton syringe to dispense liquid 

droplets on the coated substrates (Figure2.11). Tests 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 Kaeble) method, which 

yields the surface energy of the solid coating with its polar and dispersive components.  

 

 

        

Figure 2.6: OWRKΩǎ Ŝǉǳŀǘƛƻƴ       Figure 2.7: YoungΩǎ Ŝǉǳŀǘƛƻƴ 

 

Combining the OWRK equation (Figure 2.6) ǿƛǘƘ ǘƘŜ ¸ƻǳƴƎΩǎ ƻƴŜ (Figure 2.7) it is possible to 

obtain a final equation (Figure 2.8) that, once linearized, gives the value of the surface tension. 

 

 

 

Figure 2.8: global surface tension equation 
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In the equations above the subscripts l,v and s stand for liquid phase, vapour phase and solid 

phase respectively (visible in Figure 2.9), while the superscripts p and d stand for polar forces and 

dispersion forces. 

 

 

Figure 2.9: representation of ɸ angle components          Figure 2.10: wetting behavior with respect to ɸ 

 

  

 

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

Adhesion is defined as the inter-atomic 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 described 

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 substrate (such 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 such as dipole-dipole interactions, van der 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 requires a 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 advantage over the 

ƻǘƘŜǊ ƳŜŎƘŀƴƛǎƳǎΣ ǎƛƴŎŜ  ƛǘ ŘƻŜǎƴΩǘ ƴŜŎŜǎǎƛǘŀǘŜ ŀ ƳƻƭŜŎǳƭŀǊ ƛƴǘŜǊŀŎǘƛƻƴ ŦƻǊ ƎƻƻŘ ŀŘƘŜǎƛƻƴΣ ōŜƛƴƎ 

an equilibrium process established at the interface [32].  

Several adhesion measurement techniques exist, able to highlight different surface properties of 

the materials; in this work, a PosiTest AT-M Manual adhesion PULL-OFF tester (Figure 2.12) was 

used to evaluate the adhesion of several coatings on different substrates. 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 using Araldite 2011 

glue; after a suitable 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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Figure 2.12: PosiTest AT-M manual instrumentation 

 

 

2.2.7 Plasma treatment 

An air plasma treatment with a Kenosistec Plasma System equipped with a Gambetti GGK-RF20 

power supply (Figure 2.13 and Figure 2.14) was carried out on the substrate prior to the layer 

deposition, immediately after cleaning with soap and acetone. 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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2.2.8 Spin coating 

For the spin coating depositions, a WS-400BZ-6NPP/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 

equilibrium 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: Spin coating machine used during the test 
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3.RESULTS AND DISCUSSION 

3.1  Introduction 

The real core of this thesis work is the production of fully bio-based and bio-derived polyurethane 

coatings; this means that both the iscocyanate and the polyol involved in the polyurethane 

reaction must be lignin derived and that no oil-based compound must 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 de-polymerization process 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 lignin in order to produce polyurethane 

materials. 

The starting molecules (their structure is shown in Figure 3.1) used in this work are: 

¶ 4-hydroxybenzoic acid: 

¶ Trans-ferulic acid 

¶ Vanilic acid 

All those three acids are characterized by the presence of an aromatic ring which increase the 

mechanical properties of the final product, a carboxylic group and an hydroxyl group in para- 

position with respect to the carboxylic one; they can also have an oxy-methyl 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 literature [33]. 

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

distance between the two aromatic rings in the final diisocyanate; the two dibromoalkanes are: 

¶ 1,4 ς dibromobutane 

¶ 1,6 - dibromoesane 
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Every product coming out at every step of the synthesis has been analyzed with 1H NMR and FTIR 

in order to check the good success of the 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 molecule; the diacids are used for the synthesis of azides 

with a chemical reaction called Curtius rearrangement; finally the azides are reacted and their N3 

groups are substitutes with the isocyanate one (NCO). At this point diisocyanates are reacted with 

lignin in order to produce a polyurethane polymer. The general scheme of the reactions is 

reported in Figure 3.1. 

 

Figure 3.1: general scheme of the work 
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3.2 Synthesis of 4-hydroxybenzoic diisocyanate  

Step I 

Reaction scheme 

 

Table 3.1: reagents starting quantities for 4-hydroxybenzoic diacid synthesis 

 

Procedure 

A three necked round-bottom flask equipped with a reflux condenser, a nitrogen inlet and an 

additional funnel was charged with 4-hydroxybenzoic acid and with a solution of sodium hydroxide 

and water. The reaction mixture was refluxed for 1 h and then 1,4-dibromobutane 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 diacid obtained: 1.2 g 

Molar Yield : 36 % 

 

 

 

 Starting quantity 

4-hydroxybenzoic acid 2.76 g 

NaOH in water 2 g in 100 mL 

1,4-dibromobutane 1.2 mL 
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1H 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. 

 

 

 

Figure 3.2: 1H NMR spectrum (in d6 ςDMSO, 400 MHz) of 4-hydroxybenzoic diacid 
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Step II 

Reaction scheme 

 

Table 3.2: reagents quantities for 4-hydorxybenzoic azide synthesis 

 

Procedure 

A three-necked round-bottom flask equipped with a reflux, a nitrogen inlet and an addition funnel 

was charged with 4-hydroxybenzoic diacid and 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 15 minutes. To the reaction mixture, ethylchloroformate was added drop-

wise 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 at 0 °C for 2 hours and 

then at room temperature for 4 hours. Ice-cold water was 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 water, dried over anhydrous sodium sulfate, 

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

 Quantity 

4-hydoxybenzoic diacid 1.2 g 

Mixture THF:water (3:1 v/v) 15 mL:5 mL 

Mixture TEA in THF 2.9 mL in 4 mL 

Ethylchloroformate 2 mL 

Solution of NaN3 in water 1.87 g in 7.2 mL 
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4-hydorxybenzoic azide obtained: 0.5 g 

Molar Yield: 36 % 

 

1H NMR spectrum of the product (reported in Figure 3.3) 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. 

