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1.1. Once upon a time 

The Solar System, located in the Orion Arm of the Milky Way, was formed 

about 4.57 billion years ago probably in a star cluster, after the collapse of a 

dense cloud of interstellar gas and dust into a solar nebula [1]. Due to gravity, 

the centre of the nebula gradually accumulated more and more material until 

the pressure was able to fuse hydrogen atoms into helium, giving rise to the 

birth of a star, called the Sun. After the Sun’s birth, the remaining material 

clumped together to form first the gaseous planets (Jupiter, Saturn, Uranus, 

and Neptune), then the rocky planets (Mercury, Venus, The Earth and Mars) 

and dwarf planets (Pluto, Ceres, Haumea, Makemake, Eris, Sedna and 

Phattie). Finally, when the nebula dissipated, the solar system was formed by 

its central star (the Sun), planets and their moons, dwarf planets and debris. 

The latter are located mainly in the asteroid belt, the Kuiper belt and the Oort 

cloud. Since its creation, the Solar System has completed about 27 orbits 

around the galactic centre [2] in which the planet Earth has been 

transformed from a barren wasteland of fire and rock to a planet plentiful of 

life.  

The earliest forms of life, bacteria, appeared probably in submarine-

hydrothermal environments more than 3770 million years ago [3]. Later, a 

new type of cell called prokaryotes appeared, giving rise to a new milestone 

of life on Earth with the evolution of oxygenic phototrophic prokaryotes, in 

particular Cyanobacteria from which chloroplasts evolved, paving the way 

for the evolution of other organism such as algae and plants. [4,5]. With the 

emergence of Cyanobacteria, the level of atmospheric oxygen increased 

around 2450-2220 million years ago, leading to an event called the Great 

Oxidation Event [6].  

The presence of oxygen led to one of the most important processes of life on 

Earth, the evolution of eukaryotic cells [7]. Eukaryotic cells are complex cells 
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containing a nucleus and different organelles that are well 

compartmentalised within a plasma membrane. Due to their great 

complexity compared to bacteria and archaea, eukaryotic cells led to the 

formation of new and more complex systems, which eventually evolved into 

the animal, plant, fungi, and protista kingdoms [8]. 

The colonisation of terrestrial land by plants probably began around 500 

million years ago, when the algal ancestors of the first land plants were 

constantly washed up and deposited on marine and freshwater shores, 

initiating an adaptive process that eventually led to the conquest of land. 

However, it was not until 50 million years later, in the late Ordovician, when 

the first land plants appeared [9].  

These early land plant had to face different evolutionary challenges to adapt 

to the new conditions in which they thrived. Amongst others, they had to 

adapt to the UV-B exposure and to the lack of structural support previously 

provided by the aquatic environment. They also had to develop new 

strategies to avoid desiccation and protection mechanisms against other 

species such as herbivores and pathogens [10]. Although all adaptations 

were essential for the development of these new terrestrial plants, the 

evolution of the so-called phenylpropanoid metabolism was certainly one of 

the most important. In fact, this enables the plant to accumulate 

phenylpropanoid units capable of protecting the plant from the action of UV-

B in the 280-320 nm range [11]. However, it was not until roughly 10 million 

years later, with the emergence of tracheophytes, that plants developed the 

ability to deposit these phenylpropanoid units into the cell wall forming the 

lignin molecule. Lignin provided plants not only with the structural 

reinforcement to grow erect complementing the tensile strength of cellulose 

[12], but it also allowed the development of the vascular systems [11]. 

Finally, all these adaptations gave rise to a series of characteristics features 

of all terrestrial vascular plants, such as the possession of xylem, cuticle, 
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stomata, intercellular air spaces, phloem, endodermis and alternation of 

generations required to survive and colonise the terrestrial ecosystem [13]. 

On the other hand, as mentioned above, eukaryotic cells evolved into 

countless animal species, including Homo Sapiens. Homo Sapiens can know 

and understand his environment rationally and is able to perform highly 

complex conceptual and symbolic operations such as language, abstract 

reasoning and the capacity for introspection and speculation. Therefore, the 

human being can be considered as the pinnacle of animal evolution up to the 

present day. However, this great intelligence could become a double-edged 

sword that could lead humans to their own extinction. 

1.2. Humankind and Climate Change 

As mentioned above, probably the pinnacle of animal evolution up to the 

present day could be humankind. However, humans and their ability to shape 

the environment around them has led to serious environmental disruptions. 

Such alteration has resulted in the extinction of many animal and plant 

species and could eventually lead to climatic changes that would make the 

survival of the human species itself extremely difficult. Although humankind 

has had the capacity to transform the environment for thousands of years, it 

was not until the late 18th century that human activity began to visibly alter 

the climate. This milestone coincided with one of the greatest inventions that 

would change the future of humanity, the steam engine [14]. Developed by 

James Watt in 1784, this invention catapulted humankind into a period of 

technological development never seen before, called First Industrial 

Revolution (FIR), which changed the production method from manual to 

mechanical production, which led to a great improvement in productivity 

[15]. Nevertheless, this new device used coal as fuel, which rapidly increased 

anthropogenic CO2 emissions, among other gases, such as NOx and SOx. Just 

as carbon was the main raw material for energy production during the FIR, 



1st Part 

4 

 

oil was the driving force in the development of the Second Industrial 

Revolution, (SIR), not only as a fuel for energy production and transport, but 

also as a raw material for a large number of commodities. Such has been the 

importance of oil in our society that the 20th century is considered the 

century of oil, with 7 of the 20 largest companies in the world being oil 

companies in 2009 [16]. Nonetheless, this over-dependence on fossil fuels, 

such as coal, oil, gas and others, has had a direct impact on the environment. 

On the one hand, the concentration of greenhouse gases over the last 200 

years has increased due to the increase in anthropogenic emissions [17]. 

Figure I.1 shows the evolution of CO2 concentration over the last 2000 years. 

Note that until the middle of the 19th century the concentration of 

atmospheric CO2 remained almost constant and began to increase as the 

century progressed. It was in the second half of the 20th century that 

emissions skyrocketed due to increased energy requirements and 

consumption of goods as a result of population growth [18]. 

However, despite the existence of policies to reduce dependence on fossil 

fuels, the targets set are far from being met. In fact, by 2021, global primary 

energy demand increased by 5.8% and world oil production increased by 1.4 

million barrels per day [21], and on the other hand the controversial decision 

of the European Union to consider natural gas as green energy [22] could 

jeopardise the EU’s zero emissions target for 2050. However, in addition to 

air pollution, the uncontrolled use of oil as raw material generates other 

types of environmental disasters. Among others, one of the most problematic 

is the pollution generated by the indiscriminate use of plastic materials 

derived from oil. 
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Figure I. 1. a adapted from [19], b and c adapted from [17], d is courtesy of the Scripps 
Institution of Oceanography, University of California, San Diego [20] 

The first synthetic plastic, called celluloid, was developed by John Wesley 

Hyatt in 1869. This material was developed with the noble aim of replacing 

the ivory used to make billiards balls to save elephants from certain 

extinction [23]. Since then, synthetic plastics have become part of daily life 

and a key element in the development of human activity [24]. Indeed, global 

virgin plastic production has increased year by year, from 1.5 Mt in 1950 to 

364 Mt in 2020 (Figure I.2) [25]. 

 

Figure I. 2. World virgin plastic production. Includes Thermoplastics, Polyurethanes, Thermosets, 
Elastomers, Adhesives, Coatings and Sealants and PP-fibres. Not Included PET, PA and Polyacryl-Fibres. 
Data obtained from [25] 
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Figure I. 3. Plastic Post-Consumer Waste treatment in EU27+3. Adapted from [26] 

However, only a small fraction of plastic waste is collected, which means that 

a large part of post-consumer plastic waste is dumped into the environment. 

Indeed, in the European Union, although the amount collected has increased 

from 23.79 Mt in 2006 to 29.5 Mt in 2020, these quantities are still 

insufficient to mitigate the serious environmental damage. Nevertheless, it is 

worth noting, as shown in Figure I.3 that over this period, the option 

landfilling has decreased by 46.4% while recycling and the use for energy 

recovery have increased by 117.7% and 77.1% respectively. 

1.3. Polyurethanes 

Within the large family of plastic materials, polyurethanes (PU) are of great 

importance for the industry, as they are the most versatile polymers due to 

their tuneable mechanical properties and huge range of applications such as 

thermoplastics, foams, elastomers, adhesives, coatings and sealants [27–29].  

Since Dr. Otto Bayer first synthesised the first PU in 1937, the worldwide 

production of PUs grew to 20 million tonnes [30] and reached a market of 

$69.2 billion net worth in 2019 and is expected to growth of around 5.0-5.6% 

per year by 2025 [31]. 

2

4

6

8

10

12

14

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

M
il

li
o

n
 t

o
n

n
e

s

Year

Post-consumer plastic waste treatment

Landfill Energy recovery recycled



Introduction 

7 

 

PUs are formed by polyaddition reactions of hydroxyl containing 

components, mainly polyester or polyether polyols, isocyanates and chain 

extenders. The addition reaction of a hydroxyl and isocyanate functional 

groups leads to the formation of a urethane group (Figure I.4). Therefore, PUs 

are usually synthesised from the condensation reaction between polyols, low 

molecular weight chain extenders, and a diisocyanate molecule to produce a 

repeating urethane bond [32]. Other compounds such catalysts can also be 

used in the reaction, as well as other additives such as emulsifiers, stabilisers, 

pigments, fillers, and plasticisers. 

 

Figure I. 4. Addition reaction between hydroxyl and isocyanate group to form urethane 
group 

The polyol, the isocyanate and the chain extender are linked through 

covalent bonds to form a repeating unit creating the main chain which is the 

primary structure of the polymer [33] (Figure I.5). 

 

Figure I. 5. Primary structure of PU 

The polyol forms the so-called soft segment (SS), while the isocyanate and 

the chain extender form the hard segment (HS) (Figure I.6). Due to their 

thermodynamic incompatibility a phase separation is generated in the PU 

SOFT SEGMENT HARD SEGMENT

Polyol Urethane/urea bond

Diisocyanate Chain extender
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structure, creating microdomains known as soft block (SB) and hard block 

(HB) [34]. The former provides the flexibility while the latter is the 

responsible of the stiffness of the material [35]. 

 

Figure I. 6. Secondary structure of PUs formed by HS and SS 

The way these compounds (polyols, isocyanate and chain extender) are 

bonded to each other can be controlled depending on the synthesis method 

used. Polyurethanes are mainly synthesised by two methods called one-shot 

and prepolymer processes [36].  

❖ One-shot method 

In this method all the components are mixed at the same time. Thus, 

the isocyanate is free to react with any component of the system 

forming hard blocks of random length, therefore, very dispersed 

domain sizes are obtained through the one-shot method [37]. A 

schematic of the molecular structure of a PU synthesised by this 

method is provided in Figure I.7. 

Polyol Urethane/urea bond

Diisocyanate Chain extender
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Figure I. 7. Schematic of the molecular structure of a PU synthesised by the one-shot method 

❖ Prepolymer method 

The prepolymer method consist essentially of two reaction steps. In 

the first step, the isocyanate is reacted with the polyol to form a 

prepolymer with a low concentration of NCO at the chain extremities 

[38]. This prepolymer is then reacted with the chain extender and 

finally the remaining NCO groups are reacted with a capping agent, 

which is usually a monofunctional alcohol. Thus, relatively small and 

uniform HS blocks tend to be formed, usually consisting of two 

isocyanate units and one chain extender unit, resulting in improved 

mechanical properties [37]. The molecular structure of a PU 

synthesised by the prepolymer method is shown in the scheme 

shown in Figure I.8. 

  

Figure I. 8. Scheme of the molecular structure of a PU synthesised by the prepolymer method 
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1.3.1. Polyols  

As mentioned above, the PU industry is of great relevance today. Therefore, 

considering that polyols are one of the fundamental components of these 

compounds, its market is equally relevant. In fact, in 2019 the polyol industry 

generated roughly $26.2 billion per year and is expected to grow to $34.4 

billion by 2024 [39]. Polyols, which are commonly petroleum derived, are 

defined as chemicals which contain two or more hydroxyl groups or amine 

groups per molecule [40]. Polyols can be classified into two main categories 

according to their molecular weight: low molecular weight or monomeric 

polyols and high molecular weight or polymeric polyols, also called 

oligopolyols. The former, which may have two or more hydroxyl groups, are 

usually employed as chain extenders when having two hydroxyl groups 

(diol), or as crosslinkers in the case of polyols with more than two hydroxyl 

groups (triols, tetraols, etc) [41]. The latter, are polymers with molecular 

weight up to 10000 Daltons with a maximum number of hydroxyl groups of 

eight [42] and can be subclassified into two main categories, viz. polyether 

and polyester polyols. Depending on the final application, polyether or 

polyester polyol is preferable. For instance, the former offer better chain 

flexibility and better dispersibility in aqueous media but lower resistance to 

light and ageing if compared to polyester polyols. 

1.3.2. Isocyanates 

Isocyanates are produced by the phosgenation reaction of a primary amine 

as shown in Equation I.1.  

𝑅 − 𝑁𝐻2 + 𝐶𝑂𝐶𝑙2 → 𝑅 − 𝑁𝐶𝑂 + 2𝐻𝐶𝑙    Equation I.1 

Isocyanates can be classified as aromatic and aliphatic depending on their 

structure, being the aromatic the most employed for PU production since 

they are more reactive and less hazardous [36]. Among other aromatic 



Introduction 

11 

 

isocyanates 4,4-Dipheny methane diisocyanate (MDI) and 

Toluenediisocyanate (TDI) are the most employed isocyanates, however 

both are classified as carcinogenic, mutagenic and reprotoxic, representing 

an important health risk for workers of the PU industry [43]. PU based on 

aromatic diisocyanates present good thermal and mechanical behaviour, 

however, if low oxidation and good ultraviolet stabilisation is desired, 

aliphatic diisocyanates are recommended [36]. 

1.3.3. Types of polyurethane  

PUs offers a wide variety of products that can be classified in different ways. 

According to Karak (2017) [36] and Akindoyo et al. (2016) [33] this 

classification could be done taking into account their structure, thermal 

behaviour, origin and application as shown in Table I.1. 

Table I. 1. Main PU types based on the different existing criteria 

PU classification 

Structure Origin 
Thermal 

behaviour 
Product application 

Linear Synthetic Thermoplastic 
Foams 

Fibres 

Branch-

chained 
Bio-

sourced 
Thermosetting 

CASE (coatings, adhesives, 

sealants and elastomers) 

Crosslinked Smart materials (ionomers) 

1.3.3.1. PU adhesives 

An adhesive is a material which, when applied to two surfaces, is capable of 

permanently joining them by a process of adhesive bonding [44]. Adhesives 

derived from natural products such as bones, skins, fish, milk, and plants 

have been used for thousands of years. However, since the mid-1940s, when 
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synthetic adhesives were permanently introduced into industry, their 

usability has increased and nowadays it is difficult to imagine an article that 

does not contain adhesive [45]. 

Among the variety of adhesives available in the industry, such as epoxies, 

acrylics, polyimides, silicones, polysulphides, urea, melamine, and phenol-

formaldehyde [46], PU adhesives are considered as the most versatile and 

high performing adhesives due to their high shear and tensile strength. This 

is due to their ability to wet surfaces, form H bonds on different substrates, 

allow the permeation through porous substrates and form covalent bonds 

with substrates which contain active H atoms or functional groups [36,47]. 

In addition, PU adhesives cause fewer environmental and health problems 

when compared with the most common adhesives, such as urea, melamine, 

and phenol-formaldehyde, as PU adhesives do no emit volatile organic 

compounds during the lifetime of the PU [48]. Moreover, besides higher 

strength and the absence of formaldehyde emissions, PU adhesives generally 

require shorter pressing times, and they are also moderately flexible. This 

type of adhesive is capable of bonding different substrates such as wood, 

metal, glass, plastic, rubber, ceramics and textile fibre [49]. Nevertheless, it 

should be considered that their properties are highly impacted by the nature 

of its constituents i.e., isocyanate and polyol. PU adhesives are commonly 

used in engineered wood product due to their excellent properties. 

1.3.4. Greener alternatives for PU synthesis 

As mentioned above the chemicals required for PU production are usually 

obtained from petrochemical industry, therefore the environmental impact 

of this industry is an unfinished business for the chemical industry if it wants 

to comply with the regulations that are becoming more and more restrictive. 

To tackle this challenge PU industry can adopt two courses of action. The firs 

one is to remove from the equation the most environmentally harmful 
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component, isocyanate, by synthesising non isocyanate polyurethanes 

(NIPUs). 

There are four different pathways to synthesise NIPUs (Figure I.9). Among 

them, the most promising and the most environmentally desirable option is 

the polyaddition reaction between cyclic carbonates and polyamines. 

However, the polycondensation route using dimethyl carbonate (DMC) could 

also be a good strategy since the DMC can be obtained from glycerol through 

different processes that do not require phosgenation and is considered as a 

green non-cyclic carboxymethylating agent [50]. In fact, since Enichem Co. 

from Italy synthesised in 1970 DMC from the oxidative carbonylation of 

methanol using metal catalyst, DMC has become a commonly used solvent in 

coatings, adhesives, and aerosols formulations, among others [51]. 

The second course of action is to replace petroleum-based polyols, 

isocyanates, and chain extenders with bio-based ones. In fact, the possibility 

of obtaining them from biomass is a reality that is being studied over the last 

decades, being vegetable oils [52], fatty acids [53,54], fatty acid methyl esters 

(FAME) [55,56], crude glycerol [57] and lignocellulosic biomass derived 

compounds [58] are some of the most studied raw materials. 

1.4. Biorefineries for a bio-based future 

The European Union (EU) is engaged in an ambitious process to build a 

sustainable future by developing different strategies such as the European 

Green Deal, which aims to reduce greenhouse gas emissions (GHG) in the EU 

by 55% by 2030 and to zero net emissions by 2050, the Circular Economy 

Action Plan, the Biodiversity Strategy, and the Farm to Fork Strategy. In this 

future that EU proposes, biorefineries have an important role to play 

contributing to the fulfilment of the established objectives. 
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Figure I.9. Different synthesis routes to produce NIPUs 

 

1.4.1. Biorefineries and biomass 

1.4.1.1. Biorefinery 

The biorefinery concept is similar to conventional oil refining, but instead of 

using crude oil as feedstock, different types of biomasses are used, which can 

be employed in liquid, solid or gas form. Thus, biorefinery can be defined as 

a set of economical, environmentally and socially beneficial processes for 

transforming biomass into a portfolio of marketable bio-based products, 

which could include co-production of food and feed, chemicals, materials and 

bioenergy [59] Biorefineries can be classified according to different 

parameters [60–62] such as the degree of integration, the processing route 

and the raw material used in the process (Figure I.10). 
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Figure I.10. Diagram with the different classification parameters of a biorefinery 

First and second generation biorefineries use a single type of feedstock in the 

process. However, while the former use sugar or oil-rich feedstocks to 

produce only biofuel, the latter can use raw materials from different sources 

to produce multiple products. Furthermore, it should be noted that first 

generation biorefineries generally use food crops that compete with food 

prices, while second generation ones elude this problem by avoiding the use 

of food crops. Finally, third generation biorefineries represent an important 

technological improvement, being the most ambitious since it is possible to 

use almost any organic waste employing different technologies, thus 

broadening the range of products which can be obtained. 

1.4.1.2. Biomass 

Several definitions of biomass are available, of which the following is perhaps 

the most widely accepted: “Biomass is a group of renewable energy products 

and feedstocks that originate biologically from organic matter”. It should be 

noted that this definition excludes biologically derived compounds such as 

coal, oil, or gas. Thus, all biodegradable fractions from waste products and 

residues from agriculture, aquiculture, forestry, and related industries as 

well as the biodegradable fraction of industrial and municipal waste are 

considered as biomass, including lignocellulosic biomass. As a result, 
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biomass is one of the most abundant and renewable resource and has an 

enormous potential to produce both fuels and high value-added materials 

and chemicals.  

1.5. Lignocelullosic biomass 

One of the main renewable resource distributed all over the world is 

lignocellulosic biomass which is abundant, inexpensive and environmentally 

friendly feedstock with huge potential for the production of biofuels, 

chemicals, and materials [63,64]. 

Lignocellulosic biomass can be defined as a composite matrix made up of 

cellulose, hemicellulose, and lignin [65] which are distributed as a complex 

network within the plant cell walls (Figure I.11) [66].  

 

Figure I.11. Representation of the structural constituents of the plant cell wall 

The percentage composition of these three different components could vary 

significantly based on the source of the biomass feedstock and 

environmental factors [67], as shown in Table I.2. In addition to these three 

structural compounds, lignocellulosic biomass also contains other non-

structural compounds such as proteins, pectins, extractives and ash [68]. 
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Table I.2. Chemical composition of different lignocellulosic biomass types (Adapted from [67] 

Feedstock Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwood 45-55 24-40 18-25 

Softwood 45-50 25-35 25-35 

Grass 25-40 25-50 10-30 

1.5.1. Cellulose 

Cellulose is the most widely available renewable biopolymer on Earth and is 

the main component of lignocellulosic biomass comprising around 30–50% 

of the total weight [69]. 

Cellulose is packed in the cell wall as follows: the elementary unit is the β-D-

glucopyranose which is linked together by β-1-4-glycosidic linkages to form 

a linear structure called fibril [70]. These linear structures are linked to each 

other through hydrogen bonds via the hydroxyl groups of the β-D-

glucopyranose units, thus forming macrofibrils which are organised into 

crystalline and amorphous domains [71]. Finally, macrofibrils are packed 

with other structural component into the so-called walls. 

Cellulose exhibits a number of desirables properties, such as hydrophilicity, 

chirality, biodegradability or the versatility to link different functional 

groups, which make it an excellent candidate for using in different 

applications such as hydrogels, aerogels, films, membranes and others. [72] 

1.5.2. Hemicellulose 

Hemicelluloses can be defined as amorphous branched polysaccharides from 

the plant cell walls that can be composed of different structural units such as 

xyloglucans, xylans, mannans and glucomannans, and β-(1,3 and 1,4)-

glucans [73]. They account 20–35% of the lignocellulosic biomass [74] and 
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acts as a binding agent between the cellulose and lignin fractions adding 

rigidity to the overall biomass matrix [75]. Although their applicability is 

more limited than that for the other structural component of the cell wall, 

hemicelluloses have demonstrated a great potential to produce high value-

added product such as oligosaccharides for the food industry and organic 

acids for the chemical industry.  

1.5.3. Lignin 

Finally, lignin is the second most abundant natural polymer and the main 

source of aromatic structures on earth [76]. It comprises 15-40%wt. of the 

total lignocellulosic biomass and it protects cellulose and hemicelluloses 

from microbial degradation providing also strength and hydrophobicity to 

the plant cell walls [77]. The structure of native lignin is still relatively 

unknown since it cannot be isolated without altering its native structure [78]. 

There are many different methods for lignin extraction with their own 

characteristics and particularities which provide very diverse lignin types. 

Among the main lignin producers worldwide are pulp and paper factories 

with a production of 97% of total lignin, of which 88% are lignosulphonates 

and 9% is Kraft lignin [79]. These two types of lignin have between 1.5-5%wt. 

of sulphur content in their structure and are usually employed for low-added 

value applications, such as heat and electricity generation [80]. Other lignin 

extraction processes from which lignin can be isolated, are several sulphur-

free alternative methods, such as alkaline processes, organosolv processes, 

steam explosion, dilute acid hydrolysis or more recently developed ionic 

liquids or deep eutectic solvent extraction processes [81–86]. These type of 

lignins have in general higher purity and more adequate properties than 

lignosulphonates or Kraft lignin to be further valorised in high-added value 

applications.   

Despite all the different kind of lignins that can be isolated depending on the 
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extraction method and type of lignocellulosic biomass, it is well accepted that 

lignin has a rigid polymer cross-linked 3D irregular structure. It is 

constituted through an enzyme-mediated dehydrogenative polymerization 

of p-coumaryl, coniferyl and sinapyl aromatic alcohols (Figure I.12). 

 

 

Figure I.12. Structure of lignin molecule and the aromatics alcohols from which it is 
synthesised (Adapted from [87]) 

These aromatic alcohols eventually synthesise the respective polymer units, 

forming p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) phenolic units 

(Figure I.13) [88,89]. These phenolic units appear in different proportion 

depending on the plant species. Therefore, lignin from softwood mostly 

contains coniferyl alcohol, around 90-95%, whereas lignin from hardwood 

typically is made up by 25-50% of coniferyl and 50-75% of sinapyl alcohols, 

while lignin from grass is composed by all three monomer alcohols [90,91].  

The H, G and S phenolic units are linked together by ether bonds, such as β-

O-4, α-O-4 and 4-O-5, and carbon-carbon bonds, such as 5-5, β-5, β-1 and β-

β which contents vary depending on the feedstock [92]. However, the most 

frequent linkage in lignin is the β-O-4 bond, which varies from 43% to 65% 

[93]. 
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Figure I. 13. Lignin phenolic units 

Lignin has many different functional groups including hydroxyl, carbonyl, 

methoxy, and carboxyl groups that have an effect on lignin’s reactivity [94]. 

The proportion of these functional groups in lignin molecule depends not 

only on the type of biomass but also on the lignin extraction method 

employed. The percentage of the main functional groups present in lignin is 

showed in Table I.3.  

Table I.3. Percentage (%wt.) of functional groups in lignin [95] 

Functional group Percentage (%wt.) 

Methoxy 8.7-19.3 
Phenolic hydroxyl 2.2-4.5 
Aliphatic hydroxyl 3.1-10.1 

Carboxyl 2.9-7.1 
Carbonyl 2.1-4.5 

Lignin chemical structure and its high functionality have contributed to the 

study of lignin as an ideal candidate for the development of new bio-based 

materials such as, carbon fibres, engineering plastics, asphalt binder 

modifier, membranes, polyols and polyurethanes as well as a variety of fuels 

and chemicals [96]. In addition, as mentioned before, lignin has high aromatic 

content with both aromatic and aliphatic hydroxyl groups which makes it a 

potential raw material for polyurethane production [29]. However, the 
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complex structure and the lack of repeatability of lignin as well as the still 

insufficiently developed technologies makes difficult its practical application 

[80].  

1.6. Lignin based polyurethanes 

As mentioned above, lignocellulosic biomass is an interesting feedstock to 

substitute fully or partially the petrolleum-based components required to 

synthesise PUs [49]. Among the components of this raw material, lignin is, 

due to its phenolic nature and its large amount of phenolic and aliphatic 

hydroxyl groups, the most promising candidate. In fact, lignin can be used to 

synthesise PUs through different routes, e.g. by using it without any 

modification as a filler in PUs formulations [97], or by modifying it to 

synthesise bio-based isocyanates [98], cyclic carbonates [99], polyamines 

[100], non-isocyanate polyurethanes (NIPUs) [101] and polyols [39]. Of the 

above methods, synthesis of NIPUs and bio-based polyols are the two most 

promising approaches for the use of lignin in PU formulations. 

1.6.1. Lignin based polyols 

The unique characteristics of the lignin molecule, previously discussed, make 

it an outstanding resource for synthesising bio-based polyols useful for 

industry [39]. Unfortunately, these characteristics are responsible for the 

low reactivity of the molecule [102]. To overcome this setback, different 

strategies have been developed, always with the aim of increasing the 

reactivity of the molecule. These processes can be classified into three main 

families: fragmentation or depolymerisation of lignin, modification creating 

new chemical active sites and functionalization of hydroxyl groups [103]. 

Among all the existing techniques encompassed in these three routes, 

liquefaction with polyhydric alcohols is one of the most widely studied 

strategies to synthesise polyols from lignin [103,104]. 
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1.6.1.1. Liquefaction process 

Liquefaction is a thermochemical conversion technology where biomass, or 

concretely lignin, is degraded to small molecular fragments by the 

application of heat in the presence of a liquid-phase and at mild temperatures 

(200–400 °C) [73]. Depending on the solvent used, liquefaction technology 

can be classified in two main groups: hydrothermal liquefaction (HTL) and 

solvothermal liquefaction (STL) [105]. In HTL water is the main solvent used 

while in STL non-aqueous solvents such as, phenol, tetralin γ-valerolactone 

or polyhydric alcohols, such as PEG or glycerol can be employed [106,107].  

The STL of lignin with polyhydric alcohols is the main process to obtain bio-

polyols for PU production. Normally, the solvents used in the liquefaction 

process are PEG, glycerol or 1-4 butanediol, and the catalysts are strong 

acids, mainly sulphuric acid or in some studies bases, such as sodium 

hydroxide [104,107]. The reason of employing sulphuric acid as the principal 

catalyst, is the lower temperature requirement of the process (110-180 °C), 

while for base catalyst the needed temperature to obtain similar polyol yields 

is around 250 °C [108]. Raw material to solvent ratio, solvent type, catalyst 

concentration, liquefaction temperature and time have great influence on 

acid and hydroxyl numbers and yield of the polyols [109].  

The STL process is usually carried out in atmospheric pressure reactors 

heated by heating mantle at high temperatures (240 °C) and for long 

residence times (3 h) [110]. However, these high temperatures and 

prolonged residence times could decrease the yield of the polyols [111]. 

