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Abstract 

Nowadays, there is an urgent need to decrease our dependence on fossil 

resources and shift towards the use of renewable resources for advancing 

sustainable development. Utilizing renewable and bio-based raw materials, 

such as lignocellulosic biomass, for designing new materials is a promising 

approach to promote this objective. The main components of lignocellulosic 

biomass are cellulose, hemicellulose, and lignin. Lignin is the most abundant 

aromatic biopolymer in nature and it is produced on a large scale from 

chemical pulping processes as technical lignin. Lignin has the potential as a 

sustainable and renewable alternative to fossil-based aromatics in various 

applications, e.g. thermosetting resins.  

Technical lignin has a complex and heterogeneous structure, with a 

relatively low chemical reactivity. It is characterized by a high dispersity, the 

presence of various functional groups that are unevenly distributed along the 

lignin chains, and various interunit linkages between the monoaromatics. To 

overcome the challenges associated with lignin heterogeneity, technical 

lignin can be fractionated and/or chemically modified.  

In this work, LignoBoost Kraft lignin was used as a starting material to 

produce lignin-based thiol-ene thermosets. Firstly, lignin was fractionated 

using two approaches: 1) sequential solvent fractionation, and 2) microwave-

assisted extraction. These fractionation approaches enabled access to lignin 

fractions with unique and tunable properties. Subsequently, lignin was 

chemically modified, in particular through allylation. Two allylation reagents 

were used: allyl chloride and diallyl carbonate. The use of allyl chloride 

enables a selective allylation of the phenolic OH groups, leaving the aliphatic 

and carboxylic acid OH groups unmodified. On the other hand, diallyl 

carbonate can react with all the aforementioned OH groups, leading to a 

higher degree of allylation. Subsequently, allylated lignin was thermally 

cross-linked with various polyfunctional thiols, leading to thiol-ene 

thermosets. The structure-property relationships of the thermosets were 

investigated by varying several parameters, including the lignin source, 

fractionation approach, chemical modification, and thiol cross-linker. By 

adjusting these parameters, various thermosets with tunable mechanical and 

morphological properties were produced. Understanding the structure-

property relationships of these bio-based materials is crucial for identifying 

potential applications.



 

 

Sammanfattning 

Nuförtiden finns det ett akut behov av att minska vårt beroende av fossila 

resurser och övergå till användningen av förnybara resurser och därmed 

avancera den hållbara utvecklingen. Att använda förnybara och biobaserade 

råvaror, såsom lignocellulosabiomassa, för att designa nya material är ett 

lovande tillvägagångssätt för att uppnå detta mål. Huvudkomponenterna i 

lignocellulosabiomassa är cellulosa, hemicellulosa och lignin. Lignin är 

naturens vanligaste aromatiska biopolymer och den produceras i stor skala 

från kemiska massaprocesser som tekniskt lignin. Lignin kan fungera som ett 

hållbart och förnybart alternativ till fossilbaserade aromater i olika 

tillämpningar, t.ex. g. värmehärdande hartser. 

Tekniskt lignin har en komplex och heterogen struktur, med en relativt låg 

kemisk reaktivitet. Det kännetecknas av en hög dispersitet, närvaron av olika 

funktionella grupper som är ojämnt fördelade längs ligninkedjorna, och olika 

typer av enhetsbindningar mellan monoaromaterna. För att övervinna de 

utmaningar som är förknippade med ligninets heterogenitet kan lignin 

fraktioneras och/eller kemiskt modifieras. 

I detta arbete användes LignoBoost Kraft-lignin som utgångsmaterial för 

att tillverka ligninbaserade tiol-en-härdplaster. Först har lignin fraktionerats 

med hjälp av två olika metoder: 1) sekventiell lösningsmedelsfraktionering, 

och 2) mikrovågsassisterad extraktion. Dessa fraktioneringsmetoder gjorde 

det möjligt att erhålla ligninfraktioner med unika och skräddarsydda 

egenskaper. Därefter modifierades ligninet kemiskt genom allylering. Två 

allyleringsreagens användes: allylklorid och diallylkarbonat. Användningen 

av allylklorid möjliggör selektiv allylering av de fenoliska OH-grupperna, 

samtidigt som de alifatiska och karboxylsyra-OH-grupperna lämnas 

omodifierade. Diallylkarbonat kan å andra sidan reagera med alla de tidigare 

nämnda OH-grupperna, vilket leder till en högre grad av allylering. Därefter 

tvärbands härdades allylerat lignin termiskt med olika polyfunktionella 

tioler, för att ge härdplast med tiol-en-tvärbindingar. Struktur-

egenskapsförhållandena för härdplasterna undersöktes genom att variera 

flera parametrar, inklusive ligninkällan, fraktioneringsmetod, kemisk 

modifiering och tioltvärbindare. Genom att justera dessa parametrar 

producerades olika härdplaster med skräddarsydda mekaniska och 

morfologiska egenskaper. Att förstå relationerna mellan struktur och 

egenskaper av dessa biobaserade material är avgörande för att identifiera 

potentiella tillämpningar.
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1 Introduction 