 

 

 

 

Figure 3.3: 1H NMR spectrum (in CDCl3, 400 MHz) of 4-hydorxybenzoic azide 
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Step III 

Reaction scheme 

 

 

Table 3.3: reagents quantities for 4-hydroxybencoic diisocyanate synthesis 

 Quantity 

4-hydroxybenzoic azide 0.5 g 

Dry toluene 10 mL 

 

Procedure 

A two necked round-bottom flask equipped with a reflux condenser and a nitrogen inlet was 

charged with 4-hydroxybenzoic azide and dry toluene. The reaction mixture was heated at 80 °C 

for 8 hours. The toluene was removed under reduced pressure and a white solid compound was 

obtained. 

4-hydroxybencoic diisocyanate obtained: 263 mg 

Molar Yield: 62 % 
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1H 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. 

 

 

 

Figure 3.4: 1H NMR spectrum (in CDCl3, 400 MHz) of 4-hydroxybencoic diisocyanate 
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FT-IR spectra (reported in Figure 3.5) prove the disappearance of the azide (peak at 2130) and the 

formation of the diisocyanate (peak at 2277), confirming once again the good success of the 

synthesis. 

4-hydorxybenzoic azide FT-IR(KBr; ˄ Σ ŎƳ-1): 2130;  4-hydroxybencoic diisocyanate FT-IR(KBr; ˄ Σ  

cm-1): 2277, 3320. 

 

 

Figure 3.5: FTIR of 4-hydoxybenzoic azide (green) and 4-hydroxybencoic diisocyanate (red) 

 

 

3.3 Synthesis of trans-ferulic diisocyanate  

Step I 

Reaction scheme 
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Table 3.4: reagents starting quantities for trans-ferulic diacid synthesis 

 

Procedure 

A three necked round-bottom flask equipped with a reflux condenser, a nitrogen inlet and an 

additional funnel was charged with trans-ferulic acid and with a solution of sodium hydroxide and 

water. The reaction mixture was refluxed for 1 h and then 1,4-dibromobutane 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. 

 

Trans-ferulic diacid obtained: 2.9 g 

Molar Yield: 65 % 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Starting quantity 

Trans-ferulic acid 3.88 g 

NaOH in water 2 g in 100 mL 

1,4-dibromobutane 1.2 mL 
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1H NMR spectrum of the product (reported in Figure 3.6) 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. 

 

 

 

Figure 3.6: 1H NMR spectrum (in d6 ςDMSO, 400 MHz) of trans-ferulic diacid 
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Step II  

Reaction scheme 

 

Table 3.5: reagents quantities for trans-ferulic azide synthesis 

 

Procedure 

 

A three-necked round-bottom flask equipped with a reflux, a nitrogen inlet and an addition funnel 

was charged with trans-ferulic diacid and 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 15 minutes. To the reaction mixture, ethylchloroformate was added drop-wise 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 at 0 °C for 2 hours and then at room 

temperature for 4 hours. Ice-cold water was 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 water, dried over anhydrous sodium sulfate, 

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

 Quantity 

Trans-ferulic diacid 2.92 g 

Mixture THF:water (3:1 v/v) 25 mL:10 mL 

Mixture TEA in THF 5.5 mL in 6.6 mL 

Ethylchloroformate 3.8 mL 

Solution of NaN3 in water 3.43 g in 10 mL 
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Trans-ferulic azide obtained: 1.9 g 

Molar Yield: 58 % 

1H 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. 

 

 

 

Figure 3.7: 1H NMR spectrum (in CDCl3, 400 MHz) of trans-ferulic azide 
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Step III 

Reaction scheme 

 

 

Table 3.6: reagents quantities for trans-ferulic diisocyanate synthesis 

 Quantity 

Trans-ferulic azide 0.5 g 

Dry toluene 10 mL 

 

Procedure 

A two necked round-bottom flask equipped with a reflux condenser and a nitrogen inlet was 

charged with trans-ferulic azide and dry toluene. The reaction mixture was heated at 80 °C for 8 

hours. The toluene was removed under reduced pressure and a white solid compound was 

obtained. 

Trans-ferulic diisocyanate obtained: 1 g 

Molar Yield: > 90% 
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1H 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. 

 

 

 

Figure 3.8: 1H NMR spectrum (in CDCl3, 400 MHz) of trans-ferulic diisocyanate 
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FT-IR peak values (reported in Figure 3.9) prove the disappearance of the azide (2138 cm-1) and 

the formation of the diisocyanate (2261 cm-1), confirming also in this case the possibility of 

obtaining the desired diisocyanate from the synthesis. 

 

Figure 3.9: FTIR of trans-ferulic azide (red) and trans-ferulic diisocyanate (light blue) 

 

3.4 Synthesis of vanillic diisocyanate_C4 

Step I 

Reaction scheme 

 

Table 3.7: reagents starting quantities for vanilic diacid_C4 synthesis 

 Starting quantity 

Vanillic acid 3.36 g 

NaOH in water 2 g in 100 mL 

1,4-dibromobutane 1.2 mL 
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Procedure 

A three necked round-bottom 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 1,4-dibromobutane 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. 

Vanillic diacid_C4 obtained: 1.5g 

Molar Yield: 40 % 

1H NMR spectrum of the product (reported in Figure 3.10) 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. 