Therefore, as an alternative to the classical heating in the liquefaction 

processes, microwave irradiation technology has been proposed [112]. Using 

the microwave irradiation, the heating is faster and more homogeneous so 

the time needed for completing the liquefaction is reduced to only few 

minutes [104,108,113,114]. 
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1.6.1.2. Crude glycerol for the liquefaction process 

As mentioned above, the glycerol employed in the lignin liquefaction process 

is usually petro-based; however, a more sustainable alternative is available: 

crude glycerol from the biodiesel industry. This type of glycerol is generated 

in high quantity due to the booming of the biodiesel industry, in fact, one 

tonne of crude glycerol is generated as a by-product for every 10 tonnes of 

biodiesel. Once purified, crude glycerol is suitable for using in different 

industries such as food, pharmaceuticals, and cosmetics among others [115]. 

Nevertheless, due to the growing of the biodiesel industry, which has 

increased the production by more than 21 billion tonnes in Europe between 

2000 and 2019 (Figure I.14), there is a large surplus of crude glycerol. 

 

Figure I.14. Liquid biofuels production capacities in Europe between 2000 and 2019. Data 
obtained from [116] 

 As a result of this enormous excess of crude glycerol, it is economically 

unprofitable to refine it, and it is therefore necessary to find an industrial use 

for it [117]. One industrial application for this residue could be as solvent in 

the production of polyols by liquefaction of lignin [104,118–121]. 
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1.6.2. Lignin based non-isocyanate polyurethanes 

Among others, lignin and certain of its derivatives have been employed for 

the synthesis of non-isocyanate PU. The polyaddition route employing lignin 

as precursor has been used to synthesise different thermoplastic and 

thermosets. Of these, thermosets are the most reported compounds. In this 

way, Sternberg and Pilla (2020) processed a foam by reacting a lignin based 

cyclic carbonate with a diamine. The resulting foam had a high bio-based 

content, shape memory and good thermal and mechanical properties. In 

other work, soda lignin was used to prepare a thermoset resin through the 

reaction between a lignin derived cyclic carbonate with a diamine in the 

presence of poly(ethylene glycol) bis cyclic carbonate [123]. Enzymatic 

hydrolysis lignin from corncob was employed in other study to produce a 

thermoplastic composite with excellent mechanical and thermal properties, 

high reprocessability and recyclability, shape memory and self-healing 

properties, which could be used in a wide range of applications [124]. 

Lignosulphonate lignin is also a viable raw material to produce NIPUs, even 

though the application areas may differ from those of Kraft or Organosolv 

lignin. This is due to the special properties of lignosulphonate lignin, e.g. SO3H 

content, water solubility and relatively high hydrophilicity [125]. In addition, 

lignin derivatives such as ferulic acid, syringaresinol and creosol were also 

employed in NIPU production. Ménard et al., (2017) [126] were able to 

synthesise different NIPU employing ferulic acid as a precursor of cyclic 

carbonates, which were reacted with different amines resulting in various 

thermoplastic and thermoset materials. Similarly, but utilising syringaresinol 

as the precursor of the cyclic carbonates and using different amines, a new 

set of thermoplastic and thermoset compounds were synthesised [127]. In 

another study, creosol based bis(cyclic carbonate) was employed to produce 

NIPUs with a great content of amorphous region [128]. 
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1.7. Lignin based polyurethane adhesives 

The incorporation of lignin as a polyol in a PU adhesive enhances the final 

aromatic content of the polymer increasing the glass transition temperature 

and the thermal stability of the adhesive since, due to its structure, lignin 

remains stable at high temperatures and behaves like a thermosetting [129]. 

Moreover, though lignin is used as a soft segment, usually act as a network 

former, its aromatic structure acts as rigid segment improving the 

mechanical strength of the adhesive [49]. Nevertheless, lignin due to its 

structure acts by increasing the phase separation between the HS and the SS 

of the PU, which can worsen the mechanical properties of PU adhesives [130]. 

Therefore, it is necessary to find the lignin isocyanate ratio that provides 

adequate phase separation.  

It should be highlighted that lignin for PU adhesives is employed in both its 

pristine state and after modification. The former case is the simplest solution 

for the incorporation of lignin into the adhesives formulation. Nevertheless, 

in most of the cases, it needs from a previous solubilization of the lignin with 

organic solvents such as tetrahydrofuran (THF) [131]. Moreover, due to the 

excessive stiffness that lignin can impart to the polymer, it is often used in 

combination with other polyols such as PEG, castor oil and glycerol among 

others [97]. In the latter case, the modification is used as a procedure for the 

improvement of the reactivity of the lignin and its dispersion into the rest of 

the components. For instance, Chen et al., (2020) [132] confirmed the 

increase of the lignin reactivity after demethylation, provided by the 

conversion of methoxy moieties of the aromatic groups to phenolic 

hydroxyls. In respect to the components, it is again observed that additional 

secondary polyols are added into the adhesive formulations. The reason for 

that is the reduction of the brittleness derived from lignin incorporation 

(especially at high percentages) and the increase of the ductility of the PU 
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adhesives [133]. Finally concerning the impact of the lignin in the PU 

adhesive formulations, it can be highlighted that the great improvement of 

both thermal [134,135] and mechanical [136] properties. Moreover, a high 

degree of adhesion to different substrates is achieved by the incorporation of 

lignin into the PU adhesives, which can be even higher to that of standard PU 

adhesives [137]. Regardless of whether lignin is used as a filler or modified, 

PU adhesives are generally synthesised with toxic diisocyanates, being MDI 

and TDI the most commonly used [130].  

The formulation of NIPU adhesives offers a more environmentally friendly 

alternative. In addition, one of its potential niche market is the wood panel 

industry, where the most commonly used adhesive is formaldehyde-based 

which produce emissions during manipulation, manufacture and use [138]. 

As mentioned above, DMC is a widely used solvent in the formulation of 

different materials, including NIPUs through polycondensation reaction with 

hexamethylenediamine (HDMA). 

Synthesis of NIPUs through this type of reaction consists in two clearly 

differentiated steps [139]. Firstly, lignin is functionalised by a carbonation 

reaction, which can be carried out employing DMC creating an intermediate 

that is reacted in the second step by adding a diamine, usually hexamethylene 

diamine (HDMA), creating urethane bonds [140].   

In recent years, several studies have been carried out to formulate bio-based 

NIPUs through polycondensation reactions using DMC and HDMA as 

solvents, together with different raw materials from lignocellulosic biomass 

such as glucose [50,141], non-furanic humins [142], tannins [141,143] and 

lignin [140,144]. A study performed by Arias et al., (2022) [139] proved that 

at laboratory scale and employing LCA methodology as an environmental 

impact assessment tool, a NIPU adhesive synthesised through 

polycondensation reaction between organosolv lignin, DMC and HDMA 
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proved to be a viable alternative to synthetic adhesives with a fully optimised 

and implemented production process. 

1.8. Objectives of the thesis 

The main objective of this thesis was to synthesis polyurethane wood 

adhesives, with and without isocyanate, by using bio-polyols based on the 

liquefaction of different types of lignin, from hardwood (Eucalyptus globulus) 

and softwood (Pinus radiata) with polyhydric alcohols as solvents. For this 

purpose, the reaction conditions for the liquefaction of the lignins were first 

optimised through a Box Behnken experimental design using response 

surface methodology and microwave irradiation technology. Afterwards, the 

resulting polyols were used to synthesise the different polyurethane wood 

adhesives employing isocyanate and through polycondensation reaction 

with DMC and HDMA. In Figure I.15 a schematic explanation of the 

experimental procedure is represented, which is briefly summarised below. 

Publication I: In this part of the work, the two raw materials were delignified 

and lignins were obtained, which were used in the following parts of the 

work. In addition, a bio-polyol was obtained from the aqueous residue that 

remains after lignin precipitation. 

Publication II: In this second part, the reaction conditions to produce bio-

polyols were optimised using technical grade solvents. For this purpose, a 

Box-Behnken experimental design was performed employing the response 

surface methodology. 

Publication III: Using the previously optimised reaction conditions, bio-

polyols were synthesised by replacing the technical grade glycerol with an 

unpurified crude glycerol obtained from used vegetable cooking oil residue. 
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Publication IV: Employing the reaction conditions optimised in Publication 

II, a scale-up of the reaction was performed using both technical grade 

solvents and crude glycerol. The obtained bio-polyols were used to 

synthesise polyurethane wood adhesives. 

Publication V: In this last part of the work, the bio-polyols obtained in the 

scale-up carried out in Publication IV were used to synthesise different non 

isocyanate polyurethanes through a polycondensation reaction with DMC 

and HDMA. 
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Figure I.15. Schematic explanation of the experimental procedure 
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“I never question anything… 

Until after I’ve done it.” 
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2.1. Raw materials and chemicals 

The raw materials, used for this thesis were wood residues from different 

industries from the Basque Country (Spain). On the one hand, Eucalyptus 

globulus chips were supplied by Papelera Guipuzcoana Zikuñaga S.A., while 

Pinus radiata sawdust was obtained from Ebaki XXI S.A. The used vegetable 

oil employed to obtain the crude glycerol for the liquefaction process in 

Publication III was collected at the restaurant of the Faculty of Engineering 

of Gipuzkoa in Eibar. The commercial chemical employed in this thesis are 

summarised in Table M.1. 

Table M. 1. Commercial chemical compounds employed in the thesis 

Chemical compound Abbreviation Purity Supplier 

Ethanol   
Scharlab 

Methanol   

Ethyl acetate  HPLC grade 

Fisher 
Scientific 

Sodium sulphate anhydrous  ≥99% 

Dimethylformamide DMF HPLC ≥99.9% 

Lithium bromide   

1,4-dioxane  ≥99.8% 

Pyridine  99.50% 

Tetrahydrofuran THF 
Analytical 

reagent grade 
Phthalic anhydride  98% 

Sulfuric acid  96% 

Panreac 

Polyethylene glycol -400 PEG-400 Technical 

Glycerol Gly 99% 

Potassium Hydroxyde KOH 85% 

Sodium Hydroxyde NaOH  

4,4’-Methylene diphenyl 
diisocyanate 

MDI  Merk 

Dimethyl Carbonate DMC 99% 
Alfa Aesar  Hexamethylenediamine HDMA >98% 

Dibutyltin dilaurate DBTDL 95% Alfa Aesar 
3(Aminopropyl)trimethoxys

ilane 
APTMS   
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2.2. Delignification of raw material and sonication process 

of black liquors 

For obtaining the lignin employed in this work, both raw materials were 

subjected to the process described in Figure M.1 and summarized below. 

Firstly, an organosolv delignification process was carried out using the 

reaction conditions summarized in Table M.2. To do that, a 1.5 L stainless 

5500 steel parr reactor with a 4848 Parr controller was employed. A 

triplicate of each organosolv treatment were carried out employing 50 grams 

of raw material. 

Table M. 2. Reaction conditions of organosolv delignification processes 

 Solvent 
(w/w) 

Solid/liquid 
ratio 

Temperature 
(°C) 

Time 
(min) 

Eucalyptus 
globulus 

EtOH/H2O 
(50%) 

1:6 200 
75 

Pinus radiata 1:8 210 

The black liquors (BL) were separated from the pulp through vacuum 

filtration employing paper filters with a retention capacity of 7-12 µm 

(Macherey-Nagel 640w). After the filtration process, the BL were sonicated 

using a Sonoplus ultrasonic homogenizer HD 3100 under the following 

reaction conditions: 35°C, 60 min and an output amplitude of 35%. To 

precipitate the lignin contained in the BL two volumes of acidified water 

(pH2) was added, and then the lignin was separated by filtration from the 

liquid phase employing a Stainless Steel holder with 2 L of capacity and a 

nylon filter with a pore diameter of 0.22 µm. The lignin was washed with 

distilled water until neutral pH. 
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Figure M. 1. Scheme of the delignification process followed in this thesis 

2.3. Synthesis procedure of bio-polyols 

The bio-polyols produced in Publication I were obtained as described below 

(Figure M.2). 

 

Figure M. 2. Diagram for obtaining the bio-polyols in Publication I 

After the delignification and lignin extraction processes described above, the 

resulting liquid phase was subjected to a liquid-liquid extraction with ethyl 

acetate. Four extractions were carried out employing a liquid phase/ethyl 

acetate ratio of 1:0.25 for each one, resulting in a final ratio of 1:1. Then, the 

organic phase was separated from the aqueous phase, filtered, and treated 

with anhydrous sodium sulphate to remove moisture. Finally, the ethyl 

acetate was evaporated under vacuum using a rotary evaporator to obtain 

the bio-polyol. 

Organosolv treatment

Organosolv treatment

Organosolv lignin

Liquid phase

Pinus radiata

Eucalyptus globulus

Liquid phase

Liquid-liquid
extraction

Filtration
Evaporation

Bio-polyol
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The synthesis of the bio-polyols of the Publications II and III were carried 

out by a liquefaction reaction employing microwave irradiation technology 

using a CEM Microwave Discover System Model with a temperature 

controller instrument and an internal temperature sensor. The reaction 

conditions to synthesise bio-polyols for rigid and elastic PUs were optimised 

using commercial PEG-400 and glycerol as solvents and sulphuric acid as 

catalyst. Then, employing the optimised reaction conditions the technical 

grade glycerol was substituted by a crude glycerol obtained from a used 

vegetable oil through transesterification reaction. The procedure followed to 

perform the reaction in both articles was the same (see Figure M.3) and is 

described below. 

 

Figure M. 3. Synthesis of the bio-polyols formulated in Publication II and III 

Firstly, a predetermined amount of each component (lignin, PEG-400, 

glycerol and sulphuric acid) was weighed and mixed in the reactor vessel 

using a vortex. Once the sample (4g) was homogenised, the vessel was 

introduced into the microwave reactor and the reaction was carried out for 

5 minutes under constant stirring. As soon as the reaction time finished, the 

reactor cooling system was activated to cool the vessel until 50°C. Then the 

vessel was introduced into a recipient with cold water to reach a safe 

handling temperature. Once finished, the obtained product was dissolved in 

acetone and filtered under vacuum to separate the solids. Finally, the liquid 

phase was evaporated using a rotary evaporator to obtain the final bio-

polyol. 

Acetone
Organosolv lignin

PEG-400

Glycerol

Crude Glycerol Microwave reactor Rotary evaporator Bio-polyol

H2SO4
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2.3.1. Scale-up of the liquefaction reaction 

To synthesise the bio-polyols used in Publications IV and V, a 10-fold scale-

up of the reaction was performed using a CEM Microwave Discover 2.0 

reactor with 100 ml capacity vessels. The reactions were carried out in the 

same way as in Publications II and III (see Figure M.3) 

2.4. Transesterification of vegetable oil to obtain crude 

glycerol 

The transesterification reaction of used vegetable oil to obtain the crude 

glycerol was carried out with methanol in a molar ratio of 6:1 (methanol:oil). 

The reaction was catalysed by KOH (1% wt. of oil). Oleic acid with a 

molecular weight of 884 g/mol was assumed as the predominant triglyceride 

for the calculations. The reaction was performed as follows: firstly, the oil 

was filtered to remove the impurities; then it was heated to 60 °C in a 

volumetric flask employing a heating plate with magnetic stirring (600 rpm).  

Once the temperature of 60 °C was reached, a previously prepared 

methanol/KOH mixture was added. The reaction was kept for 120 min under 

reflux to maximise the conversion. The reaction was considered finished as 

soon as a good phase separation of the mixture was observed, and it was left 

for 24h in a separation funnel to separate the biodiesel and glycerol. 

2.5. Synthesis procedure of lignin based polyurethane 

adhesive 

A schematic diagram of the experimental procedure for the synthesis of 

lignin-based polyurethane adhesives (LPA) using commercial isocyanate is 

shown in Figure M.4. 
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Figure M. 4. Schematic diagram of the synthesis of LPA adhesives 

The synthesis was carried out using the one-shot method under inert 

atmosphere and room temperature. Firstly, the bio-polyol was poured 

together with the THF into the three necks round bottom flask and stirred 

vigorously, then the catalyst DBTDL and the MDI were added and stirred 

until the mixture could not flow, thus reaching the gel time. The different 

NCO/OH ratios used are listed in Publication IV. 

2.6. Synthesis procedure of lignin based non-isocyanate 

polyurethane adhesive 

The synthesis of the lignin-based NIPU adhesive (LNA) was carried out 

through a polycondensation reaction using DMC and HDMA. The reaction 

process used was described by Saražin et al., (2021) [140] with some 

modifications.  

A molar ratio between hydroxyl groups, DMC and HDMA (OH: DMC: HDMA) 

of (1:2:2) was employed. The reaction was performed under magnetic 

stirring and reflux. The bio-polyol was first reacted with the DMC and a 

predetermined amount of water (see Publication V) for 60 minutes at 65°C 

temperature. After that, HDMA was added and kept for 120 minutes at 90°C. 

MDI

THF

N2 LPA

Lignin based
PU adhesive

Bio-polyol

Constant stirring
Room temperature

DBTDL
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Finally, a silane coupling agent, namely 3-Aminopropyltrimethoxysilane, was 

added to improve the adhesion properties of the NIPUs. 

 

Figure M. 5. Procedure to synthesise LNA adhesives through polycondensation reaction 
between lignin-based bio-polyols with DMC and HDMA 

2.7. Characterisation methods 

A summary of the characterisation techniques used in the different 

publications included in this work is shown in Table M.3, which are described 

in detail in Appendix II. 

 

 

 

 

 

 

H2O
DMC

Constant
stirring

65ºC-60min

Constant
stirring

90ºC-120min

H2O

HDMA

H2O

Lignin based
NIPU 

adhesive

LNA

Silane

Bio-polyol
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Table M. 3. Characterisation techniques employed in the Publications 

Characterisation 

 Publication 

I II III V VI 

Bp L Bp CG Bp 
LPA 

adhesive 

LNA 

adhesive 

Composition 

(GC-MS) 
√ ꭙ ꭙ √ ꭙ ꭙ ꭙ 

Chemical structure 

(ATR-FTIR) 
√ √ ꭙ √ ꭙ √ √ 

Molecular weight 

(GPC) 
√ √ √ ꭙ √ ꭙ ꭙ 

IOH,An √ ꭙ √ ꭙ √ ꭙ ꭙ 

Reological behaviour √ ꭙ √ ꭙ √ ꭙ ꭙ 

Thermal degradation 

(TGA) 
√ ꭙ ꭙ ꭙ √ √ √ 

Thermal Degradation kinetic 

& 

Lifetime estimation 

(TGA) 

ꭙ ꭙ ꭙ ꭙ ꭙ √ √ 

Adhesion test 

(ABES) 
ꭙ ꭙ ꭙ ꭙ ꭙ √ √ 

L: Lignin; Bp: Bio-polyol; CG:Crude glycerol
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Remember, concentrate on the moment.  

Feel, don’t think. Use your instincts.” 

Qui-Gon Jinn 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Always two there are, no more, no less.  

A master and an apprentice” 

Master Yoda 
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Publication I 

Renewable bio-polyols from residual aqueous phase 

resulting after lignin precipitation 

ABSTRACT 

The aim of this work was to obtain two bio-polyols from the liquid residue 

resulting from the precipitation of lignin contained in two different black 

liquors, Eucalyptus globulus organosolv black liquor (EOBL) and Pinus 

radiata organosolv black liquor (POBL), thus adding value to this residue.  

Eucalyptus Organosolv Polyol (EOP) and Pine Organosolv Polyol (POP) were 

characterised in order to know their viscosity, hydroxyl number (IOH) and 

functionality according to the corresponding standard American Society for 

Testing Materials (ASTM). The molecular weight of bio-polyols was 

measured through Gel Permeation Chromatography (GPC), the chemical 

structure and composition were characterised by FTIR and GC-MS 

respectively and the thermal degradation (TGA) of two bio-polyols was 

determined. The bio-polyols showed suitable properties to be employed in 

the production of polyurethanes (PU).  

1. MATERIALS AND METHODS 

1.1. Materials 

The raw materials, Eucalyptus globulus chips and Pinus radiata sawdust, as 

well as the reagents used in this publication are described in section 2.1 of 

the 2nd PART. 
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1.2. Delignification of raw materials and sonication treatments of the 

black liquors 

The organosolv delignification processes of both raw materials, as well as the 

sonication treatments of the BLs are described in detail in section 2.2 of the 

2nd PART. 

1.3. Black liquor characterisation 

BLs from Eucalyptus globulus (EOBL) and Pinus radiata (POBL) were 

characterised employing the corresponding TAPPI standards which are 

described in Appendix I. 

1.4. Bio-polyol obtaining 

The procedure for obtaining the bio-polyol from the residual aqueous phase 

resulting after lignin precipitation is described in section 2.3 of the 2nd PART 

1.5. Bio-polyol characterisation 

The two bio-polyols, EOP and POP obtained from EOBL and POBL 

respectively, were characterised employing the techniques listed in Table 2.3 

of the 2nd PART, (section 2.6). These characterisation techniques are 

described in detail in Appendix II. 

2. RESULTS AND DISCUSSION 

2.1. Black liquors 

Black liquors were characterised, and the results are outlined in Table P 1.1. 

As it was expected there were no significant differences in the pH and density 

values between both raw materials. Otherwise, although in the case of POBL 

a small amount of IM is observed, it can be concluded that in both cases the 
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TDS corresponded to the OM. However, in the case of POBL it was observed 

that lignin accounted for 61.62% of the organic matter while in the case of 

EOBL this percentage was 53.92%. The rest of the organic matter can be 

attributed to degradation products derived from the hemicellulosic fraction 

and to the extractives that were also solubilised in the liquor. 

Table P1. 1 Characterisation of the black liquors 

Black liquor 
 Eucalyptus globulus Pinus radiata 

pH 3.600 ± 0.035 3.787 ± 0.031 

Density (g/mL) 0.926 ± 0.003 0.911 ± 0.001 

TDS 5.527 ± 0.373 2.313 ± 0.021 

IM 0.027 ± 0.003 - 

OM 5.509 ± 0.367 2.313 ± 0.021 

Lignin (%) 2.970 ± 0.103 1.425 ± 0.076 

2.2. Bio-polyol 

As mentioned above, a triplicate of the organosolv treatments was performed 

for each raw material. The average yield of bio-polyols obtained was 5.45 ± 

0.533% (EOP) and 5.24 ± 0.285% (POP) with respect the initial raw material. 

The chemical structures of EOP and POP were analysed by FTIR. The 

chromatograms obtained by this technique are shown in Figure P1.1a and 1b. 

As can be seen in Figure P1.1a, both bio-polyols showed a broad band at 3400 

cm-1 which corresponds to O-H stretchings of phenolic or alcoholic units. The 

characteristic vibration of aliphatic C-H bonds (3000-2840 cm-1) was also 

visible [1]. On the other hand, in the fingerprint region (1800cm-1 – 800cm-1) 

showed in Figure P1.1b, carbohydrates and lignin had their characteristic 

absorption peaks. Regarding the characteristic peaks of lignin, some small 

differences were observed that could be attributed to the different nature of 

the feedstock which was employed, since softwood is mostly composed by G 
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units while hardwood is usually formed by an equal amount of S and G units. 

In this sense, the signals from 1330 cm-1 to 815 cm-1 are referred to the bands 

that correspond to G units (1270 cm-1, 815 cm-1), S units (1330 cm-1, 1114 

cm-1) and both G and S units (1026 cm-1) [2–4].  

It was also remarkable, that signals at wavenumbers of 1270 cm-1, which 

corresponds to G ring plus C=O stretching in G units, was much more intense 

in the case of POP than in EOP where it appeared like a shoulder. 

Furthermore, the signal corresponding to C-H group in G units (815 cm-1), 

was only visible in the sample coming from pine, while in the case of 

eucalyptus disappeared. These confirm that the bio-polyol from pine was 

richer in G units as it was expected for a softwood while bio-polyol from 

eucalyptus had more S units. The signal that corresponds to C=O in S units 

(1330 cm-1) was only present in EOP while the aromatic deformation of C-H 

in S units (1114 cm-1) gave a small signal also in the case of POP. It was also 

visible that the band at 1026 cm-1 associated with the aromatic ring in G units 

was more intense in the case of POP than in EOP as it was expected.  

Finally, a variation in the intensity of the bands corresponding to the C=O 

stretching in conjugated arylketones (1674 cm-1) and C-H deformation (1460 

cm-1) could also be observed [2]. In the case of POP, the signal assigned to 

C=O stretching increased while CH deformation band decreased. In the case 

of EOP the opposite occurred. As mentioned above, carbohydrate-related 

peaks also appeared in the fingertip region. Thus, peaks at 1603 cm-1, 1424 

cm-1, 1114 cm-1 and 1026 cm-1 were indicative of the existence of 

carbohydrate-derived compounds [5]. 

The chemical composition of bio-polyols was determined through GC-MS 

whose chromatograms are shown in Figure P1.2. For a better understanding, 

the chromatograms were delimited in three zones named a, b and c. The first 

zone a, corresponded to carbohydrate degradation compounds, which 
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confirmed the presence of these compounds in both samples, as mentioned 

in the previous section. It was possible to observe some differences between 

both samples due to the origin of the raw materials. 

 

Figure P1.1 ATR-FTIR spectra (a) and Fingerprint region of FTIR spectra (b) of EOP and POP 

Thus, in the case of EOP the most abundant peak corresponded to furfural 

and no HMF was observed. Since hardwood hemicelluloses are mainly 

constituted by pentoses, they are mostly decomposed in furfural. On the 

other hand, in the case of POP, which comes from softwood, the main peak 

corresponded to HMF, that is the principal degradation compound of hexoses 

[6]. Other degradation compounds such as ethyl glycolate and ethyl lactate 

from esterification of glycolic and lactic acid were observed.  

In contrast, regions identified as b and c, represented the compounds 

generated by the depolymerisation of lignin during organosolv 

delignification process in which the α and β ether bonds of lignin are 

hydrolytically broken [7].  

Firstly, the zone noted as b is the region where the monomeric compounds 

of lignin were visible. As it was previously mentioned, there were differences 

between EOP and POP due to the origin of the feedstocks. Hence, EOP was 
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richer in S derived compounds, such as syringaldehyde among others, which 

was the most abundant. However, as it was expected, G derived compounds 

were also appreciable though in lesser proportion. On the other hand, G 

derived compounds were majority in POP as it is summarised in Table P1.2.  

Finally, in the last section titled as c, the presence of dimers and trimers could 

be observed, although with low abundance due to the low volatility of these 

compounds. Nevertheless, this could indicate that bio-polyols may contain 

bigger compounds derived from lignin depolymerisation, which were not 

visible in GC-MS. 

 

Figure P1.2 GC-MS chromatograms of EOP and POP 

 

 

 

 

 

a

b

c
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Table P1.2. Identification of the compounds from EOP and POP observed in CG-MS 
chromatograms 

RT (min) COMPOUND EOP POP Origin 

3.451 Ethyl glycolate   C 

3.823 Ethyl lactate   C 

4.107 Furfural   C 

6.129 5-Methylfurfural   C 

7.042 Ethyl 2-acetoxy-2-methylacetoacetate   C 

11.045 Hydroxymethylfurfural (HMF)   C 

16.992 Vanillin   G 

22.101 Dihydroconiferyl alcohol   G 

22.305 Syringaldehyde   S 

22.934 4-propenyl syringol   S 

23.014 Homosyringaldehyde   S 

23.475 Coniferyl aldehyde   G 

24.025 Syringylacetone   S 

26.863 Sinapyl aldehyde   S 

34.011 4,4'-stilbenediol,3,3'-dimethoxy-(E)   G♯ 

37.053 3,4-Divanillyltetrahydrofuran   G♯ 

38.755 Secoisolariciresinol   G♯ 

41.443 4,4'-stilbenediol,3,3',5,5'-tetramethoxy-   S♯ 

41.451 Dibenzylbutyrolactone   G♯ 

43.265 Syringaresinol   S♯ 

C (Carbohydrate), G (Cuaiacol), S (Syringol), # Two phenolic rings 

EOP and POP were thermogravimetrically analysed in order to study the 

relationship between chemical structure and degradation. The TGA 

thermograms for each bio-polyol and its corresponding DTG are shown in 

Figure P1.3.  

The DTG curves revealed clear differences between both bio-polyols. Firstly, 

the EOP showed three peaks that corresponded to two degradation zones. 

The first degradation zone, which represents a total mass loss of 37.64%, was 

located in the range from 120 °C to 260 °C and it can be associated with the 

degradation of monomeric compounds from lignin [8] and the degradation 
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of carbohydrates [9]. This region had two maximum degradation peaks, one 

at 130 °C which is associated with the most volatile compounds accounting 

for 10.33% of the mass loss, and the second at 236 °C that is related to the 

monomeric compounds with higher boiling points [8] and represented a 

mass loss of 27.31%. The last degradation zone (300 °C-500 °C) had a 

maximum degradation peak at 331 °C and the largest mass loss with 29.76% 

of the total mass. This zone is usually attributed with the degradation of 

lignin, hence it could be attributed to dimers, trimers and oligomers which 

are expected to be in the bio-polyol [10]. 