1.1 Sustainable materials 

In 2015, the United Nations adopted 17 sustainable development goals 

(SDGs) as part of “The 2030 Agenda for Sustainable Development”. The SDGs 

are interconnected and aim to address the social, economic, and 

environmental challenges facing the world today.1 Sustainable development 

refers to the “development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs.”2 In 

order to achieve this, the use of nonrenewable finite fossil-based resources 

should be avoided. Also, the produced materials must have a reduced 

environmental impact, which involves minimizing their carbon footprint (the 

mass of CO2 released into the atmosphere per unit mass of produced 

material) and embodied energy (the energy required to produce one kg of 

usable material).3,4 It is also essential to consider the circularity principles 

when designing new materials. The focus should be on reusability, 

repurposing, upcycling, and recycling when creating new materials.5,6 

Forests are one of the largest natural resources that provide renewable raw 

materials. They also serve as a carbon sink by removing carbon dioxide (CO2) 

from the atmosphere and storing it within the trees and soil. This process 

helps to mitigate climate change.7 Forests are one of largest sources of 

lignocellulosic biomass, which is an excellent feedstock for sustainable 

energy and bio-based materials production. Lignocellulosic biomass is 

renewable, biodegradable, widely available, non-toxic, and generally cost-

effective.8 To achieve a sustainable development, besides the use of 

renewable feedstock, energy and water consumption in the production and 

processing processes should be minimized. The life cycle assessment of the 

obtained products needs to be considered as well. 

In this thesis, lignin-based thermosetting materials were produced and 

their structure-property relationships were investigated. This research topic 

correlates with several SDGs, particularly SDG 12, 13, 14, and 15. These SDGs 

aim to promote the use of renewable resources for materials design, thus 

mitigating the impact of global warming.1 In this thesis, benign and efficient 

processes (initiator-free, and low temperature reactions, renewable 

materials, solvents with low boiling point) were studied. 

The effective utilization of lignin can lead to significant advancements in 

achieving the SDGs and contribute to a more sustainable and circular 
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economy. However, in order to produce lignin-based materials that have little 

or no negative impact on the environment, certain considerations should be 

considered. For example, lignin isolation should be cost-efficient and result 

in lignin with consistent quality. Additionally, the materials should be 

designed while considering the principles of circularity. 

 

1.2 Thesis objectives and structure 

The valorization of lignin into new chemicals or materials is of high interest. 

Lignin is the most abundant aromatic renewable resource and it is produced 

in large quantities, as a by-product, from pulp and paper industries. Besides 

its great potential in replacing fossil-based chemicals, the use of lignin is 

challenging due to its complex chemical structure and heterogeneity.9,10 

Lignin’s native structure is impossible to preserve during the extraction 

conditions.  

In this thesis, fractionation, chemical modification, and thermally induced 

cross-linking reactions of technical lignin were investigated. The main 

objective was to produce lignin-based thermosets with tunable mechanical 

and morphological properties. An extensive study to understand how the 

structure-property relationships affects the properties of the thermosets was 

conducted.  

This thesis summarizes different lignin fractionation approaches, such as 

sequential solvent fractionation and microwave-extraction. Two different 

allylation reactions were investigated to give selectively allylated lignin and 

highly functionalized lignin fractions. Lignin-based thiol-ene thermosetting 

resins, with tunable properties, were produced. 

A schematic overview of the work presented in this thesis is shown in 

Figure 1. In all papers, lignin fractionation, chemical modification, and 

thermal cross-linking were discussed. In Paper I, the effect of different 

polyfunctional thiol cross-linkers was investigated while keeping the lignin 

component constant. Technical lignin was selectively allylated with allyl 

chloride. In Papers II and III, the role of the lignin source was studied. 

Softwood and hardwood technical lignins were sequentially solvent 

fractionated and functionalized using diallyl carbonate. In Paper IV, the role 

of the extraction procedure on the thermosets’ properties was elucidated. 

Various lignin fractions were extracted and chemically modified using a 

microwave-assisted process.   
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Figure 1. Schematic overview of the work presented in this thesis. In all 
studies LignoBoost Kraft lignin was used. 
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2 Background 

2.1 Lignin structure 

Wood is a natural composite material, mainly composed of cellulose, 

hemicellulose, and lignin. Lignin is an aromatic biopolymer that has multiple 

roles in plants, including structural function (giving rigidity and hardness to 

plant tissue), biological function (forms a defensive barrier against insects 

and fungi attacks), and water transport through the vascular tissues.11 Lignin 

is a heterogeneous biopolymer, with a three-dimensionally branched 

architecture and a complex chemical structure.  