 

Figure 3.10: 1H NMR spectrum (in d6 ςDMSO, 400 MHz) of vanillic diacid_C4 



65 
 

Step II 

Reaction scheme 

 

 

Table 3.8: reagents quantities for vanillic azide_C4 synthesis 

 Quantity 

Vanillic diacid_C4 1.5 g 

Mixture THF:water (3:1 v/v) 15 mL:5 mL 

Mixture TEA in THF 3.2 mL in 4 mL 

Ethylchloroformate 2.2 mL 

Mixture of NaN3 in water 2 g in 5.8 mL 

 

Procedure 

A three-necked round-bottom flask equipped with a reflux, a nitrogen inlet and an addition funnel 

was charged with vanillic diacid_C4 and 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 15 minutes. To the reaction mixture, ethylchloroformate was added drop-wise 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 at 0 °C for 2 hours and then at room 

temperature for 4 hours. Ice-cold water was added gradually to the reaction mixture when the 

solid precipitated out. The precipitate was filtered and washed with water. The product was 



66 
 

dissolved in dichloromethane and washed with water, dried over anhydrous sodium sulfate, 

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

Vanillic azide_C4 obtained: 840 mg 

Molar Yield: 50 % 

1H NMR spectrum of the product (reported in Figure 3.11) 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. 

 

 

 

Figure 3.11: 1H NMR spectrum (in CDCl3, 400 MHz) of vanillic azide_C4 
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Step III 

Reaction scheme 

 

 

Table 3.9: reagents quantities for vanillic diisocyanate_C4 synthesis 

 Quantity 

Vanillic azide_C4 720 mg 

Dry toluene  10 mL 

 

 

Procedure 

A two necked round-bottom flask equipped with a reflux condenser and a nitrogen inlet was 

charged with vanillic azide_C4 and dry toluene. The reaction mixture was heated at 80 °C for 8 

hours. The toluene was removed under reduced pressure and a white solid compound was 

obtained. 

Vanillic diisocyanate_C4 obtained:  615 mg 

Molar Yield: > 90% 
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1H 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. 

 

 

 

Figure 3.12: 1H NMR spectrum (in CDCl3, 400 MHz) of vanillic diisocyanate_C4 
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FT-IR values prove the disappearance of the azide (peak at 2140 cm-1) and the formation of the 

diisocyanate (peak at 2291 cm-1), as visible in Figure 3.13 

 

 

 

Figure 3.13: FTIR of vanillic diacid_C4 (violet), vanillic azide_C4 (red) and vanillic diisocyanate_ C4 (green) 
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3.5 Synthesis of vanillic diisocyanate_C6 

Step I 

Reaction scheme 

 

Table 3.10: reagents starting quantities for vanillic diacid_C6 synthesis 

 

Procedure 

A three necked round-bottom 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 1,6-dibromoesane 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. 

Vanillic diacid_C6 obtained: 1.380 g 

Molar Yield:  37 % 

 

 

 

 

 Starting quantity 

Vanillic acid 3 g 

NaOH in water  1.785 g in  90 mL 

1,6-dibromoesane  1.37 mL 



71 
 

1H 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 spectrum are not the only 

ones regarding vanillic diacid_C6, meaning that a mixture of products has been formed. 

 

 

Figure 3.14: 1H NMR spectrum (in d6 ςDMSO, 400 MHz) of vanillic diacid_C6 
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Step II 

Reaction scheme 

 

 

Table 3.11: reagents quantities for vanillic azide_C6 synthesis 

 

Procedure 

A three-necked round-bottom flask equipped with a reflux, a nitrogen inlet and an addition funnel 

was charged with vanillic diacid_C6 and 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 15 minutes. To the reaction mixture, ethylchloroformate was added drop-wise 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 at 0 °C for 2 hours and then at room 

temperature for 4 hours. Ice-cold water was added gradually to the reaction mixture when the 

solid precipitated out. The precipitate was filtered and washed with water. The product was 

 Quantity 

Vanillic diacid_C6  1.380 g 

Mixture THF:water (3:1 v/v)  12.4 mL in 4.1 mL 

Mixture TEA in THF  2.74 mL in  3.3mL 

Ethylchloroformate  1.9 mL 

Mixture of NaN3 in water  1.716 g in  4.9 mL 
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dissolved in dichloromethane and washed with water, dried over anhydrous sodium sulfate, 

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

 

Vanillic azide_C6 obtained:  320 mg 

Molar Yield:  20 % 

1H NMR spectrum of the product (reported in Figure 3.15) proves that the reaction has 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. 

 

Figure 3.15: 1H NMR spectrum (in CDCl3, 400 MHz) of vanillic azide_C6 
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Step III 

Reaction scheme 

 

 

Table 3.12: reagents quantities for vanillic diisocyanate_C6 synthesis 

Procedure 

A two necked round-bottom flask equipped with a reflux condenser and a nitrogen inlet was 

charged with vanillic azide_C6 and dry toluene. The reaction mixture was heated at 80 °C for 8 

hours. The toluene was removed under reduced pressure and a white solid compound was 

obtained. 

Vanillic diisocyanate_C6 obtained:  223 mg 

Molar Yield: > 90 % 

 

 

 

 

 

 Quantity 

Vanillic azide_C6  320 mg 

Dry toluene   4 mL 
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1H 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 the spectrum are not the only 

ones regarding vanillic diacid_C6, meaning that a mixture of products has been formed. 

 

 

Figure 3.16: 1H NMR spectrum (in CDCl3, 400 MHz) of vanillic diisocyanate_C6 

 

 

FT-IR values prove the disappearance of the azide (peak at 2143 cm-1) and the formation of the 

diisocyanate (peak at 2288 cm-1), as visible in Figure 3.17 
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Figure 3.17: FTIR of vanillic azide_C6 (green) and vanillic diisocyanate_C6 (red) 

At this point, a choice between the four isocyanates has been performed taking as determining 

parameters the yield, the purity and the solubility of the final product as shown in Table 3.13.  