 

Figure P1.3. TGA and DTG thermograms of EOP and POP 

POP, for its part, even though had the same two degradation areas, did not 

show the same peaks. Thus, in the first degradation zone, which accounted 

for 52.14% of mass loss, it showed a single maximum degradation peak at 

200 °C. Whereas the zone identified as the degradation zone of larger lignin 

molecules, the maximum degradation peak at about 380 °C is shoulder-

shaped and represented only the 16.2% of the total mass loss. In both cases, 
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as the temperature was increased over 500 °C, a loss of mass of about 75% 

took place, and a total residue of 25.07% and 23.96% was left, respectively.  

The molecular weight distribution of each bio-polyol was analysed in order 

to determine Mw, Mn and PI. As expected, due to the origin of bio-polyols, both 

showed low molecular weights compounds ranging from 848 g/mol to 235 

g/mol. Since the detection limit of the equipment is around 230 g/mol, 

hemicellulose degradation compounds, such as furfural and HMF among 

others, and lignin derived small monomers are outside the detection range. 

However, it can be concluded that bio-polyols were also composed by dimers 

and oligomers from the depolymerisation of lignin during the delignification 

process. Furthermore, the average molecular weights and polydispersity 

index (PI) of both bio-polyols were very similar as summarised in Table P1.3.  

As regards the PI, which is an important factor to consider, since it has a 

direct effect on the applicability of the bio-polyol [11], EOP and POP showed 

low values, 1.493 and 1.579 respectively. This indicated a homogeneous 

molecular weight distribution for both bio-polyols. Furthermore, these 

values were very similar to those of industrial polyethers and polyesters, 

1.05 and 1.3 respectively [11]. 

Table P1.3. Mw (g/mol), Mn (g/mol) and PI of EOP and POP 

Bio-polyol Mw (g/mol) Mn (g/mol) PI 

EOP 648 437 1.493 
POP 563 357 1.579 

As can be seen in Figure P1.4, there were three clear signals in both 

chromatograms with virtually equal retention times in both cases (24.8 min, 

25.8 min and 26.7 min). Nevertheless, there were differences in the 

intensities of these signals, indicating that the distribution of molecular 

weights was different in each case. Thus, the first peak (24.8 min) was more 
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intense in the case of EOP, which indicated a higher concentration of trimers 

and oligomers (Mw ≈815 g/mol) than in the POP, which was in accordance 

with the results from TGA analysis. 

 

Figure P1.4. Molecular weight distribution of EOP and POP 

Signals displayed at 25.8 min and 26.7 min retention times corresponded to 

areas with molecular weights of around 274 g/mol and 235 g/mol 

respectively, indicating the presence of dimers in bio-polyols. This last signal 

showed an intense peak in POP whereas in EOP chromatogram it was only a 

shoulder. This would indicate a higher number of dimmers in POP than in 

EOP. However, taking into account the obtained results, it can be concluded 

that the molecular weights of both bio-polyols are in the required range 

(200-8000 g/mol) for PU production [12]. 

Acidic number (An), hydroxyl number (IOH) and functionality (f) of bio-

polyols are summarised in Table P1.4. 
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Table P1.4. An, IOH and f of EOP and POP 

Bio-polyol An (mg KOH/g) IOH (mg KOH/g) f 

EOP 85.06 ± 2.51 618.07 ± 9.79 4.81 

POP 64.34 ± 1.69 587.63 ± 0.63 3.74 

As can be seen, two bio-polyols presented an elevated An, 85.06 and 64.31 mg 

KOH/g for the EOP and POP respectively. These high An values were due to 

the generation of organic acids such as formic, levulinic, acetic, glycolic and 

lactic acid during the organosolv delignification process. A low An value is 

preferable, since acid groups can react with the amine groups of the catalyst 

decreasing the efficiency of the reaction [13]. However, polyols from 

lignocellulosic biomass usually presented high An values, which can be 

greater than 40 mg KOH/g [12].To solve this problem, bio-polyols could be 

neutralised using bases such as NaOH or MgOH before their employment to 

produce PU [14].  

The EOP and POP IOH values were 618.07 mg KOH/g and 587 mg KOH/g 

respectively. Similar values of IOH were obtained by other authors through 

liquefaction of lignin [15–18]. Gosz et al., (2018) [15] used Kraft pine lignin 

to produce bio-polyols through liquefaction obtaining 610-670 mg KOH/g of 

IOH value. Similarly, Da Silva et al., (2019) [17] employed Kraft lignin to obtain 

bio-polyols with 660 mg KOH/g when employing lactic acid as catalyst. In 

another case, IOH values of 538 mg KOH/g were achieved through liquefaction 

of commercial lignin by Mohammadpour et al., (2020) [18]. These relatively 

high values can be explained by the presence of compounds with abundant 

OH-reactive groups, such as dimers and oligomers from lignin, among others. 

These lignin derived compounds were formed during the delignification 

process in which lignin molecules were broken into smaller fragments that 

were solubilised in the medium [19]. On the other hand, the presence of these 

lignin derived compounds, explains the functionality values that were 

obtained. The IOH and functionality values indicate that the bio-polyols could 
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be used for the manufacture of PU, such as rigid foams, rigid coatings and 

elastoplastics which required polyols with a IOH values from 250-1000 mg 

KOH/g and functionalities of 3-8 [20].  

Finally, the rheological behaviour of bio-polyols was analysed. Firstly, an 

oscillatory test was carried out to determine the viscoelastic properties of the 

two bio-polyols. For this purpose, a comparison was made between the loss 

module or viscous module (G’’) and the storage or elastic module (G’) used to 

measure the degree of liquid and solid of the bio-polyol respectively [21]. 

Figures P1.5a and b show that the two polyols had a liquid behaviour since 

G" presented higher values than G' over the entire frequency range. In 

addition, as it was expected taking into account the molecular weights of the 

two bio-polyols (Table P1.3), the values of EOP modules were higher than 

those obtained from POP since they decrease as the Mw is reduced [22]. 

Additionally, a rotational test was performed to analyse the fluid behaviour 

through the study of the relation between viscosity (𝜂), shear stress (𝜏) and 

shear rate (𝛾̇). The parameters were fitted to the Power-Law equation as 

indicated in section V of Appendix II. A summary of the data obtained by the 

software is shown in Table P1.5 and the corresponding flow curves are 

presented in Figure P1.6a. 

Table P1.5. Power-Law linear functions base don the rheological data from EOP and POP 

Bio-polyol κ(Pa·sn) n R2 

EOP 0.016710 0.9650 0.9983 

POP 0.005897 0.9226 0.9418 

As can be seen from the study of the data summarised in Table P1.5, both 

rheograms showed a good fit as indicated by the R2 values. In addition, the n 

values were very close to unity, indicating that both bio-polyols behaved as 

Newtonian fluids. This behaviour can be observed in Figure P1.6a, where the 
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viscosity had a constant value regardless of the applied strain rate. Thus, it 

can be said that consistency index is simply the constant viscosity, 𝜂 [23]. 

 

Figure P1.5. Storage (G’) and loss (G’’) modulus (Pa) as a function of ω(rad/s) of EOP (a) and 
POP (b) 

Nevertheless, in order to confirm the Newtonian behaviour of the bio-

polyols, the relation between shear stress (𝜏) and shear rate (𝛾̇) was studied 

and they were represented in Figure P1.6b.  

It was possible to confirm that both had a linear relation as it is expected from 

a Newtonian fluid where the slope of the line must correspond to the 

viscosity. This was confirmed since the slopes of the lines in Figure 6b were 

exactly the same of the  values reported in table 5. Thus, EOP had a viscosity 

of 0.0168 𝑃𝑎 ∙ 𝑠 while the viscosity of POP was 0.0059 𝑃𝑎 ∙ 𝑠.  

These values are very low but they are in accordance with the obtained by 

other authors [16,17] and are below 300 Pa∙s which resulted suitable values 

for PU production [24]. The higher in viscosity values in EOP could be 

explained by its higher molecular weight comparing to POP since viscosity is 

intrinsically related to the molecular weight [25]. 

a b
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Figure P1.6. (a) Viscosity (η) VS shear rate (γ̇) and (b) Shear stress (τ) VS shear rate (γ̇) of 
EOP and POP 

3. CONCLUSIONS 

In summary, two bio-polyols were obtained from the aqueous residue 

resulting from the precipitation of the lignin contained in the organosolv 

liquors. Yields of 5.43% and 5.24% were obtained with respect to the initial 

raw material for EOP and POP respectively. The average molecular weights 

of these bio-polyols were 648 g/mol for EOP and 563 g/mol for POP and 

polydispersity indexes of 1.493 and 1.579 respectively, which were very 

similar to those for industrial polyether and polyester polyols (1.05 and 1.3 

respectively). On the other hand, IOH and functionalities values were 618mg 

KOH/g and 4.81 in the case of EOP and 587 mg KOH/g and 3.74 in the case of 

POP. However, due to the origin of the bio-polyols, the acidic numbers of both 

bio-polyols were elevated. Finally, the study of the rheological behaviour of 

the bio-polyols revealed that both bio-polyolss behaved as Newtonians fluids 

with viscosity values of 0.0168 𝑃𝑎 ∙ 𝑠 and 0.0059 𝑃𝑎 ∙ 𝑠 for EOP and POP 

respectively. All these characteristics indicated that both bio-polyols were 

suitable for the manufacture of polyurethanes. Therefore, the aqueous 

residue from organosolv black liquors was successfully valorised. 

 

a b
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Publication II 

Organosolv lignin-based bio-polyols for polyurethane 

production: Process optimisation through response 

surface methodology 

ABSTRACT 

The polyurethane industry relies on polyols of petrochemical origin. 

However, although the polyol industry is a growing business, the 

environmental consequences associated with the excessive petroleum 

consumption can be serious. Therefore, the use of renewable raw materials, 

such as lignin, to manufacture bio-polyols is being studied to replace partially 

or totally the use of petrochemical polyols. Lignin is the most abundant 

renewable phenolic polymer available on Earth and can be employed for 

different industrial applications, such as polyurethane manufacture, thus 

diminishing the dependence on oil. In this work, hardwood (Eucalyptus 

globulus) and softwood (Pinus Radiata) organosolv lignins were employed 

for producing bio-polyols, through microwave assisted liquefaction, with 

specific properties to be used in the synthesis of rigid and elastic 

polyurethanes. The reaction parameter values were optimised by response 

surface methodology to establish the most suitable conditions to produce 

bio-polyols from both type of lignins for rigid and elastic polyurethane 

formulation.  

The effect of the independent variables catalyst concentration (%wt.), 

temperature (°C) and Polyethylene glycol/Glycerol weight ratio on the 

molecular weight and hydroxyl number index of bio-polyols was evaluated. 

The optimum reaction conditions of bio-polyols for rigid polyurethanes were 

virtually equal for the two lignins, 159-161°C, Polyethylene glycol/Glycerol 
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ratio of 3 and no catalyst. Conversely, the bio-polyols for elastic 

polyurethanes required different reaction parameters depending on the 

lignin used, 180 °C, 7.57 (Polyethylene glycol/Glycerol ratio) and 5% wt. of 

catalyst for hardwood lignin and 160 °C, 7.34 (Polyethylene glycol/Glycerol 

ratio) and 3.85% wt. of catalyst for softwood lignin. In addition, the bio-

polyols obtained at optimised conditions were fully characterised and acid 

number, polydispersity index, functionality and the rheological behaviour of 

them was studied. 

1. MATERIALS AND METHODS 

1.1. Materials 

The raw materials and chemicals used for this work were obtained as 

described in section 2.1 of the 2nd PART. 

1.2. Lignin obtaining procedure 

Lignin used in this work were obtained after the organosolv delignification 

process and the subsequent ultrasound treatment of the black liquor 

described in section 2.2 of the 2nd PART. 

1.3. Lignin characterisation 

Eucalyptus globulus and Pinus radiata organosolv lignins obtained before 

(EOL and POL) and after ultrasound treatment (EOUL and POUL) were 

analysed using the techniques listed in Table 2.3 of the 2nd PART, (section 

2.6) and described in Appendix II. 
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1.4. Experimental design of microwave assisted lignin liquefaction 

1.4.1. Microwave assisted lignin liquefaction procedure 

Liquefaction reaction of lignins obtained after ultrasound treatment was 

carried out through the methodology described in section 2.3 of the 2nd 

PART. 

1.4.2. Experimental design 

A response surface methodology (RSM) was used to determine the effect of 

the independent variables: Catalyst concentration (%wt.) (Cat), 

Temperature (°C) (Temp) and Polyethylene glycol/Glycerol weight ratio 

(%wt.) (PEG/Gly) on the molecular weight (Mw) and hydroxyl number index 

(IOH) of bio-polyols. A three block Box-Benkhen Design (BBD), which 

consisted in 15 experiment, with three central point was selected for the 

experimental design and optimisation. 

A second-order polynomial equation (Equation P2.1) was used to fit the 

experimental data: 

   Equation P2.1 

where yj represent the dependent variables (Mw and IOH), b0, bi, bii, bij 

correspond to the regression coefficients estimated from the experimental 

results employing the least-squares method and xi and xj are the 

dimensionless normalised independent variables Cat, Temp and PEG/Gly, 

with a variation range from -1 to 1.  

Through the evaluation of the lack of fit, the R2 determination coefficient, the 

significance of the regression coefficients and the F-test value obtained from 

the analysis of variance, the suitability of the model was validated. The 

3 3 2

0 1 2

3

1i i ij i j ii i j iii
y b b x b x x b x 
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experimental design, statistical analysis and regression model were 

generated employing the Statgraphics Centurion version XVI (Statpoint 

Technolgies Inc., Warrenton, VA, USA). Optimal conditions to produce 

polyols for rigid and elastic PU, predicted by the desirability function of the 

abovementioned software, were obtained by adjusting the dependent 

variables Mw and IOH. Microsoft Excel´s Data Analysis Add-In version 2016 

(Microsoft, USA), was employed to fit the experimental data. Model 

validation was carried out by performing a triplicate of each experiment 

under optimal conditions and comparing them with the values predicted by 

the model. 

Table P2.1. Experimental design involved in the study 

Variable Definition Units Nomenclature Value 

Fixed 
Time 

SLR* 

min 

(w/w) 
 

5 

1/6 

Independent 

Catalyst 

Temperature 

PEG/Gly ratio 

(% wt.) 

°C 

(w/w) 

Cat 

Temp 

PEG/Gly 

0-5 

140-180 

3-9 

Dependents 
Molecular weight 

Hydroxyl number 

g/mol 

mg KOH/g 

Mw 

IOH 

 

*Solid to liquid ratio (SLR) 

The experimental variables considered in this study (Table P2.1), include the 

fixed variables, the independent variables, as well as the dependent ones, 

including the corresponding variation ranges of each variable.  

1.4.3. Characterisation of the obtained bio-polyols 

Bio-polyols synthesised to perform the experimental design were analysed 

to determine the molecular weight distribution (Mw, Mn and Mw/Mn) as well 



Obtaining and synthesis of bio-polyols 

91 

 

as the IOH. For the determination of the molecular weight distribution, GPC 

was employed following the procedure described in Appendix II. 

1.4.4. Characterisation of bio-polyols at the optimised reaction 

conditions  

To validate the model, experiments were triplicated under the optimal 

conditions and the results (Mw and IOH values) were compared with the 

theoretical ones. Once the model was validated, the bio-polyols obtained 

under the optimal conditions were further characterised employing the 

techniques listed in Table 2.3 of the 2nd PART, (section 2.6). These 

characterisation techniques are described in detail in Appendix II. 

2. RESULTS AND DISCUSSION 

2.1. Lignin characterisation 

Since lignins with low molecular weight are desired to produce polyols [1], 

the obtained EOL and POL were ultrasonicated. These ultrasonicated lignins, 

called EOUL and POUL from the ultrasonication of EOL and POL respectively, 

showed lower molecular weight than the originals as summarised in Table 

P2.2.  

Table P2.2. Mw (g/mol), Mn (g/mol) and PDI of organosolv lignins and ultrasonicated 
organosolv lignins 

Sample Mw (g/mol) Mn (g/mol) PDI 

EOL 3632 952 3.81 

EOUL 2837 888 3.20 

POL 3529 1035 3.41 

POUL 2924 911 3.21 
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In both cases, similar molecular weight reduction was achieved with respect 

to the original lignins. Concretely, a 21.8% reduction in the case of EOUL and 

17.1% for POUL. The molecular weight reduction, although considerable, 

was far from that obtained by Wells et al. (2013) [2], who obtained a 

reduction of 85.9% under the studied conditions.  

 

Figure P2.1. Molecular weight distribution of organosolv lignins 

This difference could be due to a lower effect of cavitation because of the 

employed equipment. This decrease in the molecular weights can be 

observed in Figure P2.1 since the chromatograms corresponding to the 

ultrasonicated lignins (EOUL and POUL) exhibited lower retention times 

than the original ones.  

ATR-FTIR spectroscopy was employed to characterise lignins to confirm that 

their chemical structure was not altered during the ultrasound fractionation 

process. As can be seen in Figure P2.2, no differences were observed between 

lignin samples from the same raw material before and after being subjected 
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to the ultrasonication process. Thus, it can be concluded that the ultrasound 

process did not produce any changes in the chemical structure of the lignins.  

As can be observed, the fingerprint region of the ATR-FTIR spectra (Figure 

P2.2) showed the characteristic bands of lignin. In all samples a broad peak 

(3415 cm-1) corresponding to OH stretching of phenolic units is observed. 

The vibration of aliphatic CH bonds was also visible at between 2970 cm-1 

and 2840 cm-1. The band of carbonyl group, the vibration of the aromatic 

skeleton plus CO stretching and the stretching of CC plus C-O plus C=O at 

1705 cm-1, 1595 cm-1 and 1213 cm-1 respectively appeared in all samples. 

Nevertheless, since hardwood lignins are generally composed by an equal 

proportion of S and G units, whereas softwood lignin is predominantly 

constituted by G units several differences could be observed between lignin 

from hardwood and softwood. Thus, the spectra of lignin from Eucalyptus 

globulus showed more intense signal in the peaks at 1326 cm-1, 1110 cm-1 and 

833 cm-1. These bands correspond to the condensed S and G rings, the 

aromatic CH deformation of S units and to CH group out of plane in positions 

2 and 6 in S units. On the other hand, in the case of lignin from Pinus radiata, 

the signals were more intense in the bands corresponding to the G units, i.e: 

vibration of the aromatic ring in G units (1510 cm-1), G ring plus CO (1265 

cm-1), aromatic CH in plane deformation of G units (1029 cm-1) and CH out of 

plane in position 2, 5 and 6 in G units (860 cm-1 and 811 cm-1) [3]. 

2.2. Optimisation of the conditions for obtaining suitable bio-polyols 

for PU applications 

In the present study, microwave-assisted irradiation method was employed. 

A response surface methodology in combination with a Box-Behnken design 

was employed to accomplish the optimisation of the bio-polyols obtaining 

reaction conditions. Statgraphic software was used to establish the 

experiments set, which is summarised in Table P2.3, as well as the 
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experimental values that corresponded to the dependent variables (YIOH and 

YMw).  

 

Figure P2.2. Fingerprint region of ATR-FTIR spectra of non-ultrasonicated and ultrasonicated 
organosolv lignins 

Regarding Table P2.3, the IOH values ranged from 221.5 mgKOH/g (exp. 3) to 

688.2 mgKOH/g (exp. 10) for Eucalyptus globulus bio-polyol, and from 211.3 

mgKOH/g (exp. 1) to 592.6 mgKOH/g (exp. 4) for Pinus radiata bio-polyol. 

On the other hand, Mw ranged between 1637 g/mol (exp. 13) and 5692 g/mol 

(exp. 6) and between 1372 g/mol (exp. 14) and 5469 g/mol (exp. 2) for the 

bio-polyols obtained from the liquefaction of lignin from Eucalyptus globulus 

and Pinus radiata, respectively. 

In Table P2.4 the regression coefficients and their corresponding confidence 

levels according to Student’s t-test (above 90%), as well as the R2 

determination coefficient, the adjusted R2 and the statistical significance 

(Fisher’s F-test) are summarised. Fα=0.05, which is the value of the distribution 

that leaves an area behind the density function equal to 0.05 on its right (95% 

of confidence level), was calculated employing the free software R (version 
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4.1.1) were the degrees of freedom are expressed through Equation P2.2. On 

the other hand, the experimental F (F-exp) was determined using Equation 

P2.3. 

                      Equation P2.2 

   Equation P2.3 

where K is the number of model parameters, n is the number of data points 

and R2 is the determination coefficient. 

Table P2.3. Independent normalised (Norm.) and not normalised (Not norm.) variables, Cat 
(%wt.) (X1); Temperature (°C) (X2) and PEG/Gly (w/w) (X3), together with the dependent 
variables, average molecular weight (YMw) (g/mol) and hydroxyl number (YIOH) (mgKOH/g), 
of the Box-Behnken experimental design 

Exp 

Independent variables Dependent variables 

Not norm. variables Norm. Variables Eucalyptus globulus Pinus radiata 

Cat  T (°C)  
PEG/Gly 
(w/w) 

X1 X2 X3 YMw YIOH YMw YIOH 

1 2.5 180 9 0 1 1 3532 236 3576 211 

2 2.5 160 6 0 0 0 2904 312 5469 294 

3 0 180 6 -1 1 0 1752 222 1710 331 

4 2.5 180 3 0 1 -1 3753 563 4896 593 

5 2.5 140 9 0 -1 1 2169 243 4012 321 

6 5 180 6 1 1 0 5926 290 4594 383 

7 0 140 6 -1 -1 0 1662 261 1461 330 

8 5 160 3 1 0 -1 3854 688 5136 552 

9 2.5 160 6 0 0 0 3005 263 4469 232 

10 2.5 140 3 0 -1 -1 2269 485 2922 457 

11 5 160 9 1 0 1 3623 224 4116 194 

12 2.5 160 6 0 0 0 2700 290 4077 247 

13 0 160 9 -1 0 1 1637 326 1497 354 

14 0 160 3 -1 0 -1 1771 645 1372 458 

15 5 140 6 1 -1 0 3472 248 3991 262 

( )Degrees of freedom 1K;n K= − +

( )
( )

2

21

1

R
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Table P2.4. Regression coefficient plus their statistical parameters 

Coefficients 
Eucalyptus globulus Pinus radiata 

YMw YIOH YMw YIOH 

b0 2869.67a 288.02a 4671.67a 257.78a 

b1 1256.63a -0.43 1474.63a -10.04 

b2 673.88a 13.85 298.75 18.42 

b3 -85.75 -164.38a -140.63 -122.31a 

b12 591.00b 20.40 88.50 29.96c 

b13 -24.25 -36.49 -286.25 -63.49a 

b23 -30.25 -11.99 -602.50c -61.37a 

b11 61.92 23.42 -1276.96a 31.27c 

b22 271.42 -56.36c -455.71 37.30c 

b33 -210.33 159.27a -364.46 100.30a 

R2 0.97 0.97 0.96 0.98 

R2-adjusted 0.92 0.90 0.87 0.95 

Fα=0.05 4.773 

F-exp 19.516 15.463 11.795 28.588 

Area under F-exp 0.002 0.004 0.007 0.001 

Significance level 99.779 99.618 99.287 99.911 
aSignificant coefficients at the 99% of confidence level. 
bSignificant coefficients at the 95% of confidence level. 
cSignificant coefficients at the 90% of confidence level. 

According to Table P2.4, the obtained R2 determination coefficients were 

above 0.95 in all cases. Regarding the bio-polyol obtained from the 

liquefaction of Eucalyptus globulus lignin, R2 of 0.97 was obtained for both Mw 

and IOH, while for the polyol obtained from the liquefaction of Pinus radiata 

lignin these values were 0.96 for Mw and 0.98 for IOH. This indicated that only 

a small number of total variations remained unexplained using the selected 

model, concretely 3% for the former and 4% and 2% for the latter. According 

with the obtained R2 determination coefficients, it could be concluded that 

the model was appropriate to describe the interactions between the selected 

variables, since the R2 determination coefficient indicate the validity of the 

design via the explanation of the total variations of the model [4]. 
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Furthermore, the predictivity of the model obtained through Fisher’s F-test 

confirmed that the selected model was statistically relevant since the F-

experimental values were higher than the Fα values in all cases, which 

indicates that the models were statistically relevant above 95%. [5]. 

Regression coefficients presented in Table P2.4 showed a different behaviour 

depending on the used raw material. Thus, X1, X2 and the interaction X12 were 

the most relevant independent variables for the molecular weight in the case 

of the bio-polyol obtained from Eucalyptus globulus, while in the case of the 

bio-polyol from Pinus radiata it was the independent variable catalyst 

concentration X1, the interaction X23 and the quadratic effect of X11. On the 

other hand, the independent variables that demonstrated a significant 

relevance for the IOH were the effect of the PEG/Gly (X3) and the quadratic 

effects X22 and X33 for the bio-polyol obtained from Eucalyptus globulus, 

whereas for the bio-polyol from Pinus radiata only the independent variables 

catalyst concentration (X1) and temperature (X2) did not show a significant 

effect, while the remaining variables were significantly relevant. 

2.2.1. Average molecular weight (Mw) 

Figure P2.3 shows the influence of the independent variables as well as their 

interactions on the molecular weight of bio-polyols obtained through the 

liquefaction of Eucalyptus globulus (2.3a, 2.3b and 2.3c) and Pinus radiata (2.3d, 

2.3e and 2.3f). 

Figures 2.3a and 2.3d represent the response surfaces in which the interaction 

effect between the independent variables X1 and X3 is shown. As is evident in both 

figures, the independent variable X3 had almost no influence on the response 

(Mw). On the other hand, in both cases, an increment in the concentration of the 

catalyst increased the molecular weight of the obtained bio-polyols. It should be 

noted in Figure P2.3d that, for the bio-polyols that were obtained from the 
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liquefaction of lignin from Pinus radiata, the maximum value of Mw was obtained 

for a catalyst concentration between 4% and 4.5%, after which the molecular 

weight decreased as the concentration increased. This behaviour could be 

explained by the influence of the quadratic term of the catalyst (X11) on the 

molecular weight equation.  

The influence of the independent variables X1 and X2 and their interaction on the 

molecular weight for a fixed value of the independent variable X3 (X3=0) is shown 

in Figure P2.3b and 2.3e. In both cases, an increase of the catalyst concentration 

(X1) and the temperature (X2) resulted in an increase of the molecular weight of 

the bio-polyols. As can be seen, the bio-polyol from the liquefaction of Eucalyptus 

globulus lignin reached the maximum molecular weight at one of the extremes of 

the design (Temperature of 80 ºC and Catalyst concentration of 5%). On the other 

hand, the bio-polyol from Pinus radiata lignin reached its maximum value of Mw 

for a catalyst concentration around 4% and decreased from this point as the 

concentration increased due to the quadratic effect of the independent variable 

(X1) on the molecular weight equation. As for temperature, the highest Mw was 

obtained for a temperature of 175ºC and decreased as the temperature increased 

above this point, although the quadratic term X22 was not significantly relevant 

(Table P2.4). 

Figures P2.3c and 2.3f show the response surface of Mw in function of temperature 

and PEG/Gly for a fixed value of concentration (X1=0). According to the 

regression coefficients summarised in Table P2.4, the molecular weight of the bio-

polyol from Eucalyptus globulus was not affected by the independent variable 

PEG/Gly whilst the influence of the temperature was significantly relevant. This 

is evident from Figure P2.3c, where it can be observed that a variation on the 

temperature had a significant impact on the molecular weight of the bio-polyol, 

whereas the PEG/Gly had little influence on the molecular weight regardless of 

the reaction temperature. On the other hand, in the case of bio-polyol from the 

liquefaction of lignin from Pinus radiata (Figure P2.3f), neither the independent 
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variable temperature nor PEG/Gly had a relevant significance in the molecular 

weight equation, although the interaction between both (X23) proved to be 

significantly relevant. In Figure P2.3f, it can be noticed that the molecular weight 

of the bio-polyols is favoured by a high temperature and low PEG/Gly, obtaining 

the maximum when the temperature was at its highest (180 ºC) and the PEG/Gly 

was at its lowest, that is, at one of the extremes of the design. 

One explanation for the high influence of the independent variables X1 and X2 on 

the Mw, could be that lignin during the microwave liquefaction process first 

degrades into small fragments that react with polyhydric alcohols (polyethylene 

glycol and glycerol) via ether bonds. Nevertheless, in the presence of catalyst and 

elevated temperatures, these lignin fragments can repolymerise, resulting in larger 

molecules and thus increasing the molecular weight [6,7]. 

2.2.2. Hydroxyl number (IOH) 

The influence of the independent variables and their interactions upon IOH of the 

liquefied bio-polyols are shown in Figures P2.4a, 2.4b and 2.4c (Eucalyputs 

globulus) and 2.4d, 2.4e and 2.4f (Pinus radiata). For a fixed value of the 

temperature (X2=0), the influence of the independent variables X1 and X3 as well 

as the interactions between them are shown in Figures P2.4a and 2.4d. As 

mentioned above, the independent variable X1 did not show significant influence 

on the IOH of the bio-polyols regardless the used raw material. On the other hand, 

the independent variable X3 exhibited a significant influence in both cases, as 

indicated in Table P2.4. This behaviour is illustrated in the response surfaces 

curves. In both cases, an increase in the ratio resulted in a reduction of the 

hydroxyl number, whereas increasing the amount of glycerol in the mixture, i.e., 

reducing the PEG/Gly, drastically increased the hydroxyl number. It should be 

noted that, although the catalyst was not significantly influential, both the 

maximum and minimum hydroxyl value of the bio-polyols were obtained by using 

high concentrations of catalyst. 
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The response surfaces 2.4b and 2.4e were obtained by fixing the independent 

variable X3 to 0. Figure 4b present a saddle point as a critical point, which means 

that the equilibrium is an inflection point between a relative maximum and a 

relative minimum. Therefore, this point does not serve as an optimal value. 