The main building blocks of lignin are the hydroxy-cinnamyl alcohols: p-

coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 2).12,13 These 

monolignols vary by the number of methoxy substituents on the aromatic 

rings. Coniferyl alcohol contains one methoxy group, sinapyl alcohol contains 

two methoxy groups, and p-coumaryl alcohol does not contain any methoxy 

groups.14 These variations in monolignol structure influence the chemical 

structure of lignin and its properties. When incorporated into the lignin’s 

backbone, the three monolignols generate the H (p-hydroxyphenyl), G 

(guaiacyl), and S (syringyl) units (Figure 2).15-17 

 

 
 

Figure 2. Lignin main building blocks (with the numbering system) and the 

phenylpropanoid units. Adapted from ref. 13. 
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The amount of G, S, and H units in lignin can vary significantly depending 

on the plant source. The dicotyledonous angiosperm (hardwood) lignin is 

mainly composed of S and G units, with small amounts of H units. The 

gymnosperm (softwood) lignin is mostly composed of G units, with small 

amounts of H units. Lignin present in grasses (monocots) has comparable 

amounts of G and S units and a relatively higher content of H units.18 These 

units are randomly connected through C-O or C-C linkages, such as β-O-4’, β-

5’, β-1’, β-β’, 4-O-5’, or 5-5’ (Figure 3).15,19-21 The β-O-4’ linkage is most 

abundant linkage within the native lignin’s backbone and is relatively labile. 

The lignin interunit linkages can be studied by 2D NMR (nuclear magnetic 

resonance), and particularly HSQC (heteronuclear single quantum 

coherence).9 

 

 
 

Figure 3. Interunit linkages present within softwood lignin. Adapted from 

ref. 13,22. 

 

Lignin has various functional groups, such as hydroxyl, benzyl alcohol, 

carbonyl, and methoxy groups. The amount of hydroxyl functional groups 

affects lignin’s reactivity towards different chemical reactions during its 

biosynthesis. These groups can consist of phenolic OH (syringyl, guaiacyl, p-

hydroxyphenyl, or C5-substituted), aliphatic OH, or carboxylic acid OH groups 
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(Figure 4). These groups can be identified and quantified with 31P NMR 

following derivatization with an phosphorus reagent.23,24  

Various analytical techniques can be used to elucidate the molecular 

structure of lignin and its chemical properties.25-27 Nevertheless, lignin’s 

heterogeneity makes its characterization challenging. It is of high interest to 

improve the accuracy of the developed analytical methodologies to 

characterize lignin qualitatively and quantitatively. The exact structure of 

native lignin is still under investigation and remains a topic of high debate in 

the scientific community.  

 

 
 

Figure 4. Various hydroxyl (OH) groups present within lignin backbone. 

Adapted from ref. 23. 

 

The chemical structure of lignin enables the formation of multiple inter- 

and intramolecular interactions e.g. hydrogen bonds, CH-π bonds, and π-π 

stacking interactions. The β-O-4’ can generate folded structures, facilitating 

the formation of the π-π stacking interactions.28 These interactions influence 

lignin’s properties e.g. solubility/miscibility with a variety of solvents, its self-

assembly, superstructure formation, and morphology.9,29,30  

Understanding the relationships between the lignin structure, noncovalent 

interactions, and the resulting properties is essential for improving lignin 

extraction processes and its valorization.  
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2.2 Isolation of technical lignin 

Lignin extraction is the first step to be performed before its valorization, 

modification, or incorporation into materials. Lignin isolation from 

lignocellulosic biomass is highly challenging, due to the complex chemical 

interactions that occur between lignin and the other components, such as 

hemicellulose and cellulose. Lignin is produced on a large-scale by the pulp 

and paper industries, as a byproduct of pulp production.9 The most common 

methods for lignin isolation can be classified into two groups; sulfur-bearing 

processes (Kraft pulping and sulfite pulping, which are the most common 

methods) and sulfur-free (solvent pulping and soda pulping).15,31  

During the pulping or pretreatment processes, harsh conditions are 

applied, causing extensive chemical modification of lignin. This results in 

significant structural changes compared to the native structure. As a result, 

the distribution of previously mentioned interunit linkages is significantly 

altered, which further increases the heterogeneity and structural complexity 

of the extracted lignin.32  

 

2.2.1 Kraft pulping and LignoBoost process 

The Kraft process is dominant in the pulp and paper industries and is an 

important lignin supplier.15,33 During the Kraft process, wood chips are 

pretreated at temperatures up to 170 °C for 2 h in white liquor, i.e. an aqueous 

solution of NaOH (sodium hydroxide) and Na2S (sodium sulfide).34 During 

this process, lignin is partially depolymerized into smaller fractions, that are 

soluble in the alkali solution. Then, the white liquor transforms into a dark 

brown or black mixture, called black liquor. To recover the solubilized lignin, 

the LignoBoost process can be used. This process mainly uses CO2 to lower 

the pH of the black liquor, thus precipitating lignin.32 At lower pH, lignin is in 

its protonated form. After acidification, lignin is filtered, re-dispersed, 

washed, and dewatered.34,35 The LignoBoost process was implemented in 

Domtar’s pulp mill (USA) and in StoraEnso’s pulp mill (Finland).36  

The chemical structure of the recovered technical Kraft lignin is different 

from that of native lignin. Certain linkages, such as aryl-ether, are more 

sensitive to pulping process whereas condensed structure, such as 5-5’, are 

shown to be more resistant and may also be formed during Kraft pulping. 