Table 3.13: final characteristic of the synthesized isocyanates 

Name Structure Solubility Yield Purity 

4-

hydoxybenzoic 

diisocyanate  

Low in 

commercial 

solvents 

 

13 % 

Good 

purity 

from NMR 

spectrum 

Trans-ferulic 

diisocyanate 
 

Low in 

commercial 

solvents 

 

38 % 

Good 

purity 

from NMR 

spectrum 

Vanillic 

diisocyanate_C4 

 

 

Good 

 

20 % 

Good 

purity 

from NMR 

spectrum 

Vanillic 

diisocyanate_C6 

 

 

Good 

 

7 % 

Low purity 

from NMR 

spectrum 
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In particular, 4-hyoxybenzoic diisocyanate and trans-feruilc 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 eliminated as 

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 these considerations, vanillic diisocyanate_C4 has been chosen as the 

reference isocyanate, being well soluble in many solvents and characterized by a synthesis path 

with an acceptable yield and good level of purity and therefore all the following polymerization 

tests have been carried out using it. Before moving on four more batches have been synthesized, 

scaling up the quantities, in order to have enough vanillic diisocyanate_C4 to work with. The 

quantities used in the scale up synthesis are reported in Table 3.14. 

 

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

 Quantity 

Vanillic acid 10 g 

NaOH in water 5.946 g in 297.35 mL 

1,4-dibromobutane 3.55 mL 

Obtained diacid 4.89 g 

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 NaN3 in water 6.53 g in 18.82 mL 

Obtained azide 2.34 g 

Dry toluene 28.35 mL 

 

This scale up reaction has been carried out with a final molar yield equal to 20 % and this value is 

in line with the one obtained for the small production synthesis, 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 the scale up reaction is shown in the figure below (Figure 3.18): 

 

Figure 3.18: global scheme of reaction for the synthesis of vanillic diisocyanate_C4 

 

 

                    

 

Figure 3.19: lab desk where the synthesis were performed 

Figure 3.20: photo of vanillic azide_C4 synthesis 
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3.6 Preliminary polymerization tests 

At this point, the diisocyanates were ready to be used for the making of the polyurethanes, 

following the classical reaction between OH and NCO groups. Some preliminary 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 time in order to try to find the best conditions for the cross-

linking following different procedures found in literature [34][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 reactions. Another thing that 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 polymer with the diisocyanate but a more complex and knotty 

structure. 

Experiment EZ13 

Reaction scheme 
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Table 3.15: reagents quantities for EZ13 synthesis 

 Quantity 

Vanillic diisocyanate_C4 60 mg 

1,10-decandiol 27.2 mg 

Dibutyltin dilaurate (DBTDL) 1 µL 

Dry toluene 11 mL 

 

Procedure 

In a 25 mL three-necked round bottle flask equipped with reflux condenser and nitrogen inlet, 27,2 

mg of 1,10-decandiol and 60 mg of vanillic diisocyanate_C4 have been dissolved in 10 mL of dry 

ǘƻƭǳŜƴŜΦ м ˃[ ƻŦ 5.¢5[ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ м Ƴ[ ƻŦ ŘǊȅ ǘƻƭǳŜƴŜ ŀƴŘ ŀŘŘŜŘ ǘƻ ǘƘŜ ƳƛȄǘǳǊŜΦ ¢ƘŜ 

reaction has been conducted at 80 °C for 8h, left stirring at room temperature overnight and then 

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

CHCl3 and 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 standard-polymer synthesis. The produced polymer is a 

linear one being the reagents involved both bi-functional (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 polymer is 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 FTIR peaks (shown in Figure 3.21) that in fact prove polymer formation (3310, 

1700  cm-1) and disappearance of NCO peak (2295  cm-1). 
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Vanillic diisocyanate_C4 FTIR(KBr; ˄Σ ŎƳ-1): 2294; EZ13 FTIR (KBr; ˄Σ ŎƳ-1): 3314. 

 

Figure 3.21: FTIR of vanillic diisocyanate_C4 (green) and EZ13 (red) 

 

Experiment EZ16 A and EZ17 

Reaction scheme 
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Table 3.16: reagents quantities for EZ16 A synthesis 

 Quantity 

Vanillic diisocyanate_C4 30 mg 

Pext1 75 mg 

Dibutyltin dilaurate (DBTDL) 1 µL 

Dry toluene 12 mL 

 

Procedure 

In a 25 mL three-necked  round bottle flask equipped with reflux condenser and nitrogen inlet, 75 

mg of Pext1 have been dissolved in 10 mL of dry toluene at 40 °C for 2 h. The solution has been 

cooled to room temperature, and  30 mg of vanillic diisocyanate_C4 dissolved in a separate vial in 

1 mL of ŘǊȅ ǘƻƭǳŜƴŜ ƘŀǾŜ ōŜŜƴ ŀŘŘŜŘΦ м˃[ ƻŦ 5.¢5[ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ м Ƴ[ ƻŦ ŘǊȅ ǘƻƭǳŜƴŜ ŀƴŘ 

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 under reduced pressure. 

The obtained product was dissolved in CHCl3 and 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 reactivity of a lignin; 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 % which 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 poly-functional from hydroxyl groups point of view) and it is 

well known that reticulated polymers are insoluble in many commercial solvents. Again the 

consumption of the isocyanate (peak at 2294 cm-1) is checked looking at FTIR peaks (Figure 3.22): 

the peak of the red line (the one of the isocyanate) disappears in the 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 Pext1 (violet) 

 

The solution obtained after the filtration has been dried in vacuum and the solid obtained (EZ16C) 

has been analyzed with FTIR. From the spectrum below (Figure 3.23), it appears that EZ16C (red 

line) is mainly composed by the starting lignin fraction Pext1 (violet line). 