However, it is possible to identify the optimal region by visual observation of the 

surface [8]. Thus, to maximise the IOH, a high temperature (180 ºC) and a catalyst 

concentration around 3.5% is preferable, while the minimum IOH value was 

obtained employing a reaction temperature around 170 ºC without catalyst. On the 

other hand, a clear minimum IOH value at 170 ºC and a catalyst concentration of 

1.5% was observed in the case of the bio-polyol obtained from the liquefaction of 

Pinus radiata lignin (Figure P2.4e).  

Finally, the response surfaces corresponding to the interaction of the independent 

variables temperature (X2) and PEG/Gly (X3), as well as their interactions, for a 

fixed value of X1=0 are plotted in Figures P2.4c and 2.4f. Similarly, to Figures 

P2.4a and 2.4d, it is possible to appreciate the great influence of the independent 

variable X3 on the IOH. Thus, a lower PEG/Gly implied an increase in the IOH, 

while a higher ratio resulted in a decrease of the hydroxyl number of the bio-

polyols. Therefore, a minimum of hydroxyls was obtained for a PEG/Gly of 

almost 9 at a temperature of 170 ºC in the case of bio-polyol from the liquefaction 

of Pinus radiata lignin (Figure P2.4f). On the other hand, the response surface 

corresponding to the liquefaction of Eucalyputs globulus lignin (Figure P2.4c) 

exhibited a saddle point. In this case, the maximum IOH was obtained for a 

temperature of 165 ºC and a maximum PEG/Gly (3), whereas the minimum IOH 

corresponded to the maximum temperature (180 °C) and a PEG/Gly close to 8. 

From the regression data summarised in Table P2.4 and the response surfaces, it 

can be noticed that the independent variable X3 had the largest influence on the 

IOH. This is due to the fact that polyethylene glycol has a lower number of free 

hydroxyls than glycerol, and therefore, as the amount of PEG increases with 

respect to glycerol, the hydroxyl number of the polyol decreases [9]. 
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2.2.3. Optimisation and model validation 

The aim of the optimisation was to determine the optimal reaction conditions 

for the synthesis of bio-polyols suitable for the manufacture of rigid and 

elastic polyurethanes. To do that, the desirability function of the Statgraphic 

Centurion XVI software was employed. In the optimisation of the bio-polyol 

conditions for the synthesis for rigid polyurethanes, the objective was to 

minimise the molecular weight while increasing the hydroxyl groups, 

whereas the opposite was sought for the optimisation of reaction conditions 

in the case of elastic polyurethane bio-polyols, i.e., an increase in the 

molecular weight of the bio-polyols while reducing the hydroxyl groups [10]. 

The optimised reaction settings for the above-mentioned bio-polyols are 

summarised in Table P2.5, where the not-normalised and the normalised 

values of the independent variables are included as well. 

Table P2.5. Not-normalised and normalised values of the optimal points 

Origin 
Independent 

variables 

Rigid bio-polyol Elastic bio-polyol 

Not-norm. Norm. Not-norm. Norm. 

Eucalyptus 
globulus 

X1  -1 0.00 1 5.00 
X2  0.0479 160.96 1 180.00 
X3  -1 3.00 0.5246 7.57 

Pinus radiata 
X1  -1 0.00 0.5430 3.86 
X2  -0.0456 159.09 0.0066 160.13 
X3  -1 3.00 0.4466 7.34 
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Figure P2.3. Response Surface for MW: Eucalyptus globulus (a, b, c); Pinus radiata (d, e, f) 

a b c

d e f
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Figure P2.4. Response Surface for IOH: Eucalyptus globulus (a, b, c); Pinus radiata (d, e, f)

a b c

d e f
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To verify the model, a triplicate of each experiment was performed under the 

optimal reaction conditions and the experimental results were compared 

with the theoretical results presented in Table P2.6. As a result of this 

comparison, it was established that the experimental results were in good 

concordance with the data predicted by the software, and therefore, the Box-

Behnken design was validated. 

Table P2.6. Theoretical values of Mw and corrected IOH predicted by the software and 
experimental values at optimum conditions 

Parameter Sample Theoretical value Experimental value 

Mw (g/mol) 

EOPRa 1532 1394 ± 12 
EOPEb 5593 4895 ± 325 
POPRc 1372 1383 ± 43 
POPEd 4891 5408 ± 765 

IOH (mg KOH/g) 

EOPR 599.2 595.2 ± 33.9 
EOPE 221.1 253.8± 60.6 
POPR 456.0 514.3± 42.7 
POPE 211.6 209.7 ± 3.7 

aEOPR (Eucalyptus globulus Organosolv Polyols for Rigid PU) 
bPOPR (Pinus radiata Organosolv Polyol for Rigid PU)  
cEOPE (Eucalyptus globulus Organosolv Polyol for Elastic PU) 
dPOPE (Pinus radiata Organosolv Polyol for Elastic PU) 

2.2.4. Characterisation of the optimised bio-polyols 

In reference to the molecular weight (Table P2.6), it should be noted that, as 

indicated in the previous section (2.2.1), an increase in the catalyst 

concentration resulted in an increase in the molecular weight of the bio-

polyols. Hence, EOPE and POPE bio-polyols presented higher Mw than EOPR 

and POPR bio-polyols in which no catalyst was used. In addition, the 

molecular weights of EOPE and POPE bio-polyols were higher than the ones 

of the employed lignins, EOUL and POUL respectively, in contrast to the 

reports of other authors. Thus, in the study by da Silva et al., (2017) [11] for 

the optimal liquefaction conditions of Kraft lignin, authors reported smaller 

molecular weights than the employed Kraft lignin for all points of the 
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experimental design. In another study, da Silva et al., (2019) [12] proved that 

the molecular weights of the bio-polyols obtained by liquefaction employing 

organic acids as catalyst were lower than the molecular weights of the Kraft 

lignin used. Similarly, Xue et al., (2015) [6] also obtained bio-polyols through 

liquefaction reactions with lower molecular weights than the ones of the 

employed original lignin using a catalyst concentration of 1.5%. The increase 

in molecular weight can be explained as the repolymerisation reactions of 

lignin are favoured by the presence of acid catalyst [13]. On the other hand, 

a concentration of sulphuric acid over 3% could enhance the 

repolymerisation reactions of lignin [7]. According to the literature, the 

molecular weight of polyols for rigid and elastic PU should be between 300-

1000 (g/mol) and 2000-10000 (g/mol), respectively [10]. Considering the 

obtained results, though the molecular weights of EOPR and POPR bio-

polyols were slightly above the stipulated range, it could be considered that 

the obtained bio-polyols are suitable for PU fabrication. 

Regarding the IOH of the studied bio-polyols, EOPR and POPR showed higher 

values than EOPE and POPE. This increment could be explained by two main 

reasons: firstly, an increase in catalyst concentration could decrease the 

hydroxyl number of the bio-polyol [9] and secondly, an increase in glycerol 

content, with a higher number of free hydroxyl than PEG, could enhance the 

hydroxyl number of the final bio-polyol [14]. According to the literature, bio-

polyols for rigid PUs, EOPR and POPR, are in the range of IOH required for the 

manufacture of rigid PUs (200-1000 mg KOH/g). However, the bio-polyols 

EOPE and POPE were slightly above the range of 28-160 mg KOH/g, which is 

the one required for the manufacture of elastic PU [15]. 

In the literature, most of the existing works are focused on two parameters: 

hydroxyl number and yield. Nevertheless, parameters such as the number 

average molecular weight (Mn), polydispesrity index (PDI), acid number (An) 

and functionality (f) should be considered in the synthesis of polyols [16]. 
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Thus, although these parameters were not considered in the experimental 

design, they are summarised in Table P2.7 together with the obtained yield. 

Bio-polyols f and the liquefaction yield (η) were calculated using the 

Equations P2.4 and 2.5: 

                                                                    Equation P2.4 

                                              Equation P2.5 

Where, M is the final bio-polyol mass and M0 is the mass of the initial mixture 

of the liquefaction procedure.  

Table P2.7. Mn (g/mol), PDI (Mw/Mn), An (mg KOH/g), f and yield (%) of bio-polyols at 
optimum conditions 

Sample Mn (g/mol) PDI (Mw/Mn) An (mg KOH/g) f Yield (%) 

EOPR 380 ± 7 3.69 ± 0.08 2.74 ± 0.00 4.03 ± 0.15 98.63 ± 0.71 

EOPE 524 ± 28 9.37 ± 1.12 33.01 ± 0.00 2.36 ± 0.44 71.98 ± 1.41 

POPR 387 ± 4 3.58 ± 0.08 5.36 ± 0.23 3.55 ± 0.26 98.93 ± 0.10 

POPE 778 ± 7 6.95 ± 0.91 30.56 ± 0.15 2.91 ± 0.08 87.56 ± 3.30 

The polydispersity index indicated that the EOPE and POPE bio-polyols had 

wider molecular weight distribution than EOPR and POPR bio-polyols. The 

reason for this could be due to a higher number of repolymerisation reactions 

in the synthesis of EOPE and POPE bio-polyols, as discussed previously. 

Wider molecular weight distributions of EOPE and POPE indicates that the 

chain length variability of these bio-polyols is higher than in EOPR and POPR. 

This variability has a direct impact on the properties of the polyurethane, 

hence a bio-polyol with lower PDI is preferable for the manufacture of 

polyurethane foams, as a wide variability of the bio-polyol chain lengths 

could result in softening of the foam or in a mechanical collapse due to 

stresses that occur in the weaker regions of the foam [17]. 
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In the synthesis of polyurethanes, the An value of bio-polyols is an important 

parameter to be considered, since acid groups could decrease the efficiency 

of the reaction [18]. According to the literature, the bio-polyols studied in this 

work showed an An index within the range reported by other authors, usually 

ranging from 0 to 40 mg KOH/g [7]. As it can be seen in Table P2.7, those bio-

polyols in which no catalyst was used (EOPR and POPR) showed a lower An 

index than in the bio-polyols with higher acid concentration (EOPE and 

POPE). This is because the number of acid substances generated during the 

liquefaction tended to increase, as the catalyst concentration increased [12]. 

Furthermore, as expected, the bio-polyols with the lowest acid number 

(EOPR and POPR) showed the highest hydroxyl number, since there is a 

direct correlation between the increase of acid number and the decrease 

hydroxyl number values [19]. 

Regarding functionality, to the best of our knowledge, no work has been 

reported indicating the functionality of polyols obtained by liquefaction of 

lignin with PEG and glycerol. A summary of the functionalities obtained in 

this study is presented in Table P2.7. Obtained values for EOPR and POPR 

bio-polyols (4.03 ± 0.15 and 3.55 ± 0.26), as well as for EOPE and POPE bio-

polyols (2.36 ± 0.44 and 2.91 ± 0.08) are suitable for the synthesis of rigid 

and elastic PUs, whose functionalities should be between 3-8 and 2-3 [10].  

Finally, as summarised in Table P2.7, significant differences were found in 

the obtained yields between the bio-polyols for rigid PUs and those for elastic 

PUs. Thus, the EOPR and POPR bio-polyols showed quite similar yields 

between them, 98.63 ± 0.71% and 98.93 ± 0.10% respectively. These results 

are very similar to those published by other authors who used the same 

microwave liquefaction reaction time that was employed in this work. For 

instance, da Silva et al., (2017) [11] documented a yield of 95.27% for the 

liquefaction of Kraft lignin using 3% catalyst, while Sequeiros et al., (2013) 

[20] obtained yields over 94% for all points of their experimental design 
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employing organosolv lignin from olive tree pruning. Xue et al., (2015) [6] 

liquefied alkaline lignin from corncob waste applying a catalyst 

concentration of 1.5% to obtain a yield of 94.47%. On the other hand, Gosz et 

al., (2018) [21] obtained a yield of 93% by liquefying pine Kraft lignin with 

1,4-butanediol and crude glycerol without catalyst. In contrast, EOPE and 

POPE bio-polyols exhibited significantly lower yields, 71.98 ± 1.41% and 

87.56 ± 3.30%. Two reasons could explain the large difference between the 

yields of bio-polyols for rigid PU (EOPR and POPR) and bio-polyols for elastic 

PU (EOPE and POPE). On the one hand, as mentioned above, an increase in 

the concentration of the acid catalyst enhances the lignin repolymerisation 

reactions, which increases the solid residue, leading to a reduction in the final 

yield. On the other hand, an excess of glycerol in the mixture promotes the 

reaction yield. This is because during the reaction the glycerol can be 

condensed into polyglycerol forming water as a by-product. Such water 

fragments the lignin into smaller and more reactive molecules through 

hydrolysis, enhancing the reaction yield [21].  

To analyse the relationship between chemical structure and degradation, the 

bio-polyols were subjected to a thermogravimetric analysis. The TGA 

thermograms and their corresponding DTG derivative thermogravimetric 

curves are presented in Figure P2.5. Through the study of the DTG curves, 

three degradation stages were observed which are summarised in Table 

P2.8.  

Table P2.8. Main degradation stages on TGA-DTG analysis 

Sample 
1st degradation stage 2nd degradation stage 3rd degradation stage 

T interval(°C) Tmax (°C) T interval(°C) Tmax (°C) T interval (°C) Tmax (°C) 

EOPR 40-120 70 130-246 208 246-417 356 

POPR 40-120 68 132-260 218 260-430 371 

EOPE 40-120 78 135-293 225 293-452 380 

POPE 40-120 80 139-298 230 298-452 399 
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Figure P2.5. TGA thermograms and DTG curves of bio-polyols 

The first degradation stage corresponds to the weight loss of the humidity of 

the samples. The second degradation stage correspond to the degradation of 

glycerol (153-267 °C) and the third degradation stage corresponded to the 

degradation of PEG (267-392°C) and lignin [22]. Since lignin degradation 

takes place between 300-500 °C, this third degradation region of bio-polyols 

reaches higher temperatures than if only PEG were present. It can be 

observed that, as the Mw of bio-polyols increases, the degradation 

temperature is delayed; moreover, the lower the reaction yield, the lower the 

weight loss. An explanation for this, is that the lower the yield, the higher the 

lignin repolymerisation reactions, which results in a greater solid residue 

and, therefore, a lower final amount of lignin in the bio-polyol. These results 

confirmed that the combination of the liquefying solvents and lignin was 

successful.  

Finally, to determine the rheological behaviour of the bio-polyols, a 

rotational test was performed. Through this test, the relationship between 

viscosity (η), shear stress (τ) and shear rate (𝛾̇), which were fitted to the 

TGA

EOPR

POPR

EOPE

POPE

DTG

EOPR

POPR

EOPE

POPE
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Ostwald-de Waele (power-law) equation (Equation P2.6), was studied to 

determine the bio-polyols’ fluid behaviour as well as their viscosity. 

   Equation P2.6 

where n and k are adjustment parameters dependent on both the 

measurement conditions and the nature of the fluid. Depending on the value 

of the flow index parameter (n) the fluid could be Newtonian when n=1, 

pseudoplastic if n<1 and dilatant for n>1. The parameter k, also called 

consistency index, which is associated to the apparent viscosity of the fluid 

at a shear rate of 1 s-1, exhibits higher values as the viscosity increases. In 

Table P2.9 and Figures P2.6a and 2.6b, a summary of the data, obtained by 

the software and the flow curves, are presented. 

Table P2.9. Power-Law Linear functions based on the rheological data from bio-polyol samples 

Sample Function k (Pa*sn) n R2 

EOPR 𝜏 = 0.2623 ∙ 𝛾̇0.9709 0.2623 0.9709 0.9995 

POPR 𝜏 = 0.4394 ∙ 𝛾̇1.0043 0.4394 1.0043 0.9998 

EOPE 𝜏 = 0.8137 ∙ 𝛾̇0.9541 0.8137 0.9541 0.9995 

POPE 𝜏 = 1.1885 ∙ 𝛾̇0.9525 1.1885 0.9525 0.9998 

The high values of R2 reported in Table P2.9 indicated that all the rheograms 

are well fitted. Therefore, it could be concluded that the selected model was 

adequate to evaluate the rheological behaviour of the bio-polyols. 

Considering that the flow index parameter (n) of all bio-polyols is very close 

to unity, it could be concluded that all bio-polyols behave as Newtonian 

fluids. However, analysing the Figure 6a, the rheograms corresponding to 

EOPE and POPE showed a pseudoplastic behaviour, i.e., the viscosity (η) 

decreased as the shear rate (𝛾̇) increased, while EOPR and POPR bio-polyols 

exhibit a clearly Newtonian behaviour, where the viscosity remained 

constant regardless the applied shear rate.  

n
k = 
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Figure P2.6b, where the relationship between the shear stress (τ) and shear 

rate (𝛾̇) is represented, confirms that EOPR and POPR bio-polyols behaved as 

Newtonian fluids since their graphical representation is a line passing 

through the origin, while the representation of EOPE and POPE bio-polyols 

subtly exhibited the characteristic curve of pseudoplastics fluids, where τ 

decreases as 𝛾̇ increases. 

It is well known that the power-law becomes Newton’s Law when a fluid 

behaves in a Newtonian way and therefor the viscosity of the fluid 

corresponds to any point along the plateau in the Figure P2.6a, i.e., the 

consistency index k is equal to the viscosity. Therefore, the viscosities for 

EOPR and POPR are 0.2626 Pa∙s and 0.4394 Pa∙s respectively. On the other 

hand, the viscosities of EOPE and POPE are in the range of 0.7286-0.6676 Pa∙s 

and 1-0.9310 Pa∙s respectively at the studied shear rate. As it was expected, 

since viscosity and molecular weight are closely related [11], the bio-polyols 

with the highest viscosities were those with the highest molecular weight. 

According to literature, these viscosities values are suitable for PU 

production since they are below 300 Pa∙s [23] and are similar to the 

viscosities obtained by other authors by liquefying lignin [6,12,22]. 

 

Figure P2.6. Viscosity (η) VS shear rate (𝛾̇) and (b) shear stress (τ) VS shear rate (𝛾̇) of bio-
polyols at optimum point 
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3. CONCLUSIONS 

Through Box Behnken experimental design and employing response surface 

methodology, the optimal lignin liquefaction reaction conditions using 

microwave irradiation technology for obtaining bio-polyols to formulate 

rigid and elastic polyurethanes were obtained. Two different organosolv 

lignins were employed: Eucalyptus globulus lignin and Pinus radiata lignin. 

Four optimum points were obtained, of which two for bio-polyols for rigid 

polyurethanes (EOPR and POPR), and two for bio-polyols for elastic 

polyurethanes (EOPE and POPE). The R2 determination coefficients obtained 

for the studied parameters (Mw and IOH) were 0.97 and 0.97 for Eucalyptus 

globulus lignin, while for Pinus radiata lignin the coefficients were 0.96 and 

0.98. The elevated R2 coefficients together with Fisher’s F-test confirmed that 

the selected models were appropriate and that the models were well 

adjusted. The optimum reaction conditions for EOPR and POPR bio-polyols 

were virtually equals, around 160°C and PEG/Gly ratio of 3, noteworthy is 

the absence of catalyst in both cases. On the other hand, the optimum 

reaction conditions were 180°C and polyethylene glycol/glycerol ratio of 

7.57 for EOPE and 160.13°C and polyethylene glycol/glycerol ratio of 7.34 

for POPE. The high concentration of catalyst, 5% and 3.85% respectively, is 

remarkable in both cases. The molecular weight of EOPR and POPR bio-

polyols at the optimum points was slightly higher than that required for the 

manufacture of rigid polyurethanes. Similarly, the hydroxyl number of EOPE 

and POPE bio-polyols was slightly higher than the required for the 

manufacture of elastic PUs. However, considering the rest of the studied 

parameters: An, PDI, f and the rheological behaviour, it could be concluded 

that the bio-polyols were suitable for the synthesis of polyurethanes. 

Nevertheless, before their use, the bio-polyols should be neutralised due to 

the high acid number value and for polyurethane foams preparation the high 

polydispersity should be taken into account.  
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Publication III 

Valorisation of crude glycerol in the production of 

liquefied lignin bio-polyols for polyurethane 

formulation 

ABSTRACT 

Bio-polyols with suitable properties to be used as precursors of rigid and 

elastic polyurethanes were synthesised under reaction parameters 

optimised in Publication II and employing crude glycerol generated as by-

product in the transesterification reaction for biodiesel obtaining from used 

vegetable oil. Bio-polyols were prepared employing organosolv lignins from 

Eucalyptus globulus and Pinus radiata through a microwave assisted 

liquefaction reaction. Polyethylene glycol and the previously mentioned CG 

were employed as liquefaction solvents and the reaction was catalysed with 

sulphuric acid. Different parameters of bio-polyols were determined, such as 

hydroxyl number, acid number, molecular weight, functionality, and the 

liquefaction yield. Bio-polyols, formulated with CG, for rigid polyurethanes 

from Eucalyptus globulus (EOPRCG) and Pinus radiata (POPRCG) showed an IOH 

of 534 ± 4 (mg KOH/g) and 383 ± 8 (mg KOH/g), while for elastic PUs, the IOH 

of bio-polyols EOPECG (from Eucalyptus) and POPECG (from Pine), were 228 ± 

36 (mg KOH/g) and 173 ± 16 (mg KOH/g). The An of the liquefied bio-polyols 

ranged between 1.91 and 25.09 (mg KOH/g) and the functionalities of bio-

polyols were 4.16 and 3.14 for EOPRCG and POPRCG, while for EOPECG and 

POPECG the functionalities were 3.51 and 2.08. Different yields were obtained 

depending on the used catalyst concentration, varying from over 90% for 

EOPRCG and POPRCG to 70-80% for EOPECG and POPECG. 
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1. MATERIALS AND METHODS 

1.1. Materials 

The raw materials, Eucalyptus globulus chips and Pinus radiata, as well as the 

used vegetable oil and chemicals employed in this work were obtained as 

described in section 2.1 of the 2nd PART. 

1.2. Lignin obtaining procedure 

Lignins used in this work were obtained after the organosolv delignification 

process and the subsequent ultrasound treatment of the black liquor 

described in section 2.2 of the 2nd PART. These lignins called EOUL and POUL 

were characterised in Publication II. 

1.3. Transesterification of vegetable oil to obtain crude glycerol 

Crude glycerol (CG) was obtained by the transesterification reaction outlined 

in section 2.4 of the 2nd PART. 

1.4. Synthesis of bio-polyols through microwave assisted liquefaction 

The liquefaction of organosolv lignins (EOUL and POUL) were performed 

following the methodology detailed in the section 2.3 of the 2nd PART. 

The catalyst concentration, as well as the reaction temperature and the 

PEG/CG ratio involved in the reaction, were obtained in the process 

optimisation carried out in Publication II and are summarised below (Table 

P3.1). 
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Table P3.1. Liquefaction reaction conditions optimised in Publication II 

Bio-polyol 
Rigid bio-polyol Elastic bio-polyol 

EOPRCG POPRCG EOPECG POPECG 

Cat (% wt.) 0 0 5 3.86 
Temperature (°C) 161 159 180 160 
PEG/CG (% wt.) 3/1 3/1 7.57/1 7.34/1 

1.5. Characterisation of crude glycerol 

The CG was characterised in accordance with the techniques indicated in 

Table 2.3 of the 2nd PART (section 6), which are described in Appendix II. 

In addition, physical properties, such as density, pH and viscosity were 

measured. The density was calculated by measuring the weight of a known 

volume of CG at room temperature. The pH of the CG was determined at room 

temperature employing a pH meter Crison basic 20 by dissolving 1.00 ± 0.1 

g of CG in 50 mL of deionized water. Ash content was analysed following the 

ISO 2098-1972 Standard method, which consist in burning at 750 °C for 3 h 

1 g of CG in a muffle furnace.  

1.6. Characterisation of the obtained bio-polyols 

Bio-polyols obtained through the liquefaction reaction of EOUL and POUL 

employing PEG400 and CG from used vegetable oil were characterised to 

determine important parameters, such as Mw, number average molecular 

weight (Mn) and polydispersity index (PDI), IOH, An and f. Furthermore, the 

thermal degradation of bio-polyols was studied through a thermogravimetric 

analysis (TGA) and their rheological behaviour was assessed, as outlined in 

Table 2.3 of 2nd PART, section 2.6 This characterisation was conducted 

according to the methodologies explained in Appendix II. 
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2. RESULTS AND DISCUSSION 

2.1. Crude glycerol characterisation 

This section contains the physical properties and composition of CG. The pH 

of the obtained crude glycerol was 10.55 ± 0.02, which indicates the presence 

of residual KOH catalyst and potassium salts formed during the 

transesterification reaction. This value is in agreement with those obtained 

by other authors who characterised CG from the transesterification reaction 

of vegetable oils with NaOH or KOH as catalyst [1–3]. As it was expected, the 

density of CG (1.03 ± 0.07 g/cm3) resulted lower than that of pure glycerol 

(1.259 g/cm3) due to the presence of lighter impurities such as fatty acids, 

fatty acids methyl esters (FAMEs) , water and methanol traces [2]. The water 

content in CG significantly varies depending on the manufacturing industry, 

from a 3.6% in the case of the soap industry to a 55.3% in CG from Stearin 

production. CG obtained from transesterification reaction presents water 

contents from 8.16% to 43.2% [4], although a maximum of 12% is 

recommended to reduce purification costs [5]. Therefore, the water content 

of the CG obtained in this work (11.64 ± 1.61%) is within the specifications 

of a CG obtained through transesterification reaction. Such water can 

hydrolyse the triglycerides to form free fatty acids (FFA) which results in 

soaps decreasing the reaction yield [4]. 

The elemental analysis of CG showed that the 46.00 ± 1.29% of the organic 

matter corresponded to Carbon (C). This high value can be explained by the 

high presence of impurities, such as, soaps, FAMEs and glycerides, which 

have higher C content than glycerol. Hu et al., (2012) [2] reported similar C 

values for CG obtained from different soy and vegetable oil wastes. In 

addition, the obtained nitrogen (0.15 ± 0.01%), hydrogen (8.17 ± 0.33%) and 

oxygen (35.6 ± 1.58%) percentages were in accordance with the values 

reported for different CG obtained from diverse vegetable oils [2,6,7]. 
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Nevertheless, the measured sulphur concentration (1.33 ± 0.04) was higher 

than the values obtained in the mentioned studies, ranging from ppms to a 

maximum of 0.078%. The chemical composition of CG was determined 

through GC-MS. In addition to glycerol (41.84 ± 0.17 %), CG was found to be 

rich in other compounds which include fatty acids (11.46 ± 6.01%) and 

FAMEs (26.31 ± 7.68%), among others (Figure P3.1).  

 

Figure P3.1. GC-MS chromatogram of CG 

The chemical structure of the CG was determined through ATR-FTIR analysis, 

and it was compared with a commercial glycerol sample (Figure P3.2). CG 

showed the main functional groups of commercial grade glycerol: O-H 

stretching and bending (3300 cm-1 and 920 cm-1 respectively), C-H 

asymmetric and symmetric stretching (2920 cm-1 and 2851 cm-1 

respectively), C-O stretching of primary alcohol (1456 cm-1) and secondary 

alcohol (1110 cm-1) as well as H2O bending (1650 cm-1) [1,8]. Moreover, 

characteristic peaks of CG were also observed. The first one, a small peak 

associated to C=C stretching (3015 cm-1) related to unsaturated compounds 

[1]; the second one, associated with the presence of carbonyl groups (C=O) 
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of esters or carboxylic acids of fatty acids (1745 cm-1) [9]. Finally, a signal 

related to the presence of carboxylate ions COO- was observed (1560 cm-1), 

indicating the presence of soap in the CG sample [1,9]. 

 

Figure P3.2. ATR-FTIR spectra of commercial glycerol and crude glycerol 

2.2. Characterisation of the bio-polyols 

Table P3.2 summarises the data obtained from the characterisation of the 

bio-polyols. An adequate Mw of polyols is essential to obtain PUs with the 

desired soft segment properties. Depending on the final application, the PUs’ 

molecular weight should be between 300-1000 (g/mol) for rigid PU, and 

between 2000-10000 (g/mol) for elastic PU [10].  

As expected, the higher the acid concentration, the higher the Mw. Thus, bio-

polyols for rigid PU (EOPRCG, POPRCG) where no catalyst was used, showed 

lower Mw than the bio-polyols for elastic PU (EOPECG, POPECG) as can be 

observed in the Figure P3.3. This increase in the Mw is a consequence of the 

repolymerisation reactions which are favoured in the presence of an acid 
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catalyst [11]. In addition, EOPECG bio-polyol showed a significantly higher Mw 

than POPECG since, as the catalyst concentration increases above 3%, the 

repolymerisation reactions also increase [12]. 