Additionally, a significant number of new structures, such as 1-5’, enol ether, 
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and stilbenes, are formed.10,37 These structural differences should be 

considered when choosing a suitable valorization pathway. 

 

2.3 Fractionation of technical lignins 

Technical lignins are inherently heterogeneous, highly disperse, with a 

variety of functional groups that are unevenly distributed along the lignin 

chains. To address the technical challenges of lignin’s heterogeneity, several 

fractionation processes have been developed. Lignin fractionation processes 

can be classified into two main approaches solvent- and membrane-

mediated. 38-41 Solvent fractionation can be carried out in different ways, e.g. 

single-step extraction,42-44 sequential extraction,45,46 pH-dependent 

precipitation,47,48 and fractional precipitation.49  

Duval et. al. developed a sequential solvent fractionation method using only 

common industrial solvents (ethyl acetate, ethanol, methanol, and acetone).45 

This method enables to obtain homogeneous lignin fractions in terms of 

molecular weight and OH groups content.39,49 Therefore, lignin fractionation 

can reduce the related issues to its heterogeneity, thus opening new ways of 

lignin valorization.  

Another way to fractionate lignin is through the use of microwave-assisted 

extraction processes. These processes are characterized by fast heating rates 

and higher energy efficiency compared to traditional electrical heating.50 This 

extraction can be used to obtain narrow dispersity lignin fractions using 

solvents with relatively low boiling points, such as ethanol or methanol.51-53 

 

2.4 Chemical modification of technical lignins 

The reactivity of lignin can be enhanced by modifying its chemical 

structure. Chemical modification can be achieved in various ways, depending 

on the targeted applications. Lignin’s limited mechanical properties and 

thermal instability are limiting factors when considering its incorporation in 

high amounts for industrial applications.54 The four main methods for 

chemical modification of lignin are: 1) depolymerization, 2) generation of 

new active sites, 3) modification of hydroxyl groups, and 4) production of 

graft copolymers.54 From lignin depolymerization, chemicals, such as 

benzoquinone,55 phenol,56 and vanillin,57 can be obtained. Vanillin is 
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produced from lignin on an industrial scale and represents a good alternative 

to replace the fossil-based aromatic building blocks.58  

One way of introducing new active sites onto lignin backbone is by 

functionalizing the hydroxyl groups. Several reactions e.g. esterification,59 

etherification,60 or phenolation,61 have been investigated.54,62,63 

Reactive sites, such as allyl groups, provide new opportunities for lignin to 

be used in radical polymerization reactions. Allylation can be achieved in 

various ways using allyl chloride,64 allyl bromide65, diallyl carbonate,66 

acryloyl chloride,67 methacryloyl chloride,68 allyl alcohol,69 vinyl ethylene 

carbonate,70 or a two-step route using ethylene carbonate and acrylic acid.71 

Lignin can be selectively allylated, for example, at the phenolic OH groups64 

or highly functionalized, where all available OH groups can be fully or 

partially allylated.66 Allylated lignin can be used to produce thermosetting 

resins through thiol-ene chemistry.64,72  

 

2.5 Thermosetting resins 

Polymers can be classified into two categories; thermoplastics and 

thermosets. Thermosets are a type of polymeric material that form an 

irreversible chemical network through covalent cross-linking. These 

materials once cured cannot flow, be dissolved, be molded or melted with the 

same range of temperature. The curing process can be initiated through the 

application of heat or by addition of a chemical initiator. Thermosets have a 

strong and rigid 3D structure.73,74 The properties of the thermosetting resins 

are mainly dependent on the chemical structure of the components, their 

molecular weight, and the cross-link density. Their properties can be 

significantly varied by simply changing the cross-link density.75 These 

materials are commonly utilized in the production of epoxy adhesives and 

coatings, particularly in the construction and building industries. 

Thermosetting materials are also used for advanced applications in the 

aerospace and military industries.73 Nowadays, significant research is 

focused on replacing the fossil-based components of thermosetting resins 

with bio-based alternatives.74,76 
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2.5.1 Lignin-based thermosets 

Lignin’s aromatic backbone and the various OH groups make it a promising 

substitute for fossil-based aromatic components in the development of 

thermosetting materials. The aromatic backbone provides stiffness, rigidity, 

high thermal stability, and relatively high glass transition temperature (Tg). 

Lignin has been utilized in the development of three main categories of 

thermosetting materials as reviewed recently: polyurethanes,77 phenol-

formaldehyde resins,61 and epoxy resins.36,78 

Previous studies have demonstrated that by combining epoxidized lignin 

with various amines, it is possible to produce lignin-based thermosets with 

tunable mechanical properties. These thermosets showed a Tg between –50 

and 73 °C.79,80 

Producing lignin-based thermosets that are mechanically and chemically 

recyclable is a promising approach of research that aligns with the SDGs and 

the transition towards a sustainable future for material production and waste 

management. This could be achieved by producing lignin vitrimers, which are 

polymeric materials with dynamic covalent bonds.81-83 Degradable lignin-

based thermosets can also be produced by cross-linking lignin with silane 

coupling agent.84 

Thiol-ene thermosetting resins represent a promising class of lignin-based 

materials. Previously, thiol-ene thermosets were produced by using 

fractionated and selectively allylated lignin, with a lignin content ranging 

between 56 and 61 wt%. The curing reaction was thermally initiated and a 

trifunctional thiol cross-liker was employed. The resulting thermosets 

exhibited a Tg ranging from 44 to 103 °C. These thermosets had diverse 

nanoscale morphologies, which were corelated with the observed differences 

within the lignin fractions.36 In another study, thiol-ene thermosets were 

produced by cross-linking the maleimide-containing lignin derivatives with 

various thiols. These thermosets contained between 30 and 40 wt% lignin 

and had a Tg ranging between –20 and 20 °C.85 

 