 

 

Figure 3.23: FTIR of EZ16C (red) and Pext1 (violet) 

Another reaction (called experiment EZ17) has been done in the same conditions of the previous 

one except for the NCO:OH molar ratio (3.7:1 in this case) 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 industrial production. Also in this test, poor polymer solubility has been observed, 

proving once again the reticulated nature of the final product. 

 

Experiment EZ18 and EZ19 

Reaction scheme 

 

Table 3.17: reagents quantities for EZ18 synthesis 

 Quantity 

Vanillic diisocyanate_C4 25 mg 

Pext1 50 mg 

Dibutyltin dilaurate (DBTDL) 5 µL 

Dry N,N-Dimethylacetamide 20 mL 

 

Procedure 

In a 50 mL two-necked  round bottle flask equipped with reflux condenser and nitrogen inlet, 50 

mg of Pext1 and  25 mg of vanillic diisocyanate_C4 have been dissolved in 19 mL of dry N,N-

5ƛƳŜǘƘȅƭ ŀŎŜǘŀƳƛŘŜΦ р ˃[ ƻŦ 5.¢5[ ǇǊŜǾƛƻǳǎƭȅ ŘƛǎǎƻƭǾŜŘ  ƛƴ м Ƴ[ ƻŦ ŘǊȅ bΣb-Dimethyl acetamide 
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was 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 under reduced pressure.  

Comments 

In this experiment, the real focus is on the solvent that has been changed passing from toluene to 

N,N-Dimethylacetamide; the result is a complete and easy solubilization of lignin in the solvent but 

also a difficult evaporation of the solvent at the end of the procedure and therefore no product 

quantification and FT-IR analysis was possible. 

Another experiment has been done (EZ19) in the same conditions except for the solvent volume 

employed (less than one fourth with respect to the previous experiment) in order to 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 EZ20, EZ21, EZ22 and EZ23 

Reaction scheme 

 

 

Procedure 

In a 25 mL two-necked round bottle flask equipped with reflux condenser and nitrogen inlet, 100 

mg of Soda ƭƛƎƴƛƴ ƘŀǾŜ ōŜŜƴ ŘƛǎǎƻƭǾŜŘ ƛƴ пΣф Ƴ[ ƻŦ ŘǊȅ ¢ICΦ ! ǎƻƭǳǘƛƻƴ ƻŦ м ˃[ ƻŦ 5.¢5[Σ млл ҡ[ ƻŦ 

dry THF and different volumes of tolylene-2,4-diisocyanate and has been prepared and added to 

the mixture. The reaction has been 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 reduced pressure. 
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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 solubility of the reagents point 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 all the 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 3.18: reagents quantities for EZ20 synthesis 

 Molar Ratio NCO:OH 

EZ20 1.8:1 

EZ21 3.7:1 

EZ22 2:1 

EZ23 6:1 

 

The yields (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 unreacted isocyanate (peak at 2272 cm-1) with 

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 by attempt. 

The optimization step will be performed and discussed in section 3.7. 
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In the figure below (Figure 3.24), as said, it is possible to see the variable peak intensity in the NCO 

region (2272 cm-1) for the four experiments; the goal to be obtained 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. 

 

 

Figure 3.24: FTIR of EZ20 (green), EZ21 (violet), EZ22 (light blue) and EZ23(red) 
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In the following table (Table 3.19) all the data and information regarding the previous experiments 

are reported and summarized. 

 

Table 3.19: summary table 
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3.7 Research of the optimal OH:NCO ratio 

In this section, coatings synthesis and production has been started; before 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 reactive in 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 reaction. 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 how 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 present. To do that, FT-IR was employed to understand and see at what ratio the isocyanate 

was completely consumed by the reaction with all the three lignins and then submit those 

coatings to a solubility test in order to check and test their stability. In this section, as said, three 

different lignins have been employed in 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 polymers 

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 different conditions 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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3.7.1 Hydroxyl quantification in lignins trough 31P NMR 

At first, a quantification of the hydroxyl groups present in lignins was needed in order to 

understand how many OH could theoretically react with the NCO groups of the diisocyanate in the 

polyurethane reaction and to do that 31P NMR analysis was used. 

 

Sample preparation 

The procedure for the preparation of 31P NMR has been found in literature [23] 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. Moreover, being 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:  

¶ solution A: 10 mg of Endo-N-hydroxy-5-norbornene-2,3-dicarboximide were dissolved in 

0.5 mL of a mixture of pyridine and deuterated chloroform 1.6:1 v/v;  

¶ solution B: 5.7 mg of chromium (III) acetylacetonatewere dissolved in 0.5 mL of a mixture 

of pyridine and deuterated chloroform 1.6:1 v/v. 

Then, плΦл ƳƎ ƻŦ ƭƛƎƴƛƴ ǿŜǊŜ ŎƻƳǇƭŜǘŜƭȅ ŘƛǎǎƻƭǾŜŘ ƛƴ олл ˃[ ƻŦ 5aCΦ ¢ƻ ǘƘƛǎ ǎƻƭǳǘƛƻƴΣ ǘƘŜ ŦƻƭƭƻǿƛƴƎ 

components were added: 

¶ нлл ˃[ ƻŦ tȅǊƛŘƛƴŜ 

¶ млл ˃[ ƻŦ ǎƻƭǳǘƛƻƴ ! 

¶ рл ˃[ ƻŦ ǎƻƭǳǘƛƻƴ . 