Table P3.2. MW, IOH, An, f, Equivalent Weight of polyol (EW) and yield of bio-polyols 

 EOPRCG EOPECG POPRCG POPECG 

Mn(g/mol) 442 ± 34 941 ± 30 453 ± 24 780 ± 20 

Mw (g/mol) 1742 ± 275 8818 ± 127 1431 ± 362 5530 ± 131 

PI 4.25± 0.55 9.38 ± 0.16 3.14 ± 0.63 7.10 ± 0.31 
IOH 

(mgKOH/g) 
554 ± 4 228 ± 36 383 ± 8 173 ± 16 

An 
(mgKOH/g) 

1.91 ± 0.06 20.94 ± 2.75 4.21 ± 0.90 25.09 ± 2.59 

f 4.16 ± 0.10 3.51 ± 0.68 3.14 ± 0.16 2.08 ± 0.27 

EW 101.20 ± 0.66 248.98 ± 38.77 146.68 ± 3.23 325.36 ± 30.16 

Yield (%) 93.55 ± 3.00 70.75 ± 0.47 90.60 ± 0.56 79.35 ± 0.83 

On the other hand, the polymerisation reactions between glycerol, FFA and 

FAMEs of CG can also increase the Mw of bio-polyols [13]. However, it could 

be concluded that these reactions were of lesser importance than the 

repolymerisation reactions caused by the acid catalyst, since the bio-polyols 

with higher CG content but without catalyst showed the lowest Mw. The PDI 

is also crucial for the final application of the PU, as it is related to the chain 

length variation and, depending on the chain length of the polymer, the PU 

could show an undesired behaviour [14]. It was observed that the PDI was 

also affected by repolymerisation reactions caused by an increase in catalyst 

concentration. Thus, the bio-polyol with the highest catalyst concentration 

(EOPECG) exhibited the highest Mw and PDI, followed by POPECG. EOPECG and 

POPECG bio-polyols’ Mw values fitted in the range for the manufacture of 

elastic PUs. On the other hand, although the molecular weights of EOPRCG and 

POPRCG bio-polyols were slightly higher than the required for the 
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manufacture of rigid PUs, they could be considered suitable for the 

manufacture of this kind of PUs.  

 

Figure P3.3. Molecular weight distribution of the liquefied bio-polyols 

The IOH required for the synthesis of rigid PUs ranges between 200-1000 mg 

KOH/g, while for elastic PUs it is between 28-160 mg KOH/g [15]. It is also 

well known that an elevated An can decrease the efficiency of the reaction, so 

a low An value is desired [16]. These two parameters are closely related, since 

an increase of the An decreases the hydroxyl number of the polyol [17]. This 

correlation is observed for the obtained bio-polyols, where those with the 

highest IOH index (EOPRCG and POPRCG) presented the lowest An value. The 

higher An index observed in EOPECG and POPECG compared to EOPRCG and 

POPRCG resulted from the use of sulphuric acid as reaction catalyst. The 

higher IOH values of EOPRCG and POPRCG compared to EOPECG and POPECG can 

be explained, firstly, by the absence of catalyst in the reaction, which 

decreased the IOH index [18]. On the other hand, the higher amount of glycerol 

used in the formulation of EOPRCG and POPRCG bio-polyols contributed to the 

increase of the IOH index [19].  
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The synthesis of PUs requires different functionalities depending on the final 

application. Thus, for the synthesis of rigid PUs, high functionalities between 

3-8 are preferred to produce crosslinks that reinforce the structure, while for 

elastic PUs, such as flexible foams, elastomers, or adhesives, among others, 

the desired functionalities are between 2 and 3. Such low functionalities 

result in materials with low crosslink density that allow the mobility of the 

polymer chains [10]. Therefore, the bio-polyols synthesised for rigid PU 

applications showed appropriate functionalities of 4.16 in the case of EOPRCG 

and 3.14 for POPRCG. In the case of the bio-polyols for elastic PU applications, 

while POPECG had an adequate functionality of 2.08, EOPECG was slightly 

above 3. However, considering the IOH and Mw, it could be suitable for the 

manufacture of elastic PUs. The chain derived from a hydroxyl group, or the 

equivalent weight (EW) of the polyol is also a relevant parameter to be 

considered (Equation P3.1). A short chain implies a higher density of 

urethane bonds and therefore more cohesion between them, mainly through 

secondary hydrogen bonds. This, together with the high functionality, results 

in a rigid structure. On the other hand, a long chain decreases the 

concentration of urethane bonds, decreasing the cohesion between them, 

and together with a low functionality and high mobility of the main polyol 

chain, resulting is an elastic PU [20].  

         
OH

56.1 100
EW

Corrected I


=                            Equation P3.1 

As expected, according to the data summarised in Table P3.2, the bio-polyols 

EOPRCG and POPRCG, showed a low EW, which is adequate for the synthesis of 

rigid PUs, while bio-polyols with lower IOH value, EOPECG and POPECG, 

presented a higher EW more suitable for polyurethanes with a more flexible 

structure. 
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While all the studied properties are relevant to obtain bio-polyols with the 

appropriate characteristics for PU production, the yield constitutes another 

key factor and is equally important to make the process industrially feasible. 

In the lignin liquefaction process, the catalyst has a significant impact on the 

reaction yield, since in the presence of an acid catalyst the lignin 

repolymerisation reactions are increased, generating a higher amount of 

solid residue, and therefore reducing the yield [12]. The presence of water in 

the reaction can promote the fragmentation of lignin into smaller and more 

reactive molecules through hydrolysis increasing the reaction yield [21]. This 

water can be formed as a by-product of the condensation of glycerol into 

polyglycerol during the liquefaction reaction, therefore, the more glycerol in 

the medium, the more water and the higher the yield [22]. According to the 

results obtained and summarised in Table P3.2, EOPRCG and POPRCG bio-

polyols with a higher amount of crude glycerol and without catalyst showed 

higher yield than EOPECG and POPECG bio-polyols where catalyst and lower 

concentration of glycerol were used. The use of CG in liquefaction reactions 

can reduce the yield of such reactions. This is due to the presence of 

impurities such as FA and FAMEs and a lower amount of glycerol in the 

reaction medium [16]. However, the presence of acid catalyst in the medium 

showed more influence on the reduction of the liquefaction yield. Thus, 

EOPECG and POPECG with a lesser CG content showed a substantially lower 

yield than EOPRCG and POPRCG, which can only be explained by the greater 

influence of the acid catalyst. Furthermore, it was also observed that with a 

very similar PEG/CG ratio, but with a higher catalyst concentration, EOPECG 

showed lower yield than POPECG.   

A thermogravimetric analysis of bio-polyols was performed to determine the 

relation between chemical structure and degradation. The TGA thermograms 

and their corresponding derivative thermogravimetric (DTG) curves are 

shown in Figure P3.4. Based on the DTG curves, it was concluded that EOPECG 
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and POPECG bio-polyols showed four degradation zones, while only three 

degradation zones were observed in EOPRCG and POPRCG bio-polyols. In 

addition, EOPECG, POPECG and POPRCG showed an unidentified degradation 

zone which was not observed in EOPRCG sample. This degradation stages are 

summarised in Table P3.3.  

 

Figure P3.4. TGA thermograms and DTG curves of liquefied bio-polyols 

The first one, between 30-110 °C, is associated with moisture or the presence 

of solvent in the sample. It could be observed a weight loss in all cases in this 

degradation zone. However, it was clearly visible a higher weight loss in 

POPRCG and POPECG samples, which could be due to the presence of the 

acetone employed in the process.  

The second degradation region (115-270 °C) corresponds to the degradation 

of glycerol [23]. The third degradation region takes place between 275-335 

°C for EOPECG and POPECG and it is related to the degradation of PEG [23]. It 

should be noted that the degradation of the β-O-4 and C-C bonds of lignin 

occurs between 250-400 °C. Nevertheless, depending on the Mw and the 

TGA

EOPECG

EOPRCG

POPECG

POPRCG

DTG

EOPECG

EOPRCG

POPECG

POPRCG
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repolymerisation degree of the lignin molecule, this degradation could 

happen at different temperatures [24]. 

Thus, in the case of EOPECG and POPECG, with higher Mw, lignin degradation 

(4th degradation area) was observed between 315-450 °C, whereas in bio-

polyols with lower Mw (EOPRCG and POPRCG), this degradation takes place at 

lower temperatures. This is because, in the latter, the degradation zone of 

PEG and lignin overlap showing a single degradation zone, i.e. the third 

degradation region for these bio-polyols.  

Finally, between 690 and 775 °C, a small weight loss was observed, possibly 

due to the presence of inorganic impurities in the samples. However, the 

origin of this peak could not be clearly determined.  

Table P3.3. Interval temperature (Tint) and maximum degradation temperature (Tm) in °C of 
degradation stages of the TGA-DTG curves for the analysed bio-polyols 

  EOPECG EOPRCG POPECG POPRCG 

1st 
stage 

Tinter (°C) 30-100 30-110 30-110 30-110 

Tmax (°C) 72 70 70 56 

2nd 
stage 

Tinter (°C) 115-267 125-255 120-267 120-250 

Tmax (°C) 233 214 235 205 

3rd 
stage 

Tinter (C) 267-315 214-430 267-335 250-430 

Tmax (°C) 283 360 291 361 

4th 
stage 

Tinter (°C) 315-440 - 335-450 - 

Tmax (°C) 391 - 403 - 

5th 
stage 

Tinter (°C) 705-775 - 705-775 690-770 

Tmax (°C) 758  758 740 

Finally, to determine the viscoelastic properties and the fluid behaviour of 

the bio-polyols, a rheological study of the samples was performed employing 

the methodology outlined in Appendix II. To study the viscoelastic 

behaviour, an oscillatory test was carried out comparing the storage module 

(G’) with the loss module (G’’) (Figure P3.5).  
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Figure P3.5. Storage module (G’) and loss module (G’’) (Pa) as function of ω (rad/s) of bio-
polyols 

Based on the analysis of this test, it was concluded that the bio-polyols 

exhibited a liquid behaviour, since in all cases the G’’ was higher than the G’ 

over the whole frequency range. Furthermore, as expected, since the 

modules increase with increasing molecular weights, EOPECG and POPECG 

showed higher modules than EOPRCG and POPRCG [25]. 

The fluid behaviour of bio-polyols as well as their viscosity was studied 

through a rotational test analysing the relation between the viscosity (η), 

shear stress (τ) and shear rate (𝛾̇). These parameters were fitted to the 

Ostwald-de Waele power-law equation (Appendix II). In Table P3.4 a 

summary of the data provided by the software is presented, and the obtained 

flow curves are shown in Figures P3.6a and 6b. 
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Table P3.4. Power-Law linear functions based on the rheological data obtained from the 
studied bio-polyols 

Sample Function k (Pa∙sn) n R2 

EOPECG 𝜏 = 1.4299 ∙ 𝛾̇1.0176
 1.4299 1.0176 0.9985 

EOPRCG 𝜏 = 0.7290 ∙ 𝛾̇0.9911 0.7290 0.9911 0.9995 
POPECG 𝜏 = 0.9352 ∙ 𝛾̇0.9978 0.9352 0.9978 0.9988 
POPRCG 𝜏 = 0.7927 ∙ 𝛾̇1.0011 0.7927 1.0011 0.9939 

 

 

Figure P3.6. (a) Viscosity (η) as a function of shear rate (γ̇); (b) shear stress (τ) as a function 

of shear rate (γ̇) 

R2 values greater than 0.99 were obtained in all cases, indicating that the 

rheograms were well adjusted, and, therefore, the selected model to evaluate 

the rheological behaviour was adequate. In all cases, since the flow index (n) 

values were equal or very close to unity, it was concluded that the bio-polyols 

were Newtonian-type ones. This behaviour was observed in Figure P3.6a, 

where the viscosity remained constant regardless the applied shear rate (𝛾̇) 

and was confirmed by studying the behaviour between the shear stress (τ) 

and shear rate (𝛾̇) (Figure P3.6b). It was observed that, in all cases, the 

graphical representation of these parameters resulted in a straight line 

through the origin and whose slopes were equal to the k value of each bio-

polyol. Furthermore, as expected, the viscosity of the bio-polyols with higher 

Mw were higher than those with lower molecular weights [26]. Thus, the 

viscosity of each bio-polyol was in concordance to its consistency index (k) 

a b

.
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value [27], being 1.4299 Pa∙s for EOPECG, 0.7290 Pa∙s for EOPRCG, and 0.9352 

Pa∙s and 0.7927 Pa∙s for POPECG and POPRCG. Therefore, as these values were 

lower than 300 Pa∙s, the bio-polyols were suitable for PU production.  

2.3. Effect of crude glycerol in bio-polyols parameters 

The results obtained by other authors by liquefying lignocellulosic biomass 

employing, among others, glycerol and CG as solvent are summarised in 

Table P3.5. Nonetheless, since the reaction conditions employed in this study 

were the optimal conditions stablished in Publication II, results obtained in 

both studies were first compared. 

The reaction yields employing CG and technical grade glycerol were very 

similar, however a decrease was observed when CG was used due to the 

presence of impurities and lower glycerol content, which decreased the 

reaction efficiency [16]. In addition, the lower amount of glycerol molecules 

in CG and the consumption of hydroxyl groups due to competitive reactions 

caused by impurities are the responsible of the decrease of the IOH index in 

bio-polyols comparing to those obtained when commercial glycerol was 

employed [28]. The An exhibited the same behaviour as that observed in our 

previous study, i.e, the higher the catalyst concentration, the higher the An. 

Nonetheless, using CG as solvent, the An values were slightly lower since 

organic impurities in the CG could lead to the consumption of acidic 

compounds [28]. Comparing the Mw obtained in this work with those 

obtained in our previous work, where a technical grade glycerol was used for 

the liquefaction process, it is worth noting that in all cases the Mw increased, 

particularly in EOPECG bio-polyol. This can be explained by the 

polymerisation reactions between glycerol, FFA and FAMEs [29]. 

Consequently, the PDI of the CG synthesised bio-polyols were higher than 

those obtained with technical grade glycerol. This increase in the Mw and PDI 

was in agreement with that reported by Hu et al., (2014b) [16]. It could also 



Publication III 

134 

 

be concluded that the functionalities were also similar in all cases and 

appropriate to the class of PUs for which they were synthesised. However, in 

the case of EOPECG, the functionality was slightly above the limit value for the 

synthesis of elastic PU. As for the viscosities, it should be noted that, as 

expected with the increase in the Mw of the samples obtained with CG, the 

viscosities also increased or remained practically equal, as in the case of 

POPECG. 

EOPRCG and POPRCG bio-polyols yields were within the typical values 

obtained for the liquefaction of lignocellulosic biomass or lignin, despite 

using CG instead of technical grade glycerol (Table P3.5). Furthermore, the 

yields obtained by Tran et al., (2021) [35] liquefying soluble acetone lignin 

using CG and 1,4-BDO in the presence of sulphuric acid were very similar to 

those obtained for EOPECG and POPECG. It is noteworthy that, in most of the 

studies that are summarised in Table P3.5, polyols were used for the 

manufacture of foams. In such studies, the IOH varied between 100 mg KOH/g 

and 811.8 mg KOH/g. Therefore, the IOH values obtained for EOPRCG and 

POPRCG bio-polyols, which are intended for rigid PUs, were found to be in 

good concordance with the values of the literature. Few of the studies 

summarised in Table P3.5 indicated the PDI of polyols, and those that did so, 

referred to polyols for the synthesis of PU foams. The PDI obtained for 

EOPRCG and POPRCG in this work were in line with those reported by other 

authors in such studies.  

Lee and Lin, (2008) liquefied Taiwan acacia and China fir employing PEG and 

glycerol with sulphuric acid as catalyst to produce polyols. Such polyols, 

which showed a IOH of 310 and 287 (mg KOH/g), were used to synthesise PU 

adhesives. EOPECG and POPECG bio-polyols, synthesised to be used in the 

elaboration of elastic PUs, showed a very similar IOH to those obtained in that 

study. Similarly, Jiang et al., [37] (2021) synthesised PU adhesives employing 
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polyols from liquefied lignocellulosic biomass (Norway spruce). However, in 

that case the IOH was significantly higher (825 and 623 mg KOH/g). As for PDI, 

unfortunately, to the best of our knowledge, no studies were found indicating 

the PDI value for polyols obtained through the liquefaction of lignin for PU 

adhesive synthesis. Likewise, no research works were found where the 

functionality of polyols obtained through this process was indicated. Finally, 

the An was, in all cases, within the usual value (0-40 mg KOH/g) for this type 

of process. 
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Table P3.5. Different studies of lignocellulosic biomass and lignin liquefaction employing commercial or crude glycerol 

Raw material Solvent Yield (%) IOH An Mw PDI f Catalyst  H2SO4 USE Ref. 

Eucalyptus globulus 
organosolv lignin PEG 

+ 
G 

98.63 595.15 2.74  1394  3.69 4.03 - Rigid PU 

P
en

d
in

g 
p

u
b

li
ca

ti
o

n
 

71.98 253.84  33.01 4895  9.37  2.36  5% Elastic PU 

Pinus radiata organosolv 
lignin 

98.93 514.28  5.63  1383 3.58 3.55 - Rigid PU 

87.56 209.67 30.56 5408 6.95 2.91 3.86% Elastic PU 

Eucalyptus globulus Kraft 
lignin 

PEG 
+ 
G 

95.27 537.95 - 1775 3.51 - 3% - [26] 

Olive tree pruning 
organosolv lignin 

PEG 
+ 
G 

99.07 811.8 - - - - 1% - [30] 

Eucalyptus globulus kraft 
lignin 

PEG 
+ 
G 

>86 100-660.08 0.8-10.70 1459-1990 - - 
3, 6, 9% (organic 

acids) 
- [31] 

Enzymatic hydrolysis 
lignin of cornstalk 

PEG 
+ 
G 

>90 191-409 - - - - 15% - [18] 

Alkaline corncob lignin 
PEG 

+ 
G 

97.47 484.03 - 525 1.13 - 1.5% PU foam [32] 

Sugarcane bagasse 
Organosolv lignin 

CG 

- 435 - - - - 

- PU foam [33] Softwood Kraft lignin - 515 - - - - 

Hardwood 
Lignosulphonate 

- 529 - - - - 

Kraft lignin (softwood) 

CG 
>0.61 

(g/g CG) 

412  5088 2.2 - 

- PU foam [34] 
Organosolv lignin 

(sugarcane bagasse) 
224  7867 4.9 - 

Lignosulphonate 
(hardwood) 

592  7384 3.3 - 
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Raw material Solvent Yield (%) IOH An Mw PDI f Catalyst  H2SO4 USE Ref. 

Acetone soluble lignin 
CG 
+ 

1,4-BDO 
72.64 ≈1100 ≈4 - - - 1% PU foam [35] 

Kraft pine lignin 
CG 
+ 

1,4-BDO 
93 670 - - - - - PU foam [21] 

Repeseed cake 

PEG 
+ 
G 

84 586 - - - - 

80:20:3 (PEG: G : 
H2SO4) 

- [23] 

Data seeds 96 395 - - - - 

Olive stone 92 496 - - - - 

Corncob 91 504 - - - - 

Apple pomace 97 428 - - - - 

Wheat straw - 350 28 1270 1.22  - PU foam [19] 

Taiwan acacia PEG 
+ 
G 

95.2 310 25.6 - - - 3:1:0.09 (solvent: 
biomass: H2SO4) 

Adhesives [36] 
China fir 98.4 287 38.0 - - - 

Norway spruce EG 99.7 825-623 48.2-47.8 - - - 4.5 g Adhesives [37] 
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3. CONCLUSIONS 

Bio-polyols suitable for the manufacture of rigid and elastic PUs were 

successfully prepared through the liquefaction of organosolv lignins from 

Eucalyptus globulus and Pinus radiata. The liquefaction reaction was carried 

out employing a microwave reactor using the optimal reaction conditions 

established in a previous study. PEG and CG, which was obtained from used 

vegetable oil, were utilised as solvents for this process. The effect of crude 

glycerol is obvious when comparing the results obtained with those obtained 

in our previous work. The liquefaction yields decreased in all cases due to the 

lower amount of glycerol in the mixture. Thus, the yields obtained for bio-

polyols produced for rigid PUs where no catalyst was employed the yield was 

higher than 90%, whereas for bio-polyols intended for elastic PUs, where 

sulphuric acid was used as catalyst, the yields were significantly lower, 

between 70 and 80%. The IOH of bio-polyols were also affected by the lower 

glycerol content when CG was used. The IOH values obtained in this study 

were 554 and 383 (mg KOH/g) for EOPRCG and POPRCG bio-polyols 

respectively and 228 and 173 (mg KOH/g) for EOPECG and POPECG. The An 

values of the samples were in the expected range for this type of polyols.  

Regarding the functionalities, though in the case of EOPECG the obtained value 

was slightly above the desired one, it could be said that the functionalities 

were adequate for the manufacture of the type of PU for which they were 

intended. This was confirmed by analysing the results of the rest of the 

parameters that were studied. Overall, even though the results of some 

parameters have worsened, it is concluded that CG recovered from used oil 

can be employed for the manufacture of bio-polyols to produce elastic and 

rigid PUs.  
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Publication IV 

Synthesis, characterisation, and thermal degradation 

kinetic of lignin-based polyurethane wood adhesives 

ABSTRACT 

In this work, different PU wood adhesives were synthesised using different 

ligno-based bio-polyols obtained in Publication II. The synthesis of PUs was 

carried out by one-shot method using THF as solvent and MDI as diisocyanate 

employing different NCO:OH ratios (2.0:1, 2.5:1, and 3.0:1). The chemical 

structure of the formulated wood adhesive PUs was determined through 

ATR-FTIR and the shear strength was analysed using Automated Bonding 

Evaluation System (ABES). Through this technique it was concluded that an 

NCO:OH ratio of 2.5:1 was the formulation that showed the best shear 

strength for a pressing time of 120 s. Employing this ratio and the same 

synthesis procedure, two new PUs were synthesised using the bio-polyols 

obtained in Publication III.  

Finally, a study of thermal degradation kinetics employing the OFW and KAS 

isoconversional methods of the PUs synthesised with an NCO:OH ratio of 

2.5:1 was carried out. On the one hand, the Ea of each system were estimated 

for the different α ratios, obtaining values of 226 (KJ/mol) (LPAEOPE), 180.8 

(KJ/mol) (LPAEOPECG), 146.9 (KJ/mol) (LPAPOPE) and 143.4 (KJ/mol) 

(LPAPOPECG). In addition, the pre-exponential factor was determined with 

which an estimation of the lifetime of the polymers was performed. 
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1. MATERIALS AND METHODS 

1.1. Materials 

The raw materials, Eucalyptus globulus chips and Pinus radiata, as well as the 

used vegetable oil and chemicals employed in this work were obtained as 

described in section 2.1 of the 2nd PART.  

1.2. Lignin obtaining procedure 

Lignins used in this work were obtained after the organosolv delignification 

process and the subsequent ultrasound treatment of the black liquor 

described in section 2.2 of the 2nd PART. These lignins called EOUL 

(Eucalyptus globulus organosolv lignin) and POUL (Pinus radiata organosolv 

lignin) were characterised in Publication II. 

1.3. Crude glycerol obtaining procedure 

CG was obtained by the transesterification reaction outlined in section 2.4 

of the 2nd PART. 

1.4. Synthesis of bio-polyols through microwave assisted liquefaction 

The liquefaction of organosolv lignins (EOUL and POUL) were performed 

following the methodology detailed in the section 2.3.1 of the 2nd PART. 

The catalyst concentration, as well as the reaction temperature and the 

PEG/CG ratio involved in the reaction, were obtained from the optimisation 

carried out in Publication II and are summarised below (Table P4.1). 

Table P4.1. Liquefaction reaction conditions optimised in Publication II 

Bio-polyol EOPE & EOPECG POPE & POPECG 

Cat (% wt.) 5 3.86 
Temperature (°C) 180 160 
PEG/CG (% wt.) 7.57/1 7.34/1 
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1.5. Synthesis of lignin-based polyurethane adhesives 

The synthesis of the different lignin-based polyurethane adhesives (LPA) 

using the above-mentioned bio-polyols, i.e., EOPE, EOPECG, POPE and 

POPECCG was carried out following the procedure described in the section 

2.5 of the 2nd PART. Three different NCO:OH ratios were employed in the 

synthesis of PUs using EOPE and POPE bio-polyols, viz. 2.0:1, 2.5:1 and 3.0:1. 

For the synthesis of PUs with EOPECG and POPECCG, the ratio giving the best 

shear strength value was employed. Table P4.2 shows the recipe used for 

each of the synthesised LPA. 

Table P4.2. Recipe used for the synthesis of LPAs 

 LPAEOPE LPAPOPE LPAEOPECG LPAPOPECG 

Bio-polyol (g) 2.5 2.5 2.5 2.5 

THF (g) 1.5 1.5 1.5 1.5 

DBTDL (wt%)* 0.2 0.2 0.2 0.2 

NCO:OH 

2.0:1 3.68 2.03 - - 

2.5:1 4.6 2.53 3.96 3.40 

3.0:1 5.52 3.04 - - 

1.6. Characterisation of the obtained bio-polyols 

Important parameters, such as such as molecular weight distribution (Mw, Mn 

and PDI), hydroxyl number (IOH), acid number (An) and functionality (f) of the 

bio-polyols obtained in the reaction scale-up were determined.  

Furthermore, the thermal degradation of bio-polyols was studied through a 

thermogravimetric analysis (TGA) and their rheological behaviour was 

assessed. This characterisation was conducted according to the 

methodologies explained in Appendix II. 
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1.7. Characterisation of lignin-based polyurethane adhesives 

The LPAs were characterised through ATR-FTIR to determine both their 

chemical structure and their degree of microphase separation and 

miscibility. In addition, thermogravimetric analysis was employed to study 

the thermal degradation, the thermal degradation kinetic by OFW and KAS 

methods and the lifetime estimation of the PUs by OFW method. In addition, 

the shear strength of the LPAs was assessed by adhesion test employing an 

automated bonding evaluation system (ABES). For these characterisations, 

the procedures described in Appendix II were used. The curing process of 

the PUs was carried out at room temperature for 7 days. 

2. RESULTS AND DISCUSSION 

2.1. Bio-polyols characterisation 

The bio-polyols were characterised to establish their suitability for the 

synthesis of polyurethane adhesives. Therefore, the molecular weight 

distribution (Mw, Mn, PDI), hydroxyl number (IOH), acid number (An), 

functionality (f), and the chain derived from a hydroxyl group (EW) of the 

different samples were analysed, and a summary of the results is presented 

in Table P4.3. 

Table P4.3. Characterisation of bio-polyols employed to synthesise PUs 

Sample Mn Mw PDI IOH An f EW 

EOPE 739±43 3934 ± 98 5.33±0.18 330 ± 3 35 ± 0.36 4.16 153.7 

POPE 707±32 4079 ± 50 6.29±0.92 182 ± 51 25 ± 0.00 2.29 271 

EOPECG 852±8 6644 ± 89 7.79±0.18 284 ± 1 17 ± 0.24 4.29 186.4 

POPECG 933±85 11035 ± 1059 12.63±0.00 182 ± 30 20 ± 0.64 2.83 277.7 
Mn and MW (g/mol), IOH and An (mgKOH/g) 

As expected, the obtained results were like those obtained in our previous 

works (data not published), although, expectedly, due to the scale-up of the 
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reaction, they differed slightly. Thus, the Mw was within the range required 

for this type of PU (2000-10000 g/mol) except for POPECG which has a Mw of 

11035 g/mol [1]. As with this type of bio-polyols synthesised through 

liquefaction reactions, the An in all cases was high, but within the usual values 

[2]. However, the IOH values resulted to be higher than 28-160 mg KOH/g, 

which are the values suggested for the synthesis of these PUs [3]. This is 

especially pronounced for EOPE and EOPECG, while POPE and POPECG were 

practically in the required range. In addition, f of POPE and POPECG bio-

polyols was between 2 and 3 in both cases, whereas that of the EOPE and 

EOPECG bio-polyols was 4.16 and 4.29 respectively. The EW of POPE and 

POPECG resulted to be higher than the EOPE and EOPECG, i.e., the chains 

derived from the hydroxyl groups of POPE and POPECG were higher than 

those obtained for bio-polyols synthesised with organosolv lignin from 

Eucalyptus globulus [4]. This, together with the low functionality, the IOH, and 

Mw, suggests that POPE and POPECG bio-polyols could be more suitable for 

the synthesis of PU adhesives.  

Differences with respect to our previous studies can be explained by the 

scale-up of the reaction and the type of vessel employed in each case. In fact, 

the vessel used in the scale-up was of round bottom flask type whereas in the 

previous studies it was of the test tube type, which makes more difficult the 

homogenisation of the sample. Therefore, although the IOH and f of EOPE and 

EOPECG bio-polyols were slightly higher than the required values, the bio-

polyols were suitable for synthesising PU adhesives. 

2.2. Lignin-based polyurethane adhesive characterisation 

A total of six PU adhesives were synthesised, three with each of the bio-

polyols (EOPE and EOPECG), following the procedure summarised in Table 

P4.2. Aliquots of the PUs were taken every 30 minutes, with the aim of 
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following the reaction, until the gel time was reached, and then they were 

analysed by ATR-FTIR. The ATR-FTIR spectra are shown in Figure P4.1 and 

the most characteristic bands are listed in Table P4.4.  