2.5.2 Thiol-ene chemistry 

The thiol-ene reaction has been known for over 100 years and involves the 

addition of a thiol to an ene bond.86 These reactions can proceed under 

various conditions e.g. in the presence or absence of catalysts, in the presence 

of various solvents, at different temperatures, or in the presence of 
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air/oxygen/moisture (when the oxygen content is lower than the thiol 

content).87,88 

The thiol-ene reaction is typically initiated either photochemically or 

thermally. The mechanism of this reaction proceeds with the initiation step, 

followed by propagation, and lastly, termination. During the initiation step, 

the thiyl radical is formed under irradiation with a photoinitiator or by simple 

thermolysis of the S-H bond. The propagation step proceeds with the addition 

of a thiyl radical to the ene bond, generating a carbon-centered radical 

intermediate. Afterwards, the chain transfer to a second molecule of thiol take 

place, resulting in the generation of the thiol-ene product and the 

simultaneous formation of a new thiyl radical. The termination step involves 

the coupling of two radicals to form a covalent bond. The thiol-ene reaction 

is a step growth polymerization.87,89 The formed thioether bond is relatively 

flexible, which can result in materials with low Tg. This can limit the 

applications of the thiol-ene products. The Tg can be increased using rigid 

monomers (such as lignin), using highly functionalized cross-linkers, or by 

post-curing and therefore increasing the cross-link density.90 In this thesis, 

allylated lignin was mixed with tri-, tetra-, and hexafunctional thiols and 

thermally cured. The simplified reaction mechanism of allylated lignin with a 

thiol cross-linker is shown in Figure 5. 

 

 
 

Figure 5. Simplified thiol-ene reaction mechanism of allylated lignin and 
thiol-cross-linker. Adapted from ref. 90. 
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3 Experimental  

The most relevant materials used throughout this thesis and a brief 

description of the experimental methods and characterization techniques are 

reported in this chapter. Further details can be found in the appended papers. 

 

3.1 Materials 

LignoBoost Kraft Lignin: softwood lignin (SW, Picea Abies and Pinus 

Sylvestris) was kindly donated by Stora Enso and hardwood lignin (HW, 

Eucalyptus grandis) was extracted from kraft pulping liquor according to the 

LignoBoost technology. 

Solvents: ethyl acetate (EtOAc, ≥99%, VWR), ethanol (EtOH, ≥99.8%, VWR), 

methanol (MeOH, ≥99.8%, VWR), acetone (≥99.5%, VWR), cyclohexane 

(99.5%, Sigma-Aldrich), isopropanol (IPA, ≥99.9%, Sigma-Aldrich). 

Reagents: allyl chloride (AC, 98%, Sigma-Aldrich), diallyl carbonate (DAC, 

99%, Sigma-Aldrich). 

Thiol cross-linkers: trimethylolpropane tris(3-mercaptopropionate) 

(3TMP, ≥95%, Sigma-Aldrich), pentaerythritol tetrakis(3-

mercaptopropionate) (4PER, 95%, Bruno Bock Chemische Fabrik GmbH & 

Co.), dipentaerythritol hexakis-(3-mercaptopropionate) (6DPER, >93%, 

Tokyo Chemical Industry). 

Other chemicals: sodium hydroxide (NaOH, ≥98%, Sigma-Aldrich), 

tetrabutylammonium bromide (TBAB, 98%, Sigma-Aldrich), hydrochloric 

acid (HCl, 37%, VWR), magnesium sulfate (MgSO4, 99%, Thermo Scientific 

Chemicals), lithium hydroxide (LiOH, >98%, Sigma-Aldrich). Silicone molds 

were prepared with a silastic T-2 base/curing agent (10:1 w/w), which were 

obtained from Dow Corning. All other chemicals were of analytical grade and 

used as received from Sigma-Aldrich. 

 

3.2 Experimental methods 

3.2.1 Lignin purification (Papers I, II, III) 

The initial softwood (SW-Initial) and hardwood (HW-Initial) lignins were 

washed to remove impurities and to reduce the ash content. The washing step 

was done with 10, 20, and 35 g of lignin. Lignin samples were immersed in 



Experimental 

13 

deionized water and magnetically stirred for 2 h at 60 °C. The lignin to 

deionized water ratio was 1:20 (g/mL) in all cases. Subsequently, the lignin 

samples were filtered (sintered funnel, pore size 4) and the pH of the aqueous 

permeate was measured. This step was repeated until the pH of the aqueous 

permeate was above 5.5. The washed lignin samples were dried in the 

vacuum oven at 50 °C overnight to ensure a high dry content, which was 

assumed to be approximatively 95%.91 The recovery yields were calculated 

to be 93 ± 2% and 80 ± 1% for SW lignin and HW lignin, respectively. 