¶ млл ˃[ ƻŦ 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 

¶ мол ˃[ /5/ƭ3 
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Integration procedure: 

 

Figure 3.25: Soda lignin 31P NMR spectrum 

 

The spectrum in Figure 3.25 (the one regarding soda lignin) is phased with the reference peak of 

the reaction product of Cl-TMDP with water at 132.2 ppm. The areas corresponding to different 

OH groups are determined using the following integration ranges, as found in literature [23]: 

 

- Internal standard: 153 ppm 

- Aliphatic OH: 150.0-147.0 ppm 

- Phenolic OH: 145.0-137.2 ppm 

- Carboxylic OH: 136.8-135.0 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: 

 

ὕὌ
ὥὶὩὥ ὭὲὸὩὫὶὥὰÍÏÌ )3 

Ç ÌÉÇÎÉÎ ÓÁÍÐÌÅ
 

 

The final hydroxil quantification values are reported in Table 3.20. 

 

Table 3.20: hydroxyl quantification summary table 

 

From the table 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 carboxylic groups; 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 amount of 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. 

 

 

 

 

Lignin -OH aliphatic 

[mmol/g]  

-OH phenolic 

[mmol/g]  

-COOH 

[mmol/g]  

Total 

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 
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3.7.2 Catalysed tests with Soda lignin and tolylene-2,4-  

diisocyanate (TDI) 

Procedure 

The very first attempt of polymerization was done using tolylene-2,4-diisocyanate (TDI) as 

ŘƛƛǎƻŎȅŀƴŀǘŜ ƛƴ ƻǊŘŜǊ ǘƻ ŘƻƴΩǘ ǿŀǎǘŜ ǾŀƴƛƭƭƛŎ ŘƛƛǎƻŎȅŀƴŀǘŜ_C4 and have a general idea of the 

behavior of the system.  

At first, a solution of Soda lignin in THF (5 % w/w) is prepared and let stirring for a whole night; 

then, after having filtered this solution, 5 mL of it are taken and different amounts of tolylene-2,4-

diisocyanate (TDI) are added to them (as shown in Table 3.21). When 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 minutes (DBTDL weight is calculated as 1% of the weight of the dry mass). 

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 1 hour at 150 °C for the cross-linking 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 3.21: table of quantities for the catalysed tests with TDI 

Sample 

name 

Ratio 

OH:NCO 

Weight of 

TDI [mg] 

Volume of 

TDI [mL] 

Weight of lignin 

[mg] 

Weight of 

DBTDL [mg] 

Volume of 

DBTDL [µL] 

glass Q_c 1 to 1.3 27,4 0,0225 22,5 0,499 0,471 

glass R_c 1 to 1.2 25,3 0,0207 22,5 0,478 0,451 

glass S_c 1 to 1.1 23,2 0,0190 22,5 0,457 0,431 

glass T_c 1 to 1 21 0,0172 22,5 0,435 0,410 

glass U_c 1 to 0.9 18,9 0,0155 22,5 0,414 0,391 

glass V_c 1 to 0.8 16,8 0,0138 22,5 0,393 0,371 

glass W_c 1 to 0.7 14,7 0,0120 22,5 0,372 0,351 

glass X_c 1 to 0.6 12,6 0,0103 22,5 0,351 0,331 

glass Y_c 1 to 0.5 10,5 0,0086 22,5 0,33 0,311 

glass Z_c 1 to 0.4 8,4 0,0069 22,5 0,309 0,292 
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Figure 3.26: FTIR of catalysed tests with TDI 

 

From the picture above (Figure 3.26) it is possible to check that some samples, the ones with the 

highest amount of isocyanate, present in the FTIR spectrum the NCO peak (2269 cm-1), while 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 Catalysed tests with Soda lignin and vanillic 

diisocyante_C4 

Procedure 

The second set of tests was done with the vanillic diisocyante_C4 synthesized in the previous 

section and with the standard catalyst for this kind of polymerization: DBTDL. At first, a solution of 

Soda lignin in THF (5 % w/w) is prepared and let it stirring for a whole night; then, after having 

filtered this solution, 5 mL of it are taken and different amounts of vanillic diisocyanate_C4  are 

added to them(as shown in Table 3.22). When 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 

minutes (DBTDL weight is calculated as 1% of the weight of the dry mass). 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 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 analyze 

them with FTIR. 

Table 3.22: table of quantities for the catalysed tests with vanillic diisocianate_C4 

Sample  

name 

Ratio 

OH:NCO 

Quantity  

of vanillic 

diisocianate_C4  

[mg] 

Quantity  

of lignin [mg] 

Weight  

of DBTDL [mg] 

Volume  

of DBTDL [µL] 

glass O_c 1 to 1.3 60,4 22,5 0,829 0,782 

glass N_c 1 to 1.2 55,8 22,5 0,783 0,739 

glass M_c 1 to 1.1 51,1 22,5 0,736 0,694 

glass E_c 1 to 1 46,5 22,5 0,69 0,651 

glass G_c 1 to 0.9 41,8 22,5 0,643 0,607 

glass H_c 1 to 0.8 37,2 22,5 0,597 0,563 

glass I_c 1 to 0.7 32,5 22,5 0,55 0,519 

glass J_c 1 to 0.6 27,8 22,5 0,503 0,475 

glass K_c 1 to 0.5 23,3 22,5 0,458 0,432 

glass L_c 1 to 0.4 18,6 22,5 0,411 0,388 



96 
 

This set of tests was performed in order to understand if passing from a commercial diisocyanate 

(TDI) used in the experiment above to vanillic diisocyanate_C4 synthesized in the previous 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 with different 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 (2269 cm-1) is progressively decreasing as the 

quantity of the isocyanate put in the reaction decreases. 