Table P4.4. ATR-FTIR band assignments of PU spectra synthesised with EOPE and POPE bio-
polyols 

Wavenumber (cm-1) Band assignment 

3400 O-H stretching 

3290 N-H stretching vibration of urethane groups 

2970-2940-2870 CH stretching of CH3 and CH2 

2270 Antisymetric stretching vibration of NCO 

1730-1706 C=O stretching 

1599 C-C stretching of the aromatic ring of MDI 

1507 N-H vending vibration 

1407 C-H stretching of the aromatic ring of MDI 

1308 C-N stretching of urethane group 

1225 C-N stretching of urethane group 

1096 C-O-C stretching 

As observed, in all cases, as the reaction progresses in time, the band assigned 

to the O-H stretching (3400 cm-1) decreases as a consequence of the reaction 

between the NCO groups of MDI and OH groups of bio-polyols to create 

urethane (NHCO) groups. The creation of urethane groups was confirmed by 

the appearance of the peaks at 3290 cm-1, related with the stretching 

vibration of N-H groups, 1730 cm-1 and 1706 cm-1 bands corresponding to 

the C=O stretching vibration and the N-H vending vibration at 1507 cm-1 [5]. 

These bands increased as the isocyanate groups were consumed to create 

urethane bonds. It is also observable the C-N stretching bands of urethane 

group at 1308 cm-1 and 1225 cm-1 [6]. The C-C and C-H absorptions bands 

which correspond to the stretching of the aromatic ring of the MDI are 

observed at 1599 cm-1 and 1407 cm-1 [7].  
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Two aspects are noteworthy; the first one is that surprisingly in the cured 

LPAEOPE samples, isocyanate remains unconsumed in all cases, while in the 

LPAPOPE samples, the band corresponding to the NCO anti-symmetric 

vibration (2270 cm-1) is not observed in the cured samples. The reason for 

this is probably that lignin from Eucalyptus globulus is more sterically 

hindered than lignin form Pinus radiata, since the former has more syringyl 

groups [8]. This unreacted isocyanate in LPAEOPE samples, besides being toxic, 

could react with the OH of the beech veneer strip or the water adsorbed by 

wood to form covalent bonds increasing the shear strength, leading to 

undesired behaviour of the PU [9]. The second is that, as the reaction 

progresses, the contribution of the bands corresponding to the C=O groups 

which are related to the free urethanes (1730 cm-1) and the one assigned to 

the urethane groups linked through hydrogen bonds (1709 cm-1) [10] 

gradually changes. 

Using ATR-FTIR spectra, the degree of separation and miscibility of the 

micro-phase of a PU can be determined [11]. In fact, analysing this area of the 

spectra corresponding to carbonyl stretching, the different C=O species 

present in PUs known as free C=O groups not associated by hydrogen bonds 

(free C=O and free C=O ester), H-bonded C=O in disordered hard segment 

(HS), H-bonded C=O in ordered HS and H-bonded C=O in disordered soft 

segment (SS), can be determined [12]. The analysis of the micro-phase 

separation is of interest because the mechanical properties of PUs, among 

others, depend to a large extent on it [13].  

Through the deconvolution of the absorbance bands of C=O groups, the 

degree of micro-phase separation could be determined, the curve fitting of 

the different cured PUs samples was carried out through a Gaussian curve 

shape obtaining R2 values above 0.999 in all cases and the spectra are shown 

in Figure P4.2. Table P4.5 summarised the theoretical hard segment (HSt) 
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percentage of each PU calculated as indicated in Appendix II, as well as the 

percentages of the different C=O species, which were calculated by 

deconvolution of such bands in the ATR-FTIR spectra. 

As expected, the higher the NCO:OH ratio, the higher the HSt content, 

moreover the percentage of HSt was similar for PUs with the same isocyanate 

to hydroxyl ratio. The trend of free urethane carbonyl groups in HS in the 

LPAEOPE formulations was to decrease, although for the 2.5 the value was 

slightly lower than in 3.0. Consequently, the H-bonded urethane carbonyl 

groups in both disordered and ordered HS followed the opposite trend, i.e., 

they increased with increasing MDI content, except in formulation 2.5 which 

was the lowest, despite it showed H-bonded urethane carbonyl groups in 

Soft-Hard segment. On the other hand, LPAPOPE formulations showed the 

same behaviour as LPAEOPE, i.e., the H-bonded urethane carbonyl groups in 

disordered and ordered HS decreased in formulation 2.5 which is the 

opposite to what would be expected, since as the HS increases, the H-bonded 

urethane C=O groups tends to increase [10]. 

According to the procedure described by Niemczyk et al., (2017) [14], the 

mass fraction of the hard and soft segments of a PU, as well as their degree of 

micro-mixing, can be determined. Thus, it is possible to determine different 

parameters such as the proportion of H-bonded C=O groups (XHB), the 

maximum mass fraction of the rigid segment mixed in the soft phase (WH), if 

assuming that all the H-bondend C=O groups are only found in the rigid 

domains, the weight fraction of the mixed phase (MPW), the soft segment 

weight fraction (SSW) and the hard segment weight fraction (HSW). The 

equations for the calculation of these parameters are listed in Appendix II. 

In Table P4.6 the corresponding values of these parameters are indicated for 

each formulation. 



Synthesis of polyurethane and non-isocyanate polyurethane wood adhesives 

 

157 

 

 

Figure P4.1. ATR-FTIR spectra of the LPA formulations at different reaction times and cured. a, b, and c are the 2.0, 2.5 and 3.0 LPAEOPE formulations 
and d, e and f are the LPAPOPE equivalents

a b c

d e f
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Figure P4.2. ATR-FTIR spectra in the absorbance region of the carbonyl groups of the different 
LPAs. a, b and c are the 2.0, 2.5 and 3.0 LPAEOPE formulations and d, e and f are the LPAPOPE 

equivalents 

Table P4.5. Percentages of C=O urethane species in cured LPAs 

 NCO/OH 
NCO 

(mol) 
HSt 
(%) 

A B C D E F 

LPAEOPE 

2.0:1 2.00 33.60 3.01 29.02 43.76 --- 15.02 9.19 

2.5:1 2.50 38.74 2.24 29.56 39.15 8.10 10.46 10.49 

3.0:1 3.00 43.15 2.59 46.59 20.16 --- 25.70 4.64 

LPAPOPE 

2.0:1 2.00 34.33 4.10 17.43 50.29 --- 21.67 6.51 

2.5:1 2.50 39.52 2.92 25.23 45.67 --- 20.19 5.98 

3.0:1 3.00 43.95 2.76 38.83 26.36 --- 27.05 5.00 
A: 1745-1743 cm-1 Free C=O in Soft Segment (%) 
B: 1732-1729 cm-1: Carbonyl-carbonyl interactions in Soft Segment (%) 
C: 1714-1713 cm-1: Free urethane C=O in Hard Segment (%) 
D: 1706 cm-1: H-bonded C=O in Soft-Hard Segment (%) 
E: 1701-1697 cm-1: H bonded urethane C=O in disordered Hard Segment (%) 
F: 1686-1688 cm-1: H bonded urethane C=O in ordered Hard Segment (%) 

 

a b c

d e f
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Table P4.6. Relevant parameters estimated for the determination of microphase of different 
formulations 

Sample NCO:OH z XHB WH MPW SPW HSW 

LPAEOPE 

2.0:1 0.336 0.316 0.257 0.086 0.750 0.250 

2.5:1 0.387 0.308 0.304 0.118 0.730 0.270 

3.0:1 0.431 0.556 0.252 0.109 0.677 0.323 

LPAPOPE 

2.0:1 0.343 0.318 0.263 0.090 0.747 0.253 

2.5:1 0.395 0.323 0.307 0.121 0.726 0.274 

3.0:1 0.440 0.503 0.280 0.123 0.684 0.316 

z is the HSt fraction 

According to the analysis of the data presented in Table P4.6, the mass 

fraction of the H-bonded urethane groups (XHB) tended to increase with 

increasing the HS content except for LPAEOPE 2.5 formulation which had the 

lowest value. Furthermore, in all cases the XHB content was low. This could be 

explained by the cross-linked and sterically hindered nature of the 

lignobased bio-polyol. This unique chemical conformation may inhibit 

hydrogen bonding between the carbonyl group of the urethane groups of a 

rigid segment chain and the NH urethane groups of adjacent rigid segment 

chains [15]. 

When analysing the mass fraction of the rigid segment mixed in the soft 

phase (WH), the same behaviour to XHB was observed, i.e, it tends to increase 

with increasing the isocyanate content, therefore, the mass fraction of the 

mixed also increased. This was in agreement with the expected result, since 

increasing the MDI content in the mixture the degree of phase separation 

tends to be lower, in other words, the amount of hard segment mixed into the 

soft phase increases [14]. However, in the 3.0 formulations of both PUs, a 

decreasing behaviour was observed, thus in the case of LPAEOPE the lowest 

amount of rigid segment mixed in the soft phase was observed, while in the 

case of LPAPOPE this formulation showed an intermediate value between 
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formulations 2.0 and 2.5. In general, LPAEOPE WH and MPW values were slightly 

lower than those of LPAPOPE, i.e., the former exhibited higher phase separation 

or lower miscibility between the HS and the SS. An explanation for this may 

lie in the nature of the lignin used to synthesise the PUs. Thus, lignin from 

Eucalyptus globulus with a higher number of syringyl groups in its structure, 

presented a greater steric hindrance that increases phase separation and 

decreases the miscibility. This greater phase separation in LPAEOPE, even if 

relatively small, could result in better mechanical properties of the PU [16].  

The SS content predictably decreases with increasing HS content, which has 

a great influence on the final mechanical properties of the PU, since it is 

responsible for providing flexibility and mobility to the chains [17], so it is 

necessary to find a balance between the chain mobility offered by the SS and 

the stiffness conferred by HS. On the other hand, it should be noted that the 

theoretical value of HS content was higher than the calculated one, indicating 

that the presence of lignin as well as its origin affected to the HS formation.  

The ABES testing was carried out to measure the bonding strength of the 

different PU adhesives formulation. Such tests are able to determine the 

tensile strength required to disrupt the adhesive bond and indicate the shear 

strength of an adhesive [6]. Figure P4.3a and 3b shows the shear strength 

test results of PUs synthesised with EOPE and POPE bio-polyols and 

employing different NCO:OH ratios.  

At first glance, it is evident that there is a big difference between PUs 

synthesised with EOPE (Figure P4.3a) and those synthesised with POPE 

(Figure P4.3b). When using NCO:OH ratios of 2.0 and 2.5 othe PUs 

synthesised with the POPE bio-polyol reached lower shear strength values. 

On the contrary, when using a ratio of 3.0:1 the shear strength of the PU 

increased rapidly reaching a value of 4.08 (MPa) at pressing time of 120 s. 
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Figure P4.3. Shear strength of lignin-based polyurethane adhesives; (a) LPAEOPE, (b) LPAPOPE 

The shear strength continued increasing up to 5.66 MPa at 180 s and after 

this pressing time, the undesirable failure of the substrate occurred. From 

Figure P3.4a it can be noted that very similar high shear strength values were 

obtained regardless of the formulations used. This behaviour was probably 

caused by the unreacted isocyanate in these formulations, which interacted 

with the hydroxyl groups of the veneer strips to form additional covalent 

bonds that distorted the results. In addition, as with the PU formulated with 

POPE and a NCO:OH ratio of 3.0:1, at elevated pressing times, substrate 

failure occurred. Considering the values presented in Table P4.6, there was 

no significant difference in terms of HSW and SSW between the LPAEOPE and 

LPAPOPE formulations, therefore, the previously mentioned unreacted 

isocyanate is the only explanation for the high results obtained with 2.0 and 

2.5 LPAPOPE formulations.  

Three typical stages were observed, caused by the behaviour of the adhesive 

in the curing process [18]. In the first stage, a delay in the development of 

bond strength is observed, which can be associated with energy loss due to 

water evaporation. The second zone is related to the chain elongation 

process and cross-linking between the chains. The third stage depends on the 

behaviour of the adhesive against temperature and humidity, so during this 

a b
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stage the shear strength can increase or decrease depending on the nature of 

the adhesive [19]. This last stage is only visible in the 2.5 and 3.0 formulations 

of PUs synthesised with POPE. 

Nevertheless, considering a pressing time of 120 s, which is a common 

pressing time in industry, it was observed that the highest shear strength 

value (3.58 MPa) was obtained with the 2.5:1 NCO:OH ratio in the PUs 

formulated with EOPE, while a value of 4.08 MPa was achieved in the PUs 

formulated with POPE using the 3.0:1 NCO:OH ratio. For this reason, this 

ratio was selected to formulate the PUs based on the bio-polyols synthesised 

using CG (EOPECG and POPECG). 

2.3. Characterisation of LPA employing bio-polyols formulated with CG 

Employing the respective quantities of reagents summarised in Table P4.2, 

two PU adhesives were synthesised using the bio-polyols formulated with CG 

and NCO:OH ratio of 2.5:1, namely, LPAEOPECG and LPAPOPECG. Finally, a 

comparison with the PU adhesives synthesised with the same NCO:OH ratio 

of the previous section was performed. 

The ATR-FTIR spectra of both cured PU adhesives as well as the analysis of 

the region belonging to the carbonyl groups are represented in Figure P4.4 

and Figure P4.5a and 5b, respectively. The spectra exhibit the same 

characteristic bands as those described above. It should be highlighted that 

also, in this case, isocyanate remains unreacted when the PU was formulated 

using the bio-polyol from Eucalyptus globulus lignin. Therefore, it can be 

confirmed that due to its higher steric hindrance, part of the isocyanate 

cannot react with the hydroxyl groups of the bio-polyol. 
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Figure P4.4. ATR-FTIR spectra of cured LPAs of LPAEOPECG and LPAPOPECG samples 

 

 

Figure P4.5. ATR-FTIR spectra of the absorbance region of the carbonyl groups of LPAEOPECG 
(a) and LPAPOPECG (b) obtained through a Gaussian curve shape. The obtained R2 values were 
above 0.999 

From the deconvolution of the area corresponding to the carbonyl groups 

represented in Figures P4.5a and P4.5b, the XHB, WH, MPW, SSW and HSW 

parameters were calculated and summarised in Table P4.7. 

a b
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Compared to their respective homologues, for both PUs synthesised using 

the bio-polyol formulated with CG, the theoretical content of HS was lower. 

However, XHB was higher in the case of LPAEOPECG. Likewise, both WH and MPW 

were lower. This indicates that for this PUs there was a lower amount of HS 

mixed in the soft phase and therefore the segregation of the micro-phases 

was higher. Such behaviour could be explained by the higher molecular 

weight of the EOPECG and POPECG bio-polyols with respect to EOPE and POPE, 

which would allow the phase separation [20]. 

Table P4.7. Relevant parameters estimated for the determination of microphase separation in 
GC-formulated LPAs 

Sample NCO:OH z XHB WH MPW SPW HSW 

LPAEOPECG 2.5:1 0.362 0.335 0.274 0.099 0.737 0.263 

LPAPOPECG 2.5:1 0.346 0.303 0.269 0.093 0.747 0.253 

 

Figure P4.6. Shear strength of lignin-based polyurethane adhesives. The red point indicated 
the substrate failure 

The shear strength of the LPAEOPECG and LPAPOPECG adhesives were measured 

and compared with their counterparts LPAEOPE and LPAPOPE in Figure P4.6. As 
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expected, the results obtained agreed with what was projected after studying 

the degree of microphase separation of PUs, since the mechanical properties 

of polyurethanes can be improved by increasing the microphase separation 

[13]. Thus, LPAPOPECG showed the best shear strength results (6.06 MPa) due 

to its lower weight fraction of the mixed phase. Nevertheless, as happened 

with LPAEOPE, at pressing times higher than 180 s, substrate failure occurred. 

On the other hand, LPAEOPECG with a shear strength value of 2.6 MPa behaved 

very similar to its homologue LPAEOPE despite having a lower degree of phase 

separation, which may be a consequence of the unreacted isocyanate in both 

samples. The obtained shear strength values were in the range of those 

reported by other authors, such as Nacas et al., (2017) [9] who obtained a 

shear strength of 6.8 MPa using Kraft lignin and MDI with a NCO:OH ratio of 

1.2:1. Magina et al., (2021) [6] used lignosulphonates together with MDI and 

different quantities of PEG200 to synthesise different wood adhesives. They 

concluded that the best formulation was the one with an NCO:OH ratio of 

2.1:1 obtaining a shear strength value close to 3 MPa. Gouveia et al., (2020) 

[21] studied the effect of lignin hydroxypropylation by synthesising various 

PU wood adhesives using KL and hydroxypropylated KL with MDI and a 

NCO:OH ratio of 1.1:1. They concluded that the best shear strength value was 

obtained with unmodified lignin (4.5 MPa), while hydroxpropylation 

improved elasticity and tensile strength at the expense of shear strength. 

Vieira et al., (2022) [22] obtained a wood PU adhesive based on oxyalkylated 

Kraft lignin using a 1.3:1 ratio with a shear strength of 3.1 MPa. 

The thermostability of the LPAs was studied through a thermogravimetric 

analysis. According to the DTG curves represented in Figure P4.7, the major 

weight loss of the samples took place between 225 °C and 450 °C. Regardless 

of the polyol used in the PU formulation, the degradation zones were the 

same although the maximum degradation temperatures varied slightly. 
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Figure P4.7. TGA and DTG curves of the different LPAs 

The first degradation zone (225-310 °C) corresponds to the H-bonded 

urethane groups of the HS [23] and the cleavage of unstable ether linkages of 

lignin (β-O-4, α-O-4 and 4-O-5) [24]. The region with the highest mass loss, 

region 2, which is located between 310-375 °C, is associated with the 

degradation of the soft segment of the polyurethane [8]. The last mass loss 

area, region 3 (375-420 °C), is considered the degradation area of the 

diisocyanate and the aromatic rings of lignin [25]. A similar final residue was 

obtained for all PUs due to the presence of lignin in the samples. It can also 

be observed that the maximum degradation temperature at the first mass 

loss step was higher in LPAEOPE and LPAEOPECG than in LPAPOPE and LPAPOPECG, 

which means a higher stability of the formers. Generally, since the first 

degradation zone corresponds to the degradation of the H-bonded urethane 

groups, PUs with less amount of these, tend to be less stable, as less energy 

will be required to break them. However, this is not the case for LPAEOPE, 

which despite having more H-bond urethane groups than LPAPOPE is more 

stable. Nevertheless, since the XHB values were very similar in all cases, the 

TGA

LPAEOPE

LPAEOPECG

LPAPOPE

LPAPOPECG
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higher stability of the LPAEOPE and LPAEOPECG samples could be explained 

since, as mentioned above, in PUs with lignin, in this first degradation zone 

there is also degradation of ether linkages, which are more abundant in 

hardwoods such as Eucalyptus globulus than in softwood as Pinus radiata 

[26]. 

Using different heating rates (1, 2, 5 and 10 °C/min) and the isoconversional 

methods of OFW and KAS described in Appendix II, the activation energy 

(Ea) of each system was calculated. In addition, the average lifetime of the 

PUs was estimated through the OFW method, for which the pre-exponential 

factor A was determined. The calculation of both Ea and A was performed 

from the slope and the intercept of the plots of  ln(𝛽) and ln (
𝛽

𝑇𝑝
2) versus 

1000/Tp. In these graphs, the conversion rates from 5% to 90% for each 

system were ploted. FigureP4.8a, 8b, 8c and 8d showed the different TGA 

curves obtained with each heating rate for the different systems. In all cases, 

as expected, as the heating rate increases, the degradation curve shifted 

towards higher temperatures. The final residue of each PU was between 

16.5-17 % (LPAEOPE), 14-16 % (LPAEOPECG), 13.9-15.8 % (LPAPOPE) and 11.8-

13.8 % (LPAPOPECG). 

From Figure P4.9, it could be concluded that the model was well selected 

since linear and parallel straight lines and very high correlation coefficients 

were obtained. Nevertheless, in the LPAPOPECG samples (Figure P4.9d and 

4.9h), the line corresponding to the conversion of 0.9 was not properly fitted, 

so it was not considered for the calculation of the Ea and A.  
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Figure P4.8. TGA curves at the different heating rates for LPAEOPE (a), LPAEOPECG (b), LPAPOPE 

(c) and LPAPOPECG (d) 

According to the results obtained and outlined in Tables P4.8 and P4.9 and 

taking into account that the Ea is the impediment to the degradation process 

[27], the synthesised PUs will degrade in the following order from the 

slowest one to the fastest one for α=0.05: LPAEOPE > LPAEOPECG > LPAPOPE > 

LPAPOPECG. Due to the nature of the bio-polyols, different behaviour was 

observed in the decomposition reaction mechanism between PUs formulated 

with different bio-polyols as shown in Figure P4.10. The Ea follows the same 

trend for LPAEOPE and LPAEOPECG, both samples presented a high value at the 

beginning, which decreased to a minimum and then increased again. While 

in LPAPOPE and LPAPOPECG, the minimum Ea value was obtained at the 

beginning and then increased. However, in the case of LPAPOPECG the last two 

values tend to decrease because of the poor fitting.  

a b

c d
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Figure P4.9. (a-d) OFW plots of ln(β) vs. 1000/TP and (e-h) KAS plots of ln(β/T2P) vs. 1000/TP 
for different conversion values. Where LPAEOPE (a-e), LPAEOPECG (b-f), LPAPOPE (c-g) and 
LPAPOPECG (d-h) 

a e

b f

c g

d h
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Table P4.8. Activation energies (Ea) (KJ/mol) and correlation coefficients of the linear 
regression of the PU samples for the decomposition obtained through the OFW method 

 LPAEOPE LPAEOPECG LPAPOPE LPAPOPECG 

α R2 Ea R2 Ea R2 Ea R2 Ea 

0.05 0.9976 226.0 0.9830 180.8 0.9432 146.9 0.9970 143.4 

0.1 0.9989 209.8 0.9849 179.0 0.9464 152.0 0.9995 154.9 

0.2 0.9995 188.8 0.9899 174.4 0.9526 156.3 0.9992 157.1 

0.3 0.9998 177.6 0.9923 171.1 0.9508 158.7 0.9972 154.8 

0.4 0.9999 171.0 0.9920 168.7 0.9481 164.2 0.9947 152.2 

0.5 0.9999 179.2 0.9893 175.4 0.9467 179.1 0.9919 153.4 

0.6 0.9997 190.3 0.9926 184.0 0.9689 193.0 0.9900 164.0 

0.7 0.9991 198.9 0.9964 190.3 0.9785 202.2 0.9762 172.9 

0.8 0.9913 219.1 0.9939 199.6 0.9468 228.5 0.8829 158.8 

0.9 0.9677 284.1 0.9929 243.4 0.9412 307.5 0.4439* 116.9 

*Not considered for calculating the average 

Table P4.9. Activation energies (Ea) (KJ/mol) and correlation coefficients of the linear 
regression of the PU samples for the decomposition obtained through the KAS method 

 LPAEOPE LPAEOPECG LPAPOPE LPAPOPECG 

α R2 Ea R2 Ea R2 Ea R2 Ea 

0.05 0.9974 228.2 0.9811 180.5 0.9359 145.0 0.9967 141.2 

0.1 0.9988 211.0 0.9832 178.6 0.9397 150.2 0.9994 145.1 

0.2 0.9995 188.8 0.9887 173.6 0.9467 154.5 0.9990 147.2 

0.3 0.9998 176.9 0.9914 170.0 0.9446 156.9 0.9968 144.8 

0.4 0.9999 169.8 0.9910 167.4 0.9418 162.6 0.9938 142.1 

0.5 0.9999 178.2 0.9880 174.2 0.9406 178.0 0.9906 143.0 

0.6 0.9997 189.6 0.9917 183.0 0.9655 192.4 0.9885 153.4 

0.7 0.9990 198.4 0.9960 189.3 0.9762 201.9 0.9730 162.1 

0.8 0.9904 219.2 0.9932 198.6 0.9418 229.2 0.8671 147.6 

0.9 0.9650 286.8 0.9922 243.8 0.9368 311.3 0.3914* 104.8 

*Not considered for calculating the average 

Consequently, the values of the preexponential factor (A) estimated with the 

OFW method and presented in Table P4.10, followed the same tendency. This 

factor is indicative of the collision frequency between molecules, i.e., it is an 
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indication of the availability of chemical groups which are susceptible to 

degradation [27]. Thus, the higher the value of A, the more difficult it is for 

the polymer to degrade. Therefore, LPAEOPE and LPAEOPECG polyurethanes 

remained more stable at 5% of conversion, while LPAPOPE and LPAPOPECG will 

degrade more easily at this conversion rate. 

  

Figure P4.10. Ea calculated through OFW method vs. α 

Table P4.10. Preexponential factor (A) of the PU samples for the decomposition obtained 
through the OFW method 

 A (min-1) 

α LPAEOPE LPAEOPECG LPAPOPE LPAPOPECG 

0.05 3.7E+18 9.7E+11 9.8E+08 6.6E+10 

0.1 1.5E+17 2.1E+14 8.4E+11 2.3E+11 

0.2 2.1E+15 1.0E+14 2.3E+12 5.0E+11 

0.3 2.0E+14 5.2E+13 3.6E+12 3.5E+11 

0.4 4.6E+13 2.8E+13 9.3E+12 2.1E+11 

0.5 8.6E+13 6.9E+13 1.2E+14 2.0E+11 

0.6 7.1E+14 2.1E+14 1.1E+15 9.7E+11 

0.7 1.9E+15 3.5E+14 3.8E+15 3.1E+12 

0.8 1.8E+16 5.4E+14 1.4E+17 1.1E+11 

0.9 3.0E+17 6.9E+16 3.1E+21 2.3E+07 
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Finally, the lifetime of the synthesised PUs was evaluated, and the results are 

plotted in Figure P4.11. The determination of the lifetime of a material is of 

great interest in order to develop a specific product with the required 

specifications to perform the task for which it is conceived [28]. The 

estimation of the lifetime of the polymers can be determined employing the 

activation energies and the preexponential factors obtained through the 

Ozawa-Flynn-Wall method. Usually, the lifetime estimation is carried out for 

a 5% of weight loss or 5% conversion [29]. The obtained data must be treated 

prudently since they correspond to the degradation of PUs in an inert 

atmosphere, and therefore these values will vary in contact with an oxidising 

atmosphere, as the materials will degrade differently. 

 

Figure P4.11. Estimated lifetime of LPAEOPE (a), LPAEOPECG (b), LPAPOPE (c) and LPAPOPECG (d) 

As expected, the obtained results were consistent with the Ea values of the 

PUs. Consequently, the PU with the highest lifetime expectation was LPAEOPE, 

followed by LPAEOPECG, then LPAPOPE and finally LPAPOPECG. It should be noted 

that the difference between LPAEOPE and LPAEOPECG was very high because of 

the widely differing Ea values, while there was almost no difference between 

LPAPOPE and LPAPOPECG. Furthermore, it can be observed, that as the 

temperature increased, the degradation of the polymers was greatly 

accelerated in all cases.  

a

b

c

d
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3. CONCLUSIONS 

This study demonstrated the applicability of a bio-polyols synthesised 

through the liquefaction process of lignin with polyhydric alcohols (PEG and 

Glycerol) by microwave irradiation in the formulation of PU adhesives. 

Moreover, the results indicate that it is possible to substitute commercial 

glycerol by a non-purified crude glycerol obtained from used vegetable oil. 

Based on the results, it was determined that the origin of the lignin had a 

great effect on the PUs. On the one hand, it was observed that when the bio-

polyol derived from Eucalyptus globulus lignin was used, isocyanate 

remained unreacted in all cases, whereas with its counterpart derived from 

Pinus radiata lignin this was not the case due to the higher steric hindrance 

of the former. Furthermore, it was observed that due to the steric hindrance, 

the phase separation was higher in the PUs synthesised with EOPE bio-polyol 

regardless of the glycerol used. However, the origin of the glycerol also 

showed a significant influence on the microstructure since bio-polyols 

synthesised using CG showed higher molecular weights that favoured the 

phase separation. When studying the thermal degradation of the PUs it was 

found that the nature of the lignin also plays an important role, since despite 

having less H-bonded urethane groups in their structure, the PUs synthesised 

with EOPE proved to be more stable due to the higher amount of aryl ether 

bonds in their structure. Consequently, the estimated lifetime of the PUs at 

5% degradation followed the same order LPAEOPE > LPAEOPECG > LPAPOPE > 

LPAPOPECG. 
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“If no mistake you have made, losing you are. 

A different game you should play.” 

Master Yoda 
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Publication V 

Lignin-based non isocyanate polyurethane adhesives. 

Synthesis and determination of adhesion properties 

and thermal degradation kinetic 

ABSTRACT 

In this work, different non-isocyanate adhesives were synthesised through 

polycondensation reaction of a ligno-based bio-polyol with dimethyl 

carbonate (DMC) and hexamethylenediamine (HDMA). The bio-polyols were 

obtained in previous works (Publication II and III). The formulated NIPU 

adhesives called, LNAEOPE, LNAEOPECG, LNAPOPE and LNAPOPECG were 

characterised and subjected to shear strength test employing an ABES 

system with undesirable results. To improve the adhesion properties of NIPU 

adhesives, different amounts (5%, 15% and 25%) of (3-Aminopropyl) 

trimethoxysilane (APTMS) were added. The best result was obtained by 

adding 15% APTMS in all cases except for LNAEOPE, in which the best results 

were obtained by adding 25% APTMS. A thermal degradation study of 

silanised NIPUs called CLNAEOPE-25, CLNAEOPECG-15, CLNAPOPE-15 and CLNAPOPECG-

15 was carried out using OFW and KAS isoconversional methods. With them, 

the Ea, the pre-exponential factor A and an estimation of the lifetime of the 

polymers were determined. 
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1. MATERIALS AND METHODS 

1.1. Materials 

The raw materials, Eucalyptus globulus chips and Pinus radiata, as well as the 

used vegetable oil and chemicals employed in this work were obtained as 

described in section 2.1 of the 2nd PART. 