3.2.2 Sequential solvent fractionation (Papers I, II, III) 

The sequential solvent fractionation approach was used in order to obtain 

more homogeneous lignin fractions. Four common industrial solvents, 

including EtOAc, EtOH, MeOH, and acetone, were employed. Roughly 15 ± 5 g 

of the washed lignin (softwood/hardwood) was immersed in EtOAc and 

magnetically stirred at room temperature for 2.0–2.5 h. The lignin to solvent 

ratio was 1:10 (g/mL). Afterwards, the insoluble lignin was separated by 

filtration from the soluble mixture using filter paper grade 3 (Munktell). The 

EtOAc soluble lignin fraction was subsequently rotary evaporated and both 

the EtOAc soluble and insoluble lignin were dried in the vacuum oven at 50 

°C overnight. The dried EtOAc soluble fraction was redissolved in 

approximately 10 mL of acetone, precipitated in 200 mL of deionized water, 

and freeze-dried. The same extraction procedure was then applied to the 

recovered insoluble fraction with EtOH, MeOH, and acetone.45 

Four soluble fractions were obtained and denoted SW/HW-EtOAc, 

SW/HW-EtOH, SW/HW-MeOH, and SW/HW-Acetone. After solvent 

fractionation, the residual lignin was denoted SW/HW-Insoluble, because it 

was not soluble in the four solvents used. However, SW/HW-Insoluble 

fractions were soluble in dimethyl sulfoxide (DMSO) and a mixture of 

pyridine/N-N-dimethylformamide which enabled its characterization. A 

schematic representation of the sequential solvent fractionation is shown in 

Figure 6. 
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Figure 6. Simplified representation of the sequential solvent fractionation 

approach. Both softwood and hardwood lignin were used. In this scheme, 

only the softwood lignin is represented. Not to scale. 

 

3.2.3 Microwave-assisted extraction (Paper IV) 

The microwave solvent extraction approach was used to extract different 

lignin fractions from LignoBoost softwood Kraft lignin (SW-Initial). 2 g of 

softwood lignin (SW-Initial) was placed in each Teflon microwave vial (six 

vials in total) and 20 mL of isopropanol (IPA) was added to each vial. The 

closed vials were transferred to a microwave oven (model flexiWAVE, 

Milestone Inc.) and continuously magnetically stirred. The vials were heated 

to 80, 120, or 160 °C, with a ramping time of 20 min. After the samples 

reached the set temperature, the isotherm of 0 or 20 min was applied. 

Consequently, all samples were cooled to room temperature, over a period of 

10 min, and left in the microwave oven for another 10 min. For some samples, 

pressure built up inside the vials, which was not measured or monitored. The 

insoluble lignin was separated by vacuum filtration. The soluble lignin was 

rotary-evaporated. Both soluble and insoluble lignins were dried in the 
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vacuum oven for 4 days at 80 °C.51 The samples were denoted SW-IPA-

temperature (°C)-isotherm (20 min)-s(soluble)/i(insoluble). 

The extraction with IPA was performed by a conventional solvent 

extraction at room temperature (RT) for comparison. 2 g of softwood lignin 

(SW-Initial) were transferred to a beaker, and 20 mL of IPA was added. The 

mixture was magnetically stirred for 2.5 h at room temperature. Afterwards, 

the insoluble lignin was separated from the soluble mixture using a filter 

paper grade 3 (Munktell). The IPA soluble fraction was subsequently rotary 

evaporated and both the soluble (SW-IPA-RT-s) and insoluble (SW-IPA-RT-i) 

fractions were dried in the vacuum oven for at least 48 h at 80 °C. A summary 

of all recovered samples is presented in Table 1. 

 

Table 1. A summary of all retrieved fractions by conventional solvent 

extraction and/or by microwave-assisted extraction. For each measurement, 

2 g of softwood (SW) Kraft lignin were mixed with 20 mL of isopropanol 

(IPA). Adapted from ref. 92. 

Sample name 
Temperature 

(°C) 
Isotherm  
(20 min) 

Soluble/ 
insoluble 

SW-IPA-RT-s 
room 

temperature 
- s 

SW-IPA-80-s 80 No s 

SW-IPA-80-I-s 80 Yes s 

SW-IPA-120-s 120 No s 

SW-IPA-120-I-s 120 Yes s 

SW-IPA-160-s 160 No s 

SW-IPA-160-I-s 160 Yes s 

SW-IPA-RT-i 
room 

temperature 
- i 

SW-IPA-80-i 80 No i 

SW-IPA-80-I-i 80 Yes i 

SW-IPA-120-i 120 No i 

SW-IPA-120-I-i 120 Yes i 

SW-IPA-160-i 160 No i 

SW-IPA-160-I-i 160 Yes i 
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3.2.4 Allylation with allyl chloride (Paper I) 