 

Figure 3.27: FTIR of catalysed 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 identically obtaining the same results and getting therefore a 

ǇǊƻǾŜ ƻŦ ǊŜǎǳƭǘǎΩ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅΦ 
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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 previous sections 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 Soda lignin in THF (5 % w/w) is prepared and let it stirring for a whole night; 

then, after having filtered this solution, 5 mL of it are taken and different amounts of vanillic 

diisocyanate_C4 are added to them (as shown in Table 3.23). When the diisocyanate is well 

dissolved 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 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 analyze them with FTIR.  

 

Table 3.23: table of quantities for the non catalysed tests with vanillic diisocianate_C4 

Sample name Ratio OH:NCO Quantity of  vanillic 

diisocianate_C4 [mg] 

Quantity of lignin [mg] 

glass E 1 to 1 46,5 22,5 

glass G 1 to 0,9 42 22,5 

glass H 1 to 0,8 37 22,5 

glass I 1 to 0,7 32,5 22,5 

glass J 1 to 0,6 27,8 22,5 

glass K 1 to 0,5 23,3 22,5 

glass L 1 to 0,4 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 do that once again FTIR spectra of the different samples with different OH:NCO 

ratios (reported in Figure 3.28) were investigated. 

 

Figure 3.28: FTIR of non catalysed tests with vanillic diisocianate_C4 

 

At first see, it seems that removing the catalyst the reaction is much more unfavored leaving in the 

system a lot of unreacted isocyanates; actually, the catalyst has only a kinetic role because it just 

ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŀǘŜ ŀƴŘ ǘƘŀǘΩǎ ǘƘŜ ǊŜŀǎƻƴ ǿƘȅ it is possible to still see the isocyanate after 

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 at time zero, after 1 hour and after two hours.  

According to the spectra reported in Figure 3.29, 3.30 and 3.31, just after one hour of thermal 

treatment the effect of the catalyst is no more visible and after two hours no difference is present 

between catalyzed and non catalyzed tests. 

For this reason, from this point, catalyst has been removed from all the following tests; for a 

future industrial application the removal of catalyst is a huge advantage from an economical point 

of view and also for a matter of simplicity of the production process. 
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Figure 3.29: FTIR on 1:0.7 ratio sample at increasing time 

 

Figure 3.30: FTIR on 1:0.6 ratio sample at increasing time 

 

 

Figure 3.31: FTIR on 1:0.5 ratio sample at increasing time 
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3.7.5 Tests based on mass ratios 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 ratio because it was necessary to quantify the amount of lignin needed 

to obtain fully cross-linked  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 amount of vanillic isocyanate_C4 with increasing 

amount of a solution of Soda lignin and THF and then make up to the mark with fresh THF in order 

to have isovolume batches (as 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 ratios quantities for the non catalysed tests with vanillic diisocianate_C4 
and Soda lignin 

Sample name Mass ratio  Vanillic 

diisocianate_C4 

[mg] 

Soda lignin [mg] Molar ratio 

OH:NCO 

Soda lignin 1 to 0.8 1:0.8 18 22.5 1 to 0.39 

Soda lignin 1 to 0.7 1:0.7 18 25.7 1 to 0.34 

Soda lignin 1 to 0.6 1:0.6 18 30 1 to 0.29 

Soda lignin 1 to 0.5 1:0.5 18 36 1 to 0.24 

Soda lignin 1 to 0.4 1:0.4 18 45 1 to 0.19 

Soda lignin 1 to 0.3 1:0.3 18 60 1 to 0.15 

Soda lignin 1 to 0.2 1:02 18 90 1 to 0.10 
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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. 

 

Figure 3.32: FTIR of mass based ratios between Soda lignin and vanillic diisocianate_C4 

In order to better interpret the figure above, a zoom around the significant region (2270 cm-1) was 

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

zoom of the spectra is reported in Figure 3.33. 

 

Figure 3.33: zoom of figure 3.32 on 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 fraction without 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 lignin. The samples were prepared 

mixing a constant amount of vanillic diisocyanate_C4 with increasing amount of a solution of Kraft 

and THF and then make up to the mark with fresh THF in order to have isovolume batches (as 

ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ оΦнрύΤ ǘƘŜ ǎŀƳǇƭŜǎ ǘƘŀǘ ŘƻŜǎƴΩǘ ǎƘƻǿ ŀƴȅƳƻǊŜ ǘƘŜ ƛǎƻŎȅŀƴŀǘŜ ǇŜŀƪ ǿƛƭƭ ōŜ 

subjected to a solubility test in THF. 

 Table 3.25: table of mass based ratios quantities for the non catalysed tests with vanillic diisocianate_C4 
and Kraft lignin 

 

Sample name Mass ratio  Vanillic 

diisocianate_C4 

[mg] 

Kraft lignin [mg] Molar ratio 

OH:NCO 

Kraft lignin  

1 to 0.8 

1:0.8 6.75 8.45 1 to 0.69 
 

Kraft   lignin  

1 to 0.7 

1:0.7 6.75 9.65 1 to 0.60 

Kraft  lignin  

 1 to 0.6 

1:0.6 6.75 11.25 1 to 0.52 

Kraft  lignin  

 1 to 0.5 

1:0.5 6.75 13.5 1 to 0.43 

Kraft  lignin  

  1 to 0.4 

1:0.4 6.75 16.875 1 to 0.34 

Kraft  lignin  

 1 to 0.3 

1:0.3 6.75 22.5 1 to 0.26 
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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 with all the previous tests. 

 

 Figure 3.34: FTIR of mass based ratios between Kraft and vanillic diisocianate_C4 

In order to better interpret the figure above, once again a zoom around the significant region 

(2270 cm-1) was performed in order to be extremely sure that the NCO peak was completely 

disappeared. The zoom of the spectra is reported in Figure 3.35. 