1.2. Lignin obtaining procedure 

Lignins used in this work were obtained after the organosolv delignification 

process and the subsequent ultrasound treatment of the black liquor 

described in section 2.2 of 2nd PART. These lignins called EOUL (Eucalyptus 

globulus organosolv lignin) and POUL (Pinus radiata organosolv lignin) were 

characterised in Publication II. 

1.3. Crude glycerol obtaining procedure 

CG was obtained by the transesterification reaction outlined in section 2.4 

of the 2nd PART. 

1.4. Lignin based bio-polyols  

For this work, the same lignin-based bio-polyols that were employed and 

characterised in Publication IV were used. These bio-polyols were 

synthesised through liquefaction of the different organosolv lignins (EOUL 

and POUL) following the procedure that is described in section 2.3.1 of the 

2nd PART.  

Table P5.1 summarises the main parameters of these bio-polyols to facilitate 

the reading of this publication. The discussion about the characterisation of 

the bio-polyols is detailed in Publication IV. 
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Table P5.1. Most relevant parameters of the bio-polyols synthesised in the Publication IV 

Sample Mn Mw PI IOH An f 

EOPE 739 ± 43 3934 ± 98 5.33 ± 0.18 330 ± 3 35 ± 0.36 4.16 

POPE 707 ± 32 4079 ± 50 6.29 ± 0.92 182 ± 51 25 ± 0.00 2.29 

EOPECG 852 ± 8 6644 ± 89 7.79 ± 0.18 284 ± 1 17 ± 0.24 4.29 

POPECG 933 ± 85 11035 ± 1059 12.63 ±0.00 182 ± 30 20 ± 0.64 2.83 

1.5. Synthesis of lignin based non-isocyanate polyurethane adhesives 

Using the bio-polyols synthesised by the liquefaction process described in 

the previous section, called EOPE, EOPECG, POPE and POPECG, different lignin 

based non-isocyanate polyurethane adhesives (LNA) labelled as NEOPE, 

NEOPECG, NPOPE and NPOPECG were synthesised. The synthesis was performed 

following the procedure described in the section 2.6 of the 2nd PART. 

1.6. Characterisation of the obtained non-isocyanate polyurethane 

adhesives 

The pH of the different NIPUs was determined using a digital pH meter 

“CRISON basic 20” at room temperature. The solids content of the NIPUs 

were calculated by weighing a certain amount of sample which was dried in 

an oven at 100°C for 24 hours and employing the formula presented in 

Equation P5.1. A triplicate of each sample was performed. The NIPUs without 

the silane coupling agent were cured in an oven for 24 hours at 120 °C and 

150 °C.  

             𝑆𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑊2

𝑊1
× 100   Equation P5.1 

Where W2 is the final weight (g) of the sample after 24 hours at 100 °C and 

W1 is the initial weight (g) of the sample. 

Then, the non-cured and cured NIPUs were characterised to determine the 

molecular weight distribution through GPC the chemical structure as well as 
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the microphase separation and miscibility through ATR-FTIR. The NIPUs 

with the 3-Aminopropyltrimethoxysilane coupling agent were cured at 

120°C in an oven for 24 hours and characterised by ATR-FTIR and 

thermogravimetric analysis. The shear strength of the NIPUs with and 

without coupling agent was carried out at 120 °C through ABES. Such 

characterisations were performed according to the procedures described in 

Appendix II. 

2. RESULTS AND DISCUSSION 

2.1. Characterisation of the synthesised lignin based non-isocyanate 

polyurethane adhesives 

In aqueous formulations it is important to obtain as high solids content as 

possible. This is because of the higher latent heat of evaporation of water 

than that of organic solvents, which hinders the drying process and therefore 

prevents such formulation from meeting the requirements of modern 

industry [1]. On the other hand, pH can affect the curing process and the 

adhesion performance of the resulted adhesives [2]. Table P5.2 summarised 

the solids contents as well as the pH obtained for each NIPU formulation 

according to the Equation P5.1. 

Table P5.2. Solid content and pH of the different LNA formulation 

Sample Solid content (wt.%) pH 

LNAEOPE 52.58 ± 0.43 11.54 ± 0.04 

LNAEOPECG 49.58 ± 0.24 11.47 ± 0.02 

LNAPOPE 44.53 ± 0.30 11.57 ± 0.01 

LNAPOPECG 45.20 ± 0.25 11.49 ± 0.03 

The solid content as well as the pH of the synthesised NIPUs were within the 

range reported by other authors when synthesising NIPUs adhesives with 

lignin or tannins with DMC and HDMA. Thus, Saražin et al., (2021) [3] 
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obtained an organosolv lignin based NIPU adhesive with a solid content of 

46% and a pH of 11. Likewise, Chen et al., (2022) [2] synthesised different 

NIPUs employing tannins and reacting them with DMC and HDMA and 

different concentrations of glycerol diglycidyl ether (GDE). When the 

concentration of the GDE was zero, the solids content of the obtained NIPU 

adhesive was 54.38% and the pH was 11.1, the latter decreased as the 

concentration of GDE increased. Despite this, the authors did not find 

significant differences in the adhesion properties of the NIPUs. 

Employing the bio-polyols summarised in section 1.4 called EOPE, EOPECG, 

POPE and POPECG, four different LNAs were synthesised following the 

instructions described in section 1.5 and the different steps of the reaction 

were analysed through ATR-FTIR (Figure P5.1). In the first step of the 

reaction, the addition of DMC, the appearance of three characteristic DMC 

bands can be observed, viz. 1751 cm-1, 1457-1452 cm-1 and 1284-1272 cm-1, 

corresponding to stretching of C=O in the ester group, CH deformation in CH3 

and C-O stretching in the ester group of DMC [4]. The appearance of these 

characteristic bands indicates that the DMC reacted properly with the bio-

polyols. In addition, the broad bands between 3423 cm-1 and 3401 cm-1 could 

be associated with the water in the medium in which the reaction was carried 

out. 

In the second stage of the reaction, the hexamethylenediamine was added to 

form urethane groups through reaction with DMC. The formation of urethane 

groups could be confirmed by the appearance of three bands at 

wavenumbers 3360-3336 cm-1, 1720-1686 cm-1 and 1531-1525 cm-1. The 

first one (3360-3336 cm-1), which appears as a small peak, since it was 

overlapped by the reaction water band, correspond to the N-H stretching 

vibration of urethane groups [4], carbonyl (C=O) groups belonging to free 

urethane groups (1730 cm-1) and H-bonded urethane groups (1686 cm-1) [5] 
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and the N-H vending vibration at 1531-1525 cm-1 [6]. In addition to urethane 

bonds, the reaction between HDMA and DMC could create urea bonds which 

are confirmed by the appearance of a peak between 1646-1636 cm-1 

wavenumbers [7]. These groups that were created by the reaction between 

DMC and HDMA during the NIPU synthesis had a major importance on the 

morphology and final properties of the material. This is due, among other 

reasons, to their ability to form double H-bonds generating stronger 

interactions [8] and thus increasing the mechanical strength [9]. 

  

Figure P5.1. ATR-FTIR spectra of the different steps of the LNA reaction. a, b, c and d 
correspond to the LNAs formulated with EOPE, EOPECG, POPE and POPECG respectively. 

Afterwards, the NIPUs were cured employing three different temperatures, 

i.e., 100 °C, 120 °C and 150 °C. To do so, the NIPUs were poured into an 

aluminium mould and placed in the oven at the above-mentioned 

temperatures for 24 hours. Then, the cured samples were analysed through 
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GPC to determine the variation of the molecular weight distribution (Figure 

P5.2), and through ATR-FTIR to analyse the chemical structure of the 

samples (Figure P5.3).  

 

Figure P5.2. Molecular weight distribution of the synthesised LNAs 

As shown in Figure P5.2, in all cases the chromatograms follow the same 

pattern. The samples cured at 100 °C showed four peaks, although the 

intensities vary depending on the samples. Those sample cured at 120 °C also 

presented four peaks, however the last one at 25.2 min lost intensity with 

respect to the previous peak at 24.3 min, and even almost disappeared in the 

case of LNAPOPE. For the samples cured at 150 °C, this peak disappeared or 

almost disappeared in all cases. This could be explained by the fact that the 

smaller unreacted molecules took part in the increasing polymerisation with 

increasing temperature.  It is also remarkable that, except for LNAEOPE, the 

first peak that corresponds to the higher molecular weight starts roughly at 

a b

c d



Publication V 

188 

 

the same retention time, which means that there is not much difference 

between the higher molecular weight fragments of the samples cured at 100 

°C or 120 °C. However, as the curing temperature increased to 150 °C the 

retention time of this peak decreased remarkably in all cases, indicating that 

the molecular weights of the samples increased due to the higher degree of 

polymerisation. This increase in molecular weights is well reflected in Table 

P5.3 where the average molecular weights corresponding to the different 

retention times are listed. 

Table P5.3. Average molecular weight (MW) (g/mol) of LNAs by retention time (min) 

Sample 
100 °C 120 °C 150 °C 

RT Mw RT Mw RT Mw 

LNAEOPE 

21.28 18025 21.27 29894 20.61 57316 

22.53 3270 22.75 4374 21.78 8473 

24.17 873 24.38 998 22.45 3165 

25.22 365 25.14 342 23.87 908 

- - - - 25.01 368 

LNAEOPECG 

21.67 20519 21.02 21901 20.69 39312 

22.71 4088 22.59 3458 21.93 8222 

24.46 889 24.45 872 22.52 3172 

25.22 365 25.23 352 24.34 876 

26.47 237 26.82 236 25.09 362 

LNAPOPE 

20.93 20291 20.98 23838 17.89 147950 

22.60 3667 22.60 3281 20.29 46757 

24.40 908 24.43 816 22.53 4992 

25.17 365 25.11 339 24.31 823 

26.82 239 - - - - 

LNAPOPECG 

20.92 20957 21.22 21333 20.58 37083 

22.60 3324 22.64 3774 22.58 3730 

24.41 808 24.39 909 24.27 775 

25.18 364 25.18 354 - - 

26.83 237 - - - - 

The chemical structure of LNAs cured at different temperatures is 

represented in Figure P5.3. It was evident that, as the LNAs were cured, the 
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water in the samples was evaporated revealing a sharp peak (3358-3302 cm-

1) associated to the N-H vibration band which was masked in the non-cured 

samples (Figure P5.1). It is noteworthy that, in general, all the bands related 

with urethane groups became wider as the curing temperature was 

increased. In addition, in all LNA samples, as the curing temperature 

increased, a band around wavenumber 3480 cm-1 belonging to free NH2 

appeared, which was indicative of micro-phase separation [10]. In addition, 

in the region corresponding to Amide I, the bands belonging to carbonyl 

urethane and urea groups (1740-1644 cm-1) [11] (amplified in each figure) 

revealed that as the curing temperature increased, a shoulder towards lower 

wavenumbers appeared. Therefore, the microphase distribution varied as 

the curing temperature increased. However, this variation in the microphase 

structure was not very significant between the samples cured at 120 °C and 

150 °C. On the other hand, H-bonded C-O around 1097 cm-1 [12], increased 

as well. Therefore, from both GPC and ATR-FTIR characterisation, it was 

evident that as the curing temperature went higher, cross-linking of the LNAs 

increased and therefore the H-bonded urethane groups increased generating 

different degrees of phase separation. However, in general, no major 

differences were observed between the samples cured at 120 °C and 150 °C, 

so it was decided to use the former for the adhesion test. 

Prior to measure the shear strength, the micro-phase separation of the LNAs 

at 120 °C was studied, since the micro-phase separation of PUs, generated by 

the immiscibility between the HS and SS of the polymer, is determinant in the 

final properties of the PUs [13]. While the SS are responsible for providing 

the elastomeric behaviour, the HS provide stability as they behave as 

crosslinkers [14]. The degree of separation as well as the miscibility of the 

micro-phases of a PU can be determined by different techniques such as 

Nuclear magnetic resonance spectroscopy [15], Differential scanning 
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calorimetry [16], Dynamic thermomechanical analyser [17] Atomic force 

microscopy [18] and through ATR-FTIR [19] among others. 

 

Figure P5.3. ATR-FTIR spectra of LNAs cured at different temperatures: a) LNAEOPE; b) 
LNAEOPECG; c) LNAPOPE; d) LNAPOPE 

To analyse the microphase separation employing ATR-FTIR technology it is 

necessary to study the contribution of the different bands corresponding to 

the carbonyl groups of the PU, i.e., free C=O groups, H-bonded C=O in 

disordered and ordered HS and H-bonded C=O groups in disordered SS [5]. 

To carry out such analysis it is necessary to perform a deconvolution of the 

absorbance bands of the C=O groups. In addition, the H-bonded C=O groups 

(XHB), the maximum mass fraction of the rigid segment mixed in the soft 

phase (WH), the weight fraction of the mixed phase (MPW), the soft segment 

weight fraction (SSW) and the hard segment weight fraction (HSW) could be 

calculated using the equations summarised in Appendix II. 

a b

c d
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In Table P5.4 the theoretical HSt % of the different LNAs, determined as 

indicated in Appendix II, are shown, as well as the percentages of the 

different carbonyl and urea species which were calculated from the 

deconvolution of the bands at wavenumbers between 1750-1640 cm-1 of the 

ATR-FTIR spectrum depicted in Figure P5.4. 

Table P5.4. Percentage of C=O urethane and urea species in cured LNAs 

 T (ºC) HSt (%) A B C D 

LNAEOPE 120 30.379 12.599 67.143 15.845 4.413 

LNAEOPECG 120 28.045 13.006 70.479 11.765 4.749 

LNAPOPE 120 31.112 15.305 63.154 18.383 3.158 

LNAPOPECG 120 26.581 15.717 64.995 17.171 2.117 
A:1720-1714 cm-1 Free urethane C=O in Hard Segment  
B:1702-1699 cm-1 H-bonded C=O urethane in disordered Hard Segment 
C:1663-1660 cm-1 H-bonded urea in disordered Hard Segment 
D:1644-1638 cm-1 H-bonded urea in ordered Hard Segment 

 

Figure P5.4. ATR-FTIR spectra of the absorbance region of the carbonyl group of the different 
LNAs cured at 120 °C. a) LNAEOPE; b) LNAEOPECG; c) LNAPOPE; d) LNAPOPECG 

a b

c d
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The spectra shown in Figure P5.4 were fitted through Gaussian method and 

a good fit was obtained with R2 values which were above 0.999 in all cases. 

The groups involved in all cases were the same. In the LNAEOPE and LNAPOPE 

samples the amount of free urethane C=O in HS was lower and consequently 

the amount of H-bonded C=O urethane in HS was higher. The presence of 

urea groups in all cases was noteworthy.  These groups tend to increase 

phase separation compared to urethane groups mainly due to their higher 

polarity which affects the solubility, and the formation of double H-bonds 

among other considerations [8]. Using the results of the contribution of each 

group (Table P5.4), the XHB, WH, MPW, SSW and HSW parameters were 

calculated (Table P5.5) 

Table P5.5. Relevant parameter for the determination of microphase separation in LNAs 

 T (°C) z XHB WH MPW SPW HSW 

LNAEOPE 120 0.304 0.853 0.060 0.018 0.715 0.285 

LNAPOPE 120 0.311 0.822 0.074 0.023 0.712 0.288 

LNAEOPECG 120 0.280 0.848 0.056 0.016 0.735 0.265 

LNAPOPECG 120 0.266 0.817 0.062 0.017 0.751 0.249 

z is the HSt fraction 

The mass fraction of H-bonded urethane or/and urea group (XHB) in LNAEOPE 

and LNAEOPECG was very similar and the same for LNAPOPE and LNAPOPECG. 

However, the distribution of these H-bond urethane and/or urea groups was 

different. In general, the values of WH and consequently MPw were low in all 

cases, however, the samples LNAEOPECG and LNAPOPECG showed a slightly lower 

phase miscibility than LNAEOPE and LNAPOPE.   

The tensile strength which is necessary to break the adhesive bonds of the 

LNA adhesive formulations were carried out employing an Automatic Bond 

Evaluation System (ABES) by measuring the shear strength. In Figure P5.5, 

the results of the shear strength test of the different LNAs are represented. 
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As mentioned above, a temperature of 120 °C was selected and different 

pressing times were used.  

 

Figure P5.5. Shear strength of LNA adhesives 

Analysis of the shear strength results revealed the usual behaviour of 

adhesive curing process in this type of test [20]. A first stage where a delay 

in the development of the bond strength is observed, which is related with 

the loss of energy caused by the evaporation of the water in the sample. The 

second zone, almost linear, corresponds to the process of elongation and 

crosslinking of the chains during the curing process [21]. The last stage is a 

zone where the shear strength can increase or decrease depending on the 

behaviour of the adhesive with respect to temperature and/or humidity [22]. 

Similar maximum values were obtained in all cases, although they were 

achieved at different retention times. Thus, the maximum shear strength for 

LNAEOPECG and LNAPOPECG were obtained at a pressing time of 480 s, being the 

highest value for LNAPOPECG 1.38 MPa and 1.13 MPa for LNAPOPECG. On the 

other hand, the maximum shear strength values for LNAEOPE and LNAPOPE 
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were 1.25 MPa and 1.33 MPa respectively and were reached at a pressing 

time of 360 s. 

To improve both the adhesion and crosslinking properties of the NIPUs, a 

silane coupling agent (3-aminopropyltrimethoxysilane) (APTMS) was added. 

The silane coupling agent acts by hydrolysing rapidly in basic aqueous media 

forming silanol and methanol as residue. These hydrolysed molecules tend 

to condense with adjacent silanol molecules forming oligomers. Then the OH 

groups of the oligomers form H-bonds with the OH groups of the surface and 

finally during the curing process covalent bonds are formed, leaving the 

amino group free to form covalent bonds or physical interactions with other 

groups [23]. This amino group can interact via H-bonds with the NH groups 

of urethane and urea groups as well as with the amino-terminal groups of the 

NIPUs increasing the amount of H-bonded groups [4]. The coupling agent 

was added at different molar ratios (5, 15 and 25%) with respect the IOH of 

the bio-polyols, assuming that all of them reacted to form urethane and urea 

bonds. Once the coupling agent was added, the samples were magnetically 

stirred for 24 hours, and then the shear strength was determined, and the 

results are represented in Figure P5.6. Additionally, to characterise them, the 

different LNAs with the silane coupling agent (CLNA) were cured at 120 °C 

employing an aluminium mould. 

As expected, the higher the APTMS concentration, the higher the shear 

strength. Nevertheless, in the CLNAPOPECG formulations, better results were 

obtained with an APTMS concentration of 15%. Thus, in CLNAEOPE 

formulation, the maximum shear strength value was obtained with the 

addition of 25% APTMS (3.90 MPa) and a pressing time of 300 s. At the same 

pressing time but with 15% APTMS the value was slightly lower (3.68 MPa) 

while with 5% the maximum value (2.25 MPa) was obtained at the maximum 

pressing time. In the CLNAEOPECG formulation a maximum value of 3.41 MPa 



Synthesis of polyurethane and non-isocyanate polyurethane wood adhesives 

195 

 

was reached at 25% APTMS (240 s) while adding 15 and 5% the maximum 

shear strength values, 2.70 MPa and 1.93 MPa, were achieved at 360 s.  

The addition of 25% of APTMS in the CLNAPOPE formulation reached a 

maximum shear strength value of 3.21 MPa at 600 s, 2.68 MPa at 480 s with 

the addition of 15% and 1.49 MPa at 360s with 5%. Finally, as mentioned 

above, for the CLNAPOPECG formulation the highest values were obtained when 

15% APTMS was added. In this case the maximum shear strength (3.50 MPa) 

was obtained at a pressing time of 240 s as in the formulation with 5% (2.46 

MPa), while by adding 25% APTMS the maximum value (3.20 MPa) was 

attained at 480 s. Considering the pressing time used as a reference (120 s), 

it was observed that except for the CLNAEOPE formulation, an increase from 

15% to 25% of APTMS would not be justified since very similar shear 

strength values were obtained.  

These results were significantly lower than those obtained by Saražin et al., 

(2021) [3] using organosolv lignin to synthesise a NIPU adhesive. However, 

in this study an epoxy-based silane coupling agent was used, which can 

create C-N bonds with the amino-terminal groups facilitating the curing 

process; moreover, higher curing temperatures were used. Thus, they 

obtained a lignin based NIPU adhesive with a shear strength above 7 MPa 

adding 22% of coupling agent and using a curing temperature of 200 °C and 

10 min of pressing time. Chen et al., (2022) [2] synthesised a NIPU wood 

adhesive by reacting mimosa tannins with DMC, HDMA and glycerol 

diglycidyl ether obtaining a maximum shear strength value around 1.4-1.5 

MPa. Therefore, the following formulations were selected as optimal: 

CLNAEOPE with 25% of APTMS (CLNAEOPE-25), CLNAEOPE-15, CLNAPOPE-15 and 

CLNAPOPECG-15, in the latter three 15% APTMS was used. 
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Figure P5.6. Shear strength of different CLNA. a) CLNAEOPE; b) CLNAEOPECG; c) CLNAPOPE; d) 
CLNAPOPECG 

2.2. Characterisation of the synthesised lignin based non-isocyanate 

polyurethane adhesives with silane coupling agent 

The optimised CLNA formulations were characterised through ATR-FTIR to 

determine their chemical structure as well as to analyse the microphase 

structure. In addition, through TGA, the thermal stability of the samples was 

studied and using the isoconversional methods of OFW and KAS, described 

in Appendix II, the Ea, A and a lifetime estimation of each system was 

determined. Unfortunately, in this case the molecular weight of the samples 

could not be determined as they were insoluble in the mobile phase used.   

The chemical structure of CLNAs is compared with LNAs and the obtained 

ATR-FTIR spectra are shown in Figure P5.7. Few differences could be 

observed between the chemical structure of CLNA and LNA samples. 

However, there were some signals that indicated the incorporation of the 

a b

c d



Synthesis of polyurethane and non-isocyanate polyurethane wood adhesives 

197 

 

APTMS.  One of them was the appearance, in all cases, of a signal at 

wavenumber 694 cm-1 corresponding to the C-Si-C vibration [24]. On the 

other hand, it was observed that the signal related to the H-bonded urea 

increased as a possible consequence of the reaction between the terminal 

carbonate groups and the amino groups of the APTMS. The band at 1100 cm-

1 assigned to the Si-O-C bond [25] was more pronounced. In addition, around 

805 cm-1 wavenumber a small band shoulder which was not visible in 

CLNAPOPE-15appeared. This band is related to the Si-O-Si deformation 

vibration [26] of the oligomers formed through the condensation of the 

APTMS molecules.  

 

Figure P5.7. ATR-FTIR spectra of CLNA and LNA samples. 

The analysis of the carbonyl region (1750-1640 cm-1) is depicted in Figure 

P5.8. The spectra were fitted through Gaussian method and a good fit was 

obtained with R2 values which were above 0.999 in all cases. In Table P5.6 

the percentages of the carbonyl and urea species presented. 
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Table P5.6. Percentage of carbonyl and urea species in cured CLNAs 

 T (°C) HSt(%) A B C D 

CLNAEOPE-25 120 30.379 11.156 41.488 35.830 11.525 

CLNAEOPECG-15 120 28.045 17.608 52.516 15.493 14.382 

CLNAPOPE-15 120 31.112 11.925 58.385 27.272 1.996 

CLNAPOPECG-15 120 26.581 24.409 27.599 35.250 12.742 
A:1723-1711 cm-1 Free urethane C=O in Hard Segment  
B:1701-1691 cm-1 H-bonded C=O urethane in disordered Hard Segment 
C:1675-1654 cm-1 H-bonded urea in disordered Hard Segment 
D:1644-1630 cm-1 H-bonded urea in ordered Hard Segment 

 

 

Figure P5.8. ATR-FTIR spectra of the absorbance region of the carbonyl group of the different 
CLNAs cured at 120 °C. a) CLNAEOPE-25; b) CLNAEOPECG-15; c) CLNAPOPE-15; d) CLNAPOPECG-15 

When comparing the carbonyl and urea species of the samples with the 

APTMS coupling agent (Table P5.6 and Figure P5.7) and those obtained 

without the APTMS (Table P5.4 and Figure P5.4), is evident that the 

percentage of H-bonded urea group in both ordered and disordered HS 

increased considerably despite the decrease of the H-bonded urethane CO. 

a b

c d
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This could be because the H-bond between the urea groups were promoted 

by the addition of the coupling agent. On the one hand, the higher increase of 

H-bond urea group in the CLNAEOPE-25 sample compared to the other samples 

was expected due to the higher amount of APTMS used. On the other hand, 

among the samples in which 15% of APTMS was used, the sample CLNAPOPECG-

15 surprisingly showed a much higher increase than the other two, achieving 

a slightly higher amount of H-bond urea group than those obtained by 

CLNAEOPE-25. It was also worth noting that the samples synthesised with CG 

showed an increase in free urethane groups. 

Table P5.7. Relevant parameters for the determination of microphase separation in CLNs 

 T (°C) z XHB WH MPW SPW HSW 

CLNAEOPE-25 120 0.304 0.869 0.054 0.016 0.713 0.287 

CLNAEOPECG-15 120 0.280 0.796 0.074 0.021 0.740 0.260 

CLNAPOPE-15 120 0.311 0.860 0.060 0.019 0.707 0.293 

CLNAPOPECG-15 120 0.266 0.721 0.092 0.024 0.759 0.241 

z is the HSt fraction 

Because of the decrease in H-bonded urethane CO groups in CLNAEOPECG-15 

and CLNAPOPECG-15, an increase in the miscibility between the microphases 

was observed. On the contrary, since both H-bonded urethane and urea 

groups increased in CLNAEOPE-25 and CLNAPOPE-15 samples, the mass fraction 

of HS mixed in SS decreased slightly with respect to the samples without 

APTMS as can be seen in Table P5.7.  This microphase configuration affected 

the adhesion behaviour of the samples. A greater phase separation between 

HS and SS usually improves the material behaviour, as was the case with 

sample CLNAEOPE-25, which obtained the highest shear strength value. 

However, the second-best result was not obtained with CLNAPOPE-15, as 

expected, but was obtained with the sample with the least phase separation. 

Thus, CLNAPOPECG-15 with lower amount of APTMS obtained a maximum value 

only 0.4 MPa lower than the one obtained by CLNAEOPE-25. Furthermore, this 
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value was obtained using a shorter pressing time. Therefore, it can be 

concluded that a higher amount of urea groups helped favourably in the 

adhesion properties of the synthesised NIPUs. 

The thermal stability of the formulated CLNAs was studied through TGA. 

Figure P5.9 shows the TGA and DTG curves obtained for each sample, which 

indicates that there were three main degradation zones besides the moisture 

evaporation zone (30-120 °C). 

 

Figure P5. 9. TGA and DTG curves of the synthesised CLNAs 

The first degradation zone (150-280 °C) is associated with the following 

events: the cleavage of H-bonded urethane and urea groups [27], the 

cleavage of unstable β-O-4, α-O-4 and 4-O-5 ether bonds of lignin [28] and 

the presence of unreacted HDMA [2], which boiling point is 204 ºC. The mass 

loss zone between 280-380 °C is related with the degradation of the soft 

segment [29] (bio-polyol) and it was the area with the highest mass loss, 

except in the case of CLNAEOPE-25. The last degradation area (380-580 °C) is 

TGA

CLNAEOPE

CLNAEOPECG
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attributed to the cleavage of covalent C-C [30], the aromatic rings of lignin 

[31] as well as the degradation of APTMS [32]. The degradation of the latter 

takes place in two stages, the first between 380-450 °C, corresponding to the 

intercalated silane and the second between 450-550 °C, belonging to grafted 

silane [33]. Depending on the sample and thus on the amount of APTMS used, 

the final residue was different. Therefore, an increase of APTMS was reflected 

in an increase in the final residue. 

Employing OFW and KAS isoconversional methods, which are described in 

Appendix II, and using different heating rates (1, 2, 5 and 10 ºC/min) the Ea 

and the pre-exponential factor (A) of the synthesised CLNAs was calculated. 

Both, Ea and A, were calculated from the slope and intercept of the plots of 

 ln(𝛽) and ln (
𝛽

𝑇𝑝
2) versus 1000/Tp where the conversion rates (α) from 5% 

to 90% for each system were plotted.  