The SW-EtOH lignin fraction was chosen for the selective allylation toward 

the phenolic OH groups. 1 g of SW-EtOH lignin fraction (≈4.6 mmol of 

different phenolic OH groups/g lignin) was added into a two-necked round-

bottom flask containing 55 mL of EtOH/NaOH (60:40, v/v) solution, which 

contained 1.4 mmol of NaOH. The mixture was magnetically stirred at 65 °C 

under reflux in an oil bath, until all lignin was dissolved. The second neck of 

the flask was sealed with a rubber septum. Then, allyl chloride (AC) was 

added dropwise to the mixture using a syringe. Allyl chloride and NaOH were 

used in excess (≈1.4 mmol for 1 mmol of different phenolic OH groups). The 

reaction mixture was magnetically stirred for 40 h at 65 °C. Afterwards, the 

reaction mixture was left to cool to room temperature, 50 mL of deionized 

water was added, and allylated lignin was precipitated by adding 0.1 M HCl 

dropwise. The allylated lignin was vacuum filtrated with Munktell filter paper 

grade 3 and washed several times with deionized water. The recovered lignin 

was redissolved in 15 mL of acetone, precipitated in 200 mL of deionized 

water, freeze-dried, and dried in the vacuum oven for at least 24 h at 50 

°C.64,91,93 The obtained powder was denoted AC-SW-EtOH. A simplified 

representation of the allylation reaction with AC is shown in Figure 7. 

 

 
 

Figure 7. Simplified representation of selective SW-EtOH allylation with allyl 

chloride, assuming that all phenolic OH were functionalized. Adapted from 

ref. 91. 

 

3.2.5 Allylation with diallyl carbonate (Papers II and III) 

The initial softwood and hardwood technical lignins, as well as all lignin 

fractions (obtained by sequential solvent fractionation approach), were 

highly functionalized using diallyl carbonate (DAC). 1 g of each of the different 

lignin samples (≈6.5 mmol of various OH groups/g lignin) was placed in 10 
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mL pressure vials. Roughly 2.8 g of DAC (3 eq/lignin OH groups) and ≈2.1 g 

of tetrabutylammonium bromide (TBAB, 1 eq/lignin OH groups) were added 

to the pressure vials. The vials were sealed and magnetically stirred at 120 °C 

for 5 h. Subsequently, the reaction mixtures were left to cool to room 

temperature, dissolved in EtOAc and transferred into separatory funnels. 

TBAB was recovered using liquid/liquid extraction (EtOAc/deionized water). 

The deionized water was rotary-evaporated and the recovered TBAB 

(calculated yields ≥85%.) was dried in the vacuum oven at 50 °C overnight. 

The organic phase was dried over MgSO4, filtered, concentrated to 5 mL using 

rotary-evaporation, and precipitated in 200 mL cold cyclohexane. The 

obtained allylated lignin was vacuum filtered with a Munktell filter paper 

grade 3, washed several times with cyclohexane, and dried in the vacuum 

oven for at least 24 h at 50 °C.66,94,95 The obtained allylated lignin samples 

were denoted DAC-SW/HW-Initial, DAC-SW/HW-Solvent (Solvent = EtOAc, 

EtOH, MeOH, Acetone), and DAC-SW/HW-Insoluble. A simplified 

representation of the allylation reaction with DAC is shown in Figure 8. 

 

 
 

Figure 8. Simplified representation of SW and HW lignin functionalization 

with diallyl carbonate, assuming that all phenolic and carboxylic acid OH 

groups were functionalized. Reprinted from ref. 95. 

 

The allylation reaction with DAC was performed also on SW-IPA-120-I-s 

samples in a microwave oven (model flexiWAVE, Milestone Inc.). Exactly the 

same amounts of reagents were used. Lignin sample, together with DAC and 

TBAB were placed in Teflon microwave vial and thoroughly mixed. The vial 

was closed and transferred to the microwave oven and continuously 

magnetically stirred. Afterwards, the vial was heated to 110 °C, with a 

ramping time of 5 min. After the sample reached the set temperature, the 

isotherm of 15 min was applied. Consequently, the sample was cooled to 

room temperature, over a period of 10 min, and left in the fume hood for 
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another 10 min. Some observable pressure built up inside the vials which was 

not measured or monitored. The lignin was recovered in the same way as 

mentioned previously. The allylated sample was denoted DAC-SW-IPA-120-

I-s. 