 

Figure 3.35: zoom of figure 3.34 on 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 (corresponding 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 this caƭƛōǊŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘ ƛǘΩǎ ǾŜǊȅ ƛƴǘŜǊŜǎǘƛƴƎ ōŜŎŀǳǎŜ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ǳƴŘŜǊǎǘŀƴŘ 

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 molar amount 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 reactive maybe due to a lower degree of steric impedence. 
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3.7.7 Tests 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 amount of vanillic 

diisocyanate_C4 with increasing amount of a solution of Organosolv lignin and THF and then make 

up to the mark with fresh THF in order to have isovolume batches (as shown in Table 3.26). 

Table 3.26: table of mass based ratios quantities for the non catalysed tests with vanillic diisocianate_C4 
and Organosolv lignin 

 

Sample name Mass ratio  Vanillic diisocianate_C4 

[mg] 

Organosolv 

lignin [mg] 

Molar ratio 

OH:NCO 

Organosolv 

lignin 1 to 0.5 

1:0.5 5.625 11.25 1 to 0.47 

Organosolv 

lignin 1 to 0.4 

1:0.4 5.625 14.06 1 to 0.37 

Organosolv 

lignin 1 to 0.3 

1:0.3 5.625 18.75 1 to 0.28 

Organosolv 

lignin 1 to 0.2 

1:02 5.625 28.125 1 to 0.19 

Organosolv 

lignin 1 to 0.15 

1:0.15 5.625 37.5 1 to 0.14 

Organosolv 

lignin 1 to 0.1 

1:0.1 5.625 56.25 1 to 0.09 
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From the FTIR spectra of the different samples (reported in Figure3.36) 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 with all the previous tests. 

 

Figure 3.36: FTIR of mass based ratios between Organosolv lignin and vanillic diisocianate_C4 

 

In order to better interpret the figure above, once again a zoom around the significant region 

(2270 cm-1) was performed in order to be extremely sure that the NCO peak was completely 

disappeared. The zoom of the spectra is reported in Figure 3.37. 

 

Figure 3.37: zoom of figure 3.36 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 anymore isocyanate; 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 similar tƻ ǘƘŜ {ƻŘŀ ƭƛƎƴƛƴΩǎ ƻƴŜ ōŜŎŀǳǎŜ ǘƘŜ ƳƻƭŀǊ Ǌŀǘƛƻ ǿƘŜǊŜ ǘƘŜ ƛǎƻŎȅŀƴŀǘŜ ƛǎ Ŧǳƭƭȅ 

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 diisocyanate mass needed to 

get that molar ratio is lower. 

At this point, as anticipated, all the obtained coatings where no more isocyanates was found by 

the FT-IR, were submerged in fresh THF in order to check their stability through a solubility test (as 

shown in Figure 3.38); the samples with the lowest amount of isocyanate which is completely 

consumed during the reaction and whose stability has been proven by the solubility test have 

been chosen as the reference samples for the further analysis and characterization techniques. 

 

 

Figure 3.38: one of the solubility test done during this thesis work 

 

These chosen samples are:  

¶ Soda lignin/vanillic diisocyanate_C4: 1/0.5 (wt/wt); 

¶ Kraft lignin/vanillic diisocyanate_C4:1/0.6 (wt/wt); 

¶ Organosolv lignin/vanillic diisocyanate_C4:1/0.2 (wt/wt). 
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In the following pages, these samples will be characterized with different techniques and for 

commodity they will be simply indicated as Soda, Kraft and Organosolv coating respectively. 

 

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 rotating speed, expressed in rides per minute (rpm), have been prepared 

and on them a thickness value has been found (values reported in Table 3.27); the average values, 

plotted in a graph, show a behavior compliant to those found in literature, that means a 

decreasing thickness with increasing rotational speed.  

Table 3.27: coatings thickness values with respect to rotating speed  

                                                                       Thickness (nm) 

RPM M1 M2 M3 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 

 



109 
 

 

Figure 3.39: graphical representation of thickness vs rpm relation 

 

The results obtained are in line with what found in literature [45][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 boundaries of the 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: 

¶ Differential Scanning Calorimetry (DSC) 

¶ Optical Contact Angle (OCA) 

¶ Adhesion Tests  

¶ Thermo Gravimetric Analysis (TGA) 

3.9.1 Differential Scanning Calorimetry  

Differential Scanning Calorimetry 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 different temperature ranges; the experiment has been done with an 

heating rate of 20 °C per minute, with three heating cycles: 

¶ from 25°C to 150°C; 

¶ from 150 °C to 25°C; 

¶ from 25°C to 200°C. 

Only the third cycle, which is the one where it is possible to find the Tg 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 3.40: DSC of Soda lignin, Kraft lignin and Organosolv 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 

 Tg [° C] 

Soda lignin 138.75 

Kraft lignin 105.14 

Organosolv lignin 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 analysis has been performed on the synthesized coatings in order to see if 

any difference in the Tg appears between the lignins and the polymers. 

 

Figure 3.41: DSC of Soda lignin based coating, Kraft lignin based coating and Organosolv lignin based 
coating 

 

From the picture (Figure 3.41) above it is possible to find the Tg value of the lignins; these values 

are reported in Table 3.29. 

Table 3.29: glass temperature of the lignin based coatings obtained from DSC 

 Tg [° C] 

Soda lignin/vanillicdiisocyanate_C4:1/0,5 (wt/wt)  146,04 

Kraft lignin/  vanillicdiisocyanate_C4:1/0,6 (wt/wt) 135,80 

Organosolv lignin/  vanillicdiisocyanate_C4:1/0,2 (wt/wt) 163 