The most commonly used isoconversional method, since it is not necessary 

to know the reaction order, is the OFW method [34]. Nevertheless, a second 

method (KAS) was employed to validate the model. In both cases, a linear fit 

must be obtained for the model to be applicable [35]. In Figure P5.10 a-d and 

P5.10 e-f, the fitted plots of the CLNAs using OFW and KAS methods are 

outlined, and the obtained R2 determination coefficients and Ea of each CLNA 

are summarised in Table P5.8 (OFW) and Table P5.9 (KAS). Through OFW 

methods the pre-exponential factor was obtained for every conversion rate 

to make an estimation of the half-life of the polymer. This estimation was 

carried out using the OFW method. 
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Figure P5.10. (a-d) OFW plots of ln(β) vs. 1000/TP and (e-h) KAS plots of ln(β/T2P) vs. 1000/TP 
for different conversion values of CLNAEOPE-25 (a-e), CLNAEOPECG-15 (b-f), CLNAPOPE-15 (c-g) and 
CLNAPOPECG-15(d-h) 

a

b

c

d

e

f

g

h
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As mentioned above, OFW and KAS methods must fit a linear regression, 

furthermore, as shown in Figure P5.10 the lines must follow a parallel trend 

to each other. Therefore, since both conditions are fulfilled, it can be 

concluded that the selected models were correct. 

In addition, the R2 determination coefficients reported in Tables P5.8 and 

P5.9 reveal a good fit of the regressions. Moreover, as it can be observed, the 

Ea values obtained by the two methods were very similar, which confirms the 

good selection of the methods.  

The dependence of the Ea with respect to the conversion degree is different 

in each case as can be seen in Tables P5.8 and P5.9 and Figure P5.11. Thus, 

for a α of 5%, the sample CLNAPOPECG-15 showed the highest value, followed by 

CLNAEOPE-25, CLNAPOPE-15 and CLNAEOPECG-15.  

Table P5.8. Activation energies (Ea) (KJ/mol) and correlation coefficients of the linear 
regression of the PU samples for the decomposition obtained through OFW method 

 CLNAEOPE-25 CLNAEOPECG-15 CLNAPOPE-15 CLNAPOPECG-15 

α R2 Ea R2 Ea R2 Ea R2 Ea 

0.05 0.998 100.1 0.9842 87.3 0.9413 90.7 0.9982 126.2 

0.1 0.992 91.2 0.9877 93.9 0.9492 90.1 0.9909 142.6 

0.2 0.983 93.9 0.9542 102.7 0.9487 99.4 0.9850 158.4 

0.3 0.9918 120.3 0.9552 126.8 0.9589 118.6 0.9953 164.3 

0.4 0.9823 113.5 0.9750 153.2 0.9792 137.0 0.9901 161.0 

0.5 0.9908 134.2 0.9586 161.0 0.9840 154.3 0.9889 157.1 

0.6 0.9903 161.0 0.9496 173.4 0.9692 157.1 0.9590 141.2 

0.7 0.9832 173.3 0.9770 203.9 0.9134 173.4 0.9643 154.4 

0.8 0.9731 183.7 0.9674 232.0 0.9697 223.8 0.9801 184.9 

0.9 0.9806 211.0 0.9393 276.3 0.9451 341.8 0.9999 264.0 
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Table P5.9. Activation energies (Ea) (KJ/mol) and correlation coefficients of the linear 
regression of the PU samples for the decomposition obtained through KAS method 

 CLNAEOPE-25 CLNAEOPECG-15 CLNAPOPE-15 CLNAPOPECG-15 

α R2 Ea R2 Ea R2 Ea R2 Ea 

0.05 0.9976 97.4 0.9813 83.9 0.9308 87.4 0.9979 124.7 

0.1 0.9902 86.6 0.9854 90.5 0.9395 86.4 0.9897 134.2 

0.2 0.9791 89.7 0.9464 99.2 0.9393 95.6 0.9831 149.5 

0.3 0.9904 116.8 0.9486 124.0 0.9523 115.4 0.9947 154.9 

0.4 0.9786 109.2 0.9718 151.4 0.9761 134.5 0.9889 151.3 

0.5 039891 130.3 0.9535 159.3 0.9819 152.4 0.9876 147.2 

0.6 0.9888 158.1 0.9437 171.8 0.9651 155.1 0.9530 130.9 

0.7 0.9807 170.7 0.9747 203.5 0.9034 171.7 0.9594 143.6 

0.8 0.9694 181.2 0.9643 232.7 0.9666 224.3 0.9776 173.7 

0.9 0.9781 209.3 0.9344 278.6 0.9415 347.8 0.9998 252.1 

 

 

Figure P5.11. Ea vs. α of different CLNAs calculated with OFW method. 

As the conversion degree increased, different behaviour was observed in the 

samples, in this way, the Ea of CLNAEOPE-25 decreased at 10% of conversion 

and increased again until reach a maximum value of 211.0KJ/mol at 90% of 

conversion. The tendency for the CLNAEOPECG-15 as well as for CLNAPOPE-15 was 
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to increase with the degree of conversion. Finally, Ea increased in CLNAPOPECG-

15 until it reached a value of 161.0 KJ/mol at 40% of conversion, thereafter it 

decreased progressively up to 60% of conversion and increased again until 

it reached a final value of 264.0 KJ/mol. These different behaviours, as well 

as the differences in Ea with increasing the conversion rate, indicates that the 

decomposition process throughout the reaction did not follow the same 

reaction mechanism, as Ea is a function of α. This could be explained by the 

different nature of the bio-polyols, the different amount of H-bonded 

urethane and urea groups presented in the samples as well as the interaction 

of APTMS with them.  

Furthermore, as can be seen at 5% degradation the highest Ea values 

corresponds to the samples with the highest content of H-bonded urea 

groups (CLNAPOPECG-15 and CLNAEOPE-25), since the stability of the urea groups 

is greater than that of the urethane groups [36]. Therefore, the greater the 

urea groups, the greater the stability of the NIPU. On the other hand, 

comparing CLNAEOPECG-15 and CLNAPOPE-15 samples with similar urea and 

urethane groups, it was observed that the obtained Ea values were very 

similar, though slightly lower for CLNAEOPECG-15 due to the lower amount of H-

bonded groups. 

In Table P5.10 the A values calculated with OFW method are summarised. As 

this factor refers to the availability of chemical groups that would be 

susceptible to degrade [35], a higher value indicates a higher resistance to 

degradation.  
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Table P5.10. A (min-1) of the CLNA samples obtained through OFW method 

 A (min-1) 

α CLNAEOPE-15 CLNAEOPECG-15 CLNAPOPE-15 CLNAPOPECG-15 

0.05 1.2E+09 3.5E+07 6.2E+07 5.1E+11 

0.1 7.7E+07 1.4E+08 4.2E+07 2.8E+12 

0.2 3.3E+07 5.4E+08 1.9E+08 2.7E+13 

0.3 3.5E+09 3.8E+10 6.2E+09 1.9E+13 

0.4 3.8E+08 3.9E+12 1.7E+11 4.1E+12 

0.5 6.8E+09 8.9E+12 3.9E+12 1.1E+12 

0.6 4.5E+11 2.6E+13 3.9E+12 2.7E+10 

0.7 2.0E+12 2.7E+15 3.2E+13 1.2E+11 

0.8 5.0E+12 1.4E+17 1.1E+17 1.0E+13 

0.9 1.0E+14 3.2E+19 1.2E+25 1.0E+18 

As it was expected, the A values followed the same trend as the Ea values. As 

mentioned above, the pre-exponential factor is used to estimate the lifetime 

of the polymer through OFW method and is usually carried out at 5% of 

conversion [37]. Therefore, the polymers with the highest expected lifetime 

those with the highest A value at a α=5%, i.e., CLNAPOPECG-15 > CLNAEOPE-25 > 

CLNAPOPE-15 > CLNAEOPECG-15. 

The lifetime versus temperature of the formulated CLNAs is represented in 

Figure P5.12. 

 

Figure P5.12. Lifetime estimation of a) CLNAEOPE-25; b) CLNAEOPECG-15; c) CLNAPOPE-15; d) 
CLNAPOPECG-15 

a

b c

d
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Accordingly, with the higher values of A, the lifetime of the polymers was as 

follows from highest to lowest CLNAPOPECG-15 > CLNAEOPE-25 > CLNAPOPE-15 > 

CLNAEOPECG-15. In all cases the degradation of the CLNAs increases rapidly with 

increasing temperature. Thus, above 40ºC the lifetime decreases sharply 

from years to days in all cases except CLNAPOPECG-15. However, it should be 

noted that these results were obtained from degrading the CLNAs in an inert 

atmosphere (N2) and that oxidising atmosphere the polymers will degrade 

differently. 

3. CONCLUSIONS 

Four different NIPU adhesives were synthesised, characterised, and 

subjected to adhesion test employing an ABES with poor results between 

1.13-1.38 MPa. To improve the adhesion properties, a coupling agent 

(APTMS) was employed in different amounts and the optimal formulations 

(CLNAEOPE-25, CLNAEOPECG-15, CLNAPOPE-15 and CLNAPOPECG-15) were selected 

based on the shear strengths obtained at a pressing time of 120 s. A kinetic 

degradation study was carried out employing the isoconversional OFW and 

KAS methods and the Ea, A and half-life of the selected CLNAs were 

determined. From the obtained Ea values, it was concluded that the 

degradation mechanisms were different in each sample, leading to the 

following order of stability of the CLNAs: CLNAPOPECG-15 > CLNAEOPE-25 > 

CLNAPOPE-15 > CLNAEOPECG-15. 
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CONCLUSIONS 

As a general conclusion, lignin from Eucalyptus globulus and Pinus radiata 

can be valorised to synthesise bio-polyols through microwave irradiation 

technology by using liquefaction reaction with PEG and Gly or CG. 

Furthermore, the process could be scalable without significant variations in 

the characteristics of the bio-polyols. The formulated polyurethane 

adhesives for wood application with isocyanate and without isocyanate 

showed high shear strength and high stability against degradation. 

Therefore, it was concluded that the synthesised wood adhesives could be an 

alternative to be considered in the wood industry. 

In addition, the following specific conclusions were obtained for each 

Publication. 

• Publication I: It was demonstrated the possibility to valorise the 

residual aqueous phase produced as residue during the lignin 

precipitation process to obtain bio-polyols. These bio-polyols 

exhibited low molecular weights and high IOH values, characteristics 

that make them suitable for the manufacture of PUs. Nevertheless, 

due to the low yield obtained, no PUs were synthesised in this work. 

• Publication II: By means of a Box Behnken experimental design and 

using the response surface methodology, the reaction conditions to 

synthesise different types of bio-polyols were optimised. The 

experimental design was carried out employing microwave radiation 

technology and showed a good fit achieving determination 

coefficients (R2) above 0.97. In addition, the good fit of the model was 

confirmed by Fisher’s F-test. Thus, using the lignins obtained in the 

Publication I, bio-polyols with the required characteristics to 

formulate rigid and elastic PUs were obtained. 



4th Part 

218 

 

• Publication III: Using the reaction conditions optimised in 

Publication II, and following the same methodology, it was 

determined that it is possible to substitute technical grade glycerol 

with an unrefined crude glycerol from used vegetable cooking oil in 

the lignin liquefaction process. However, some differences from 

those obtained in Publication II were observed, e.g., lower yields and 

lower IOH due to the lower amount of glycerol in the sample. 

Nevertheless, despite these differences, the obtained bio-polyols 

exhibited the required characteristics for PU synthesis. 

• Publication IV: In this work, a scale-up of the microwave 

liquefaction reaction was carried out, obtaining bio-polyols with very 

similar characteristics to those obtained in Publications II and III, 

demonstrating that the scale-up is possible. Furthermore, the 

applicability of the bio-polyols by synthesising PU wood adhesives 

was demonstrated. It was concluded that the best results were 

obtained with a NCO:OH ratio of 2.5:1. On the other hand, it was found 

that the nature of the lignin affects the microstructure of the PUs, 

producing a greater phase separation when using bio-polyols 

synthesised with lignin from Eucalyptus globulus, due to its higher 

steric hindrance. 

• Publication V: The synthesis of NIPUs wood adhesives by 

polycondensation reaction between lignin-based bio-polyols with 

DMC and HDMA was successful. However, the obtained shear 

strength values during the ABES test were unsatisfactory. Therefore, 

a silane-based coupling agent was employed to increase the 

crosslinking of the polymer and improve the shear strength values. 
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FUTURE WORKS 

Some possible research routes are proposed below that could complement 

the work presented here. 

• Synthesise of polyurethanes using the biopolyols obtained in 

Publication I. 

• Synthesise of polyurethane foams employing the biopolyols 

optimised in Publication II. 

• A Lyfe Cycle Analysis (LCA) of the routes followed in this work. 

• Substitution of the diamine used to produce the NIPUs in Publication 

V by a more environmentally friendly compound. 
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APPENDIX I. Procedure for black liquor characterisation 

I. pH determination 

The pH of Eucalyptus globulus and Pinus radiata organosolv black liquors was 

determined using a digital pH meter “CRISON basic 20” at room temperature. 

All measurements were carried out in triplicate. 

II. Density determination 

The density of the black liquors was measured gravimetrically by weighing a 

known volume of the black liquor. A pre-weighed, moisture-free volumetric 

flask was employed for this purpose. Triplicate measurements were carried 

out. 

III. Total Dissolved Solids (TDS) 

The determination of TDS in organosolv black liquors was performed in 

accordance with the procedure described in the LAP-012 standard of the 

National Renewable Energy Laboratory (NREL). This procedure consists of 

5.0 ± 0.01 g of the black liquors were weighted in a pre-weighed and 

moisture-free crucible. Then, the crucibles were introduced into an oven at 

105 ± 3 °C for 24 h. Afterwards, the crucibles were cooled in a desiccator and 

weighed until a constant weight was obtained. Finally, the TDS calculation 

was carried out using the Equation A.I.1. 

𝑇𝐷𝑆 (%) =
(𝑚𝑓−𝑚𝑖)

𝑚
× 100   Equation A.I.1 

where mf is the weight (g) of the crucible with the sample after 24 h in the 

oven, mi is the weight of the dry crucible (g) and m is the weight of the initial 

black liquor sample. 
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IV. Inorganic and Organic Matter (IM, OM) 

The IM of the black liquors was determined using an adapted procedure of 

the TAPPI T-211 om-93 standard.  

The crucible with the dry sample used in to calculate the TDS were burned in 

an oven at 525 °C for 3h. Then, the crucible was cooled in a desiccator and 

weighted until constant weight. The IM was determined using the Equation 

A.I.2. 

𝐼𝑀 (%) =
(𝑚𝑓−𝑚𝑖)

𝑚
× 100  Equation A.I.2 

where mf is the weight (g) of the crucible with the burned sample, mi is the 

weight of the dry crucible (g) and m is the weight of the initial black liquor 

sample. 

The OM was calculated as the difference between TDS and IM (Equation 

A.I.3). 

𝑂𝑀 (%) = 𝑇𝐷𝑆(%) − 𝐼𝑀(%)    Equation A.I.3 

V. Lignin content 

The lignin fraction dissolved in the black liquors was gravimetrically 

determined.  

Firstly, the lignin was precipitated from black liquors and filtered as 

described in section 2.2 of the 2nd PART. Afterwards, the solid lignin was 

dried in an oven at 50 ± 2°C. After drying, it was cooled in a desiccator and 

weighted until the weight was constant. The lignin concentration was 

determined employing the Equation A.I.4. 

    𝐿𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
(𝑚𝑓−𝑚𝑖)

(𝑉×𝜌)
× 100    Equation A.I.4 
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where mf is the weight (g) of the dried filter with lignin, mi is the weight of 

the dry filter (g), V is the liquid volume (mL) and ρ is the density of the liquid 

fraction (g/mL). 
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APPENDIX II. Procedure for bio-polyols and 

polyurethane characterisation 

I. Chemical composition  

The chemical composition of the bio-polyol which was obtained in 

Publication I was determined through Gas chromatography-Mass 

spectrometry analysis (GC-MS). The sample was dissolved in HPLC grade 

ethyl acetate in a metric flask. Then, the solution was injected into GC-MS 

instrument consisting of an Agilent GC (7890A) and a MS (5975C inert MSD 

with Triple-Axis Detector. The equipped capillary column was a HP-5MS 

((5%Phenyl)-methylpolysiloxane, 30m x 0.25mm) and Helium was used as 

gas carrier. The temperature program started at 50 °C; then, the temperature 

was increased to 120 °C at 8 °C/min and kept for 5 min. After that, the 

temperature was raised to 280 °C at 8°C/min, this temperature was held for 

10 min, finally the temperature was increased at 10°C/min to the final 

temperature of 300°C and maintained for 2 min. The calibration was carried 

out employing pure compounds provided by Sigma-Aldrich, viz. phenol, 

ortho, meta and para cresol, guaiacol, catechol, 3-methylcatechol, 4-

methylcatechol, 4-ethylcatechol, 3-methoxycatechol, syringol, 4-

hydroxybenzaldehyde, acetovanillone, veratrole, 4-hydroxybenzoic acid, 4-

hydroxy-3-methoxyphenylacetone, vanillin, vanillic acid, syringaldehyde, 

3,5-dimethoxy-4-hydroxyacetophenone and syringic acid. 

II. Chemical structure 

The chemical structure of the bio-polyols obtained in Publication I, as well 

as the lignin samples of Publication II and PUs and NIPUs of Publications IV 

and VI, were analysed through Attenuated Total Reflection-Fourier 

Transformed Infrared Spectroscopy (ATR-FTIR). A PerkinElmer Spectrum 

Two FTIR Spectrometer equipped with a Universal Attenuated Total 
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Reflectance accessory provided with an internal reflection diamond crystal 

was used. The scans (20) were collected in transmission mode with a 

resolution of 4 cm-1 from 4000-600 cm-1. 

Through ATR-FTIR spectra, the degree of separation and miscibility of the 

micro-phases of PUs were determined. The weight fraction of H-bonded 

urethane groups (XHB) was determined by the Equation A.II.1. 

𝑋𝐻𝐵 =
𝐴𝐻𝑏

𝐾′𝐴𝐹𝑐+𝐴𝐻𝑏
   Equation A.II.1 

Where XHB is the weight fraction of H-bonded urethane and urea groups, AHb 

is the absorbance of the H-bonded C=O urethane groups (1708-1704 cm-1, 

1697-1694 cm-1 and 1688-1686 cm-1) and urea groups (1675-1654 cm-1 and 

1644-1630 cm-1), AFc is the absorbance of free urethane C=O groups (1730-

1728 cm-1) and the constant value K’ which is the extinction coefficient 

between H-bonded and free urethane C=O.  

The maximum mass fraction of the rigid segment mixed in the soft phase 

(WH) was estimated using the Equation A.II.2. 

𝑊𝐻 =
(1−𝑋𝐻𝐵)×𝑧

[(1−𝑋𝐻𝐵)×𝑧+(1−𝑧)]
   Equation A.II.2 

Where z is the theoretical Hard Segment (HSt) fraction which was calculated 

with the Equation A.II.3.1 for MDI based PUs and Equation A.II.3.2 for NIPUs. 

𝐻𝑆𝑡 % =  
𝑛𝑀𝑀𝐷𝐼

(𝑛+1)𝑀𝑀𝐷𝐼+𝑀̅𝑛𝑃𝑜𝑙𝑦𝑜𝑙
× 100            Equation A.II.3.1 

𝐻𝑆𝑡 % =  
𝑛𝑀𝐷𝑀𝐶+𝑛𝑀𝐻𝐷𝑀𝐴

(𝑛+1)𝑀𝐷𝑀𝐶+ (𝑛+1)𝑀𝐻𝐷𝑀𝐴+𝑀̅𝑛𝑃𝑜𝑙𝑦𝑜𝑙
× 100            Equation A.II.3.2 
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Where MMDI, MDMC and MHDMA are the molecular weights of the MDI 

diisocyanate, DMC and HDMA, MnPolyol is the average number molecular 

weight of the bio-polyol (g/mol) and n is the number of mols. 

The weight fraction of the mixed phase (MPW), the soft segment weight 

fraction (SSW) and the hard segment weight fraction (HSW) was calculated 

through the Equations A.II.4, A.II.5 and A.II.6. 

𝑀𝑃𝑊 = 𝑧 × 𝑊𝐻    Equation A.II.4 

𝑆𝑆𝑤 = 𝑀𝑃𝑊 + (1 − 𝑧)   Equation A.II.5 

𝐻𝑆𝑤 = 1 − 𝑆𝑆𝑊   Equation A.II.6 

III. Molecular weight distribution 

The molecular weight distribution of lignin and bio-polyols samples was 

analysed to determine de molecular weight average (Mw) and molecular 

number average (Mn) as well as the polydispersity index (PI), expressed as 

(Mw/Mn), through Gel Permeation Chromatography (GPC). A Jasco 

chromatograph equipped with a LC Netll/ADC interface, two Varian Polymer 

Laboratories PolarGel-M (300 mm x 7.5 mm) columns in series, and a RI-

2031 Plus refractive index detector was employed. N,N-dimethylformamide 

(DMF) with 0.1% of lithium bromide was used as mobile phase employing a 

flow rate of 700 mm3/min and a temperature of 40 °C. Polystyrene standards, 

provided by Sigma Aldrich, with molecular weight from 266 to 70000 g/mol 

were used for the calibration curve. 

IV. Elemental analysis 

The elemental analysis was carried out employing a Leco TruSpec micro 

elemental analyser at 1050 °C. Both carrier gas (pure Helium 3X) and test gas 
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(extra pure Oxygen 4X) were supplied by Nippon Gases. The calibration was 

performed using Leco Sulfamethazine (C=51.78%; H=5.07%; S=11.5%). 

Triplicate assays were performed using 2 mg of sample. 

V. Hydroxyl number (IOH) and acid number (An) determination 

The IOH and the An, both defined as mg KOH/g of sample, of bio-polyols 

obtained in Publications I, II and III were determined using the ASTM 

D4274 [1] and ASTM D974 [2] standards methods, respectively. 

To carry out the measurement of the IOH trough the ASTM D4274 standard 

method 0.5-1 g of each bio-polyol was dissolved in 25 mL of a phthalation 

reagent formed by 115g of phthalic anhydride dissolved in 700 mL of 

pyridine. The solution was heated for 1 h at 115°C under reflux and constant 

stirring. When the reaction was finished, 50 mL of pyridine was poured 

through the condenser. Finally, the final solution was back titrated using a 

0.5 M NaOH dissolution. The IOH was calculated employing the Equation A.II.7. 

𝐼𝑂𝐻 =
(𝐵−𝐴)×𝑀 ×56.1

𝑤
 + 𝐴𝑛  Equation A.II.7 

Where B and A are the NaOH solution (mL) required for the titration of the 

blank and bio-polyol solutions, respectively. M is the NaOH molarity; W is the 

sample (g) and An is the acidic number of the sample. 

For the determination of the An of the samples, 0.4 g of each bio-polyols was 

dissolved in 50 mL of a dissolution composed by 1,4-dioxane:water (4:1 v/v) 

and then back titrated with a 0.1 M KOH solution in ethanol. The An was 

determined using the Equation A.II.8. 

   𝐴𝑛 =
(𝐶−𝐵)×𝑀 ×56.1

𝑤
     Equation A.II.8 
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Where C is the volume (mL) which was necessary for the titration of the KOH 

solution, B is the titration volume (mL) of the blank solution, M is the molarity 

of KOH dissolution, and w is the weight (g) of the bio-polyol to be analysed. 

Due to the dark colour of the lignin derived bio-polyols, it was not possible to 

perform a classical titration using phenolphthalein as indicator in the 

titration. Therefore, a potentiometric titration was carried out employing an 

Automatic 888 titrator (Titrando Metrohm) and Tiamo 2.5 software.  

VI. Rheological behaviour 

The rheological behaviour of the bio-polyols (Publications I, II and II) was 

studied by both oscillatory and rotational rheological test. The former was 

carried out to determine the storage modulus (G’) and loss modulus (G’’), 

while the latter were used to study the viscosity (𝜂) and shear stress (𝜏) as a 

function of the shear rate (𝛾̇).  

The measurements were carried out using a Haake viscotester IQ (Thermo 

Fisher Scientific) and a Rhemometric Scientific Advanced Rheometric 

Expansion System (ARES) as shown in Table A.II.1. Test were performed at 

room temperature and the geometry used varied depending on the analysed 

bio-polyol.  

Thus, in Publication I, for the measurement of both modulus and viscosity a 

parallel plate geometry with a diameter of 25 mm and 35 mm was employed 

respectively. The oscillatory test was carried out using a frequency sweep 

from 0.1 to 100 rad∙s-1 at a fixed strain of 10%. For the rotational test a shear 

rate sweep from 0.02 to 120 s-1 was used. 
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Table A.II.1. Different tests and equipments used for the rheological characterisation of bio-
polyols synthesised in Publications I, II and III  

 Rheometer 

ARES HAAKE 

Publication Oscillatory Rotational Oscillatory Rotational 

I  √ ꭙ ꭙ √ 

II and III ꭙ ꭙ √ √ 

 

In Publications II and III, both modulus and viscosity determinations were 

carried out using a coaxial cylinders geometry (CC 25 DIN/Ti adapter) with 

a piston radius of 12.54mm and a ring gap of 1 mm. In both cases the 

conditions employed in Publication I were used. 

The rotational test parameters were adjusted to the Power-Law equation 

(Equation A.II.9). 

                                                   𝜏 = 𝜅 ∙ 𝛾̇𝑛                   Equation A.II.9 

Where both n and  are adjustment parameters which depend on the nature 

of the fluid and the measurement conditions and have been called 

consistency index () and flow index (n). The former is related to the 

apparent viscosity of the fluid at a shear rate of 1s-1, presenting higher values 

as the viscosity of the sample increased [3], whereas the latter indicates the 

fluid's behaviour. Thus, the fluid is Newtonian if n=1, pseudoplastic when 

n<1 and dilatant for n>1. 

VII. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of bio-polyols (Publications I, II and III), and 

PU and NIPUs (Publications IV and V) was performed employing a 

TGA/SDTA RSI analyser 851 (Mettler Toledo). For the analysis of the samples 
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3-5 mg of bio-polyols were heated, under N2 atmosphere (10 mL∙ min-1), from 

25 °C to 800 °C using a heating rate of 10 °C∙min-1. 

VIII. Thermal degradation kinetic and lifetime estimation 

To obtain the thermal degradation kinetic as well as the lifetime estimation 

of the PUs and NIPUs of Publications IV and V, the same TGA and procedure 

described in the previous point was employed. However, in this case, four 

different heating rates were used (1, 2, 5 and 10 °C∙min-1). For the 

determination of the activation energy (Ea) two different methods were 

selected, namely, Ozawa-Flynn-Wall [4] (Equation A.II.10) and Kissinger-

Akahira-Sunose [5] (Equation A.II.11). 

Where β is the heating rate, Tp is the peak exothermic temperature at a 

certain heating rate. Ea is the activation energy, A is the pre-exponential 

factor, R is the universal gas constant and f(α) is a function determined by the 

mechanism.  

ln(𝛽) = 𝑙𝑛 (
𝐴𝐸𝑎

𝑅𝑓(𝛼)
) − 5.331 − 1.052

𝐸𝑎

𝑅𝑇𝑝
             Equation A.II.10 

 ln (
𝛽

𝑇𝑝
2) = 𝑙𝑛 (

𝐴𝑅

𝐸𝑎
) −

𝐸𝑎

𝑅𝑇𝑝
                          Equation A.II.11 

In both cases, the activation energy (Ea) and the preexponential factor 

(A)can be obtained from the slop and the intercept of the plots of ln(𝛽) and 

ln (
𝛽

𝑇𝑝
2) versus 1/Tp. 

The lifetime estimation of PUs and NIPUs were determined using the 

Ozawa’s method and was calculated using the Equation A.II.12. 

            ln 𝑡 =
𝐸

𝑅𝑇
+ ln [−

ln(1−𝛼)

𝐴
]                            Equation A.II.12 
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IX. Adhesion test of PUs and NIPUs with ABES 

The adhesion test of PU and NIPU adhesives (Publication IV and V) was 

assessed using an automated bonding evaluation system (ABES, Crovallis, 

OR, USA) at the Department of Wood Engineering, Polytechnic Institute of 

Viseu. Tests were carried out with beech (Fagus sylvatica) veneer strip with 

dimensions of 117 mm x 20 mm and 0.5mm thickness. 10 mg of the adhesive 

was applied and distributed over 5 mm of the edge of the beech veneer to 

cover a bonding area of 100 mm2. Then, the wood strip with adhesive and 

one without adhesive were placed in the ABES and tested at different 

pressing times at 120 °C. 
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I must not fear. Fear is the mind-killer. Fear is the little-death that brings 

total obliteration. I will face my fear. I will permit it to pass over me and 

through me. And when it has gone past I will turn the inner eye to see its 

path. Where the fear has gone there will be nothing. Only I will remain. 

Litany of Bene Gesserit against fear 

Frank Herbert, Dune 
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Due to a more environmentally conscious society and
increasingly restrictive laws, biomass valorisation is a
promising alternative to produce biofuels and chemicals which
are historically derived from the petrochemical industry.
Among the different types of biomass that are available,
lignocellulosic biomass is the most attractive one as it is
considered as an abundant, cheap and environmentally
friendly resource.
Among the different components of lignocellulosic biomass,
lignin is, due to its phenolic nature and its high functionality,
an ideal candidate for the development of biofuels and
biobased chemicals and materials. Moreover, lignin is an
available and cheap product, as it is generated as a byproduct
from pulp & paper industry. Some of the materials that can be
synthesised from lignin include plastics, membranes,
hydrogels, polyols and polyurethanes.


	Página en blanco
	Página en blanco