 

3.2.6 Decarboxylation of allylated lignin (Papers II and III) 

The decarboxylation reaction was performed to determine which chemical 

reaction (etherification, carboxyallylation, or esterification) took place at the 

different OH groups present on the technical lignin backbone. This reaction 

was done on DAC-SW/HW-Lignin (allylated samples obtained from initial 

softwood and hardwood lignin and on their retrieved fractions by sequential 

solvent fractionation). 0.1 g of SW and HW lignin (≈6.5 mmol of different OH 

groups/g lignin) were dissolved in 1 mL of tetrahydrofuran (THF). For 1 

mmol of the different OH, approximatively 100 mg of LiOH was added, which 

was firstly dissolved in 1 mL of deionized water. The reaction mixture was 

magnetically stirred at room temperature for one week. Afterwards, the 

decarboxylated lignin was precipitated by adding 1 M HCl (≈100 mL), filtered, 

and washed with extra HCl and deionized water. The recovered lignin was 

dried in the vacuum oven at 50 °C overnight.66,95 The obtained samples were 

denoted D-DAC-SW/HW-Initial, D-DAC-SW/HW-Solvent (solvent = EtOAc, 

EtOH, MeOH, Acetone), and D-DAC-SW/HW-Insoluble. The DAC-HW-MeOH 

and DAC-HW-Acetone were not measured. A simplified representation of the 

decarboxylation reaction is shown in Figure 9. 

 

 
 

Figure 9. Simplified representation of the decarboxylation reaction of SW 

and HW allylated lignin, assuming that all OH groups were chemically 

modified were the aliphatic OH groups were partially etherified and partially 

carboxyallylated. Reprinted from ref. 95. 
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3.2.7 Preparation of thiol-ene thermosets (Papers I, II, III, and 

IV) 

Allylated lignin samples (roughly 40 mg for each sample) were mixed with 

polyfunctional thiol cross-linkers (one at the time) and fully solubilized in 

150 mL of EtOAc in a vial. Various thiol cross-linkers, with different numbers 

of functional groups per molecule (three, four and six thiol groups), were 

used: trimethylolpropane tris(3-mercaptopropionate) (3TMP, three SH), 

pentaerythritol tetrakis(3-mercaptopropionate) (4PER, four SH), and 

dipentaerythritol hexakis-(3-mercaptopropionate) (6DPER, six SH). The 

molar ratio between the reactive groups (ene:thiol) was 1:1. The mixtures 

were poured into silicone molds and left in the fume hood overnight to allow 

solvent evaporation. Afterwards, the samples were cured in the oven at 125 

°C between 20–50 h. The free-standing samples were removed from the 

molds right after they were taken out of the oven.64,72,91,96 The approximate 

dimensions of the free-standing samples were 12 mm × 5.2 mm × 0.15 mm. 

The obtained lignin-based thermosets were denoted: T3/T4/T6-AC-SW-

EtOH, T3-DAC-SW/HW-Initial, T3-DAC-SW/HW-Solvent (Solvent = EtOAc, 

EtOH, MeOH, and Acetone), T3-DAC-SW/HW-Insoluble, and T3-DAC-SW-IPA-

120-I-s. T3, T4, and T6 indicate if a tri-, tetra-, or hexafunctional thiol was 

used. A simplified representation of the thermoset’s preparation is shown in 

Figure 10 and the thermosets composition is presented in Table 2. 

 

 
 

Figure 10. Allylated lignin was mixed with a thiol cross-linker and dissolved 

in EtOAc (1). The mixture was solvent casted (2) and cured in the oven at 125 

°C (3). Free-standing lignin-based thiol thermosets were obtained (4). 
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Table 2. The composition of lignin-based thermosets. The standard 

deviation for all samples was on average ± 1%. Adapted from ref. 91, 92, 95, 

and 96. 

 Sample name 
Allylated lignin  

(wt %) 
Thiol cross-linker  

(wt %) 

P
ap

er
 I

 T3-AC-SW-EtOH 66 34 

T4-AC-SW-EtOH 68 32 

T5-AC-SW-EtOH 67 33 

P
ap

er
 I

I 

T3-DAC-SW-Initial 53 47 

T3-DAC-SW-EtOAc 54 46 

T3-DAC-SW-EtOH 54 46 

T3-DAC-SW-MeOH 54 46 

T3-DAC-SW-Acetone 55 45 

T3-DAC-SW-Insoluble 58 42 

P
ap

er
 I

II
 

T3-DAC-HW-Initial 58 42 

T3-DAC-HW-EtOAc 56 44 

T3-DAC-HW-EtOH 58 42 

T3-DAC-HW-MeOH 57 43 

T3-DAC-HW-Acetone 60 40 

T3-DAC-HW-Insoluble 62 38 

P
ap

er
 

IV
 

T3-DAC-SW-IPA-120-I-s 55 45 

 

3.3 Characterization techniques 

Additional information about sample preparation, performed 

measurements, and equipment details can be found in the appended papers. 

 

3.3.1 Size-exclusion chromatography (SEC) 

Size exclusion chromatography was used to determine the molecular 

weight (number-average Mn, and weight-average Mw molecular weight) and 



Experimental 
 

21 
 

dispersity (Đ) of the lignin samples. For softwood lignin samples the 

measurements were performed on a SECcurity 1260 infinity GPC System 

equipped with a refractive index (RI) detector, a PSS GRAM precolumn, and 

two PSS GRAM separation columns (particle size 10 µm and pore size 100 and 

10000 Å), at 60 °C. For hardwood lignin samples the measurements were 

performed on a Tosoh EcoSEC HLC-8320 SEC system equipped with a three-

column system: PSS PFG Micro precolumn 100, 1000 and, 10000Å). The 

elution solvents were DMSO/lithium bromide (LiBr) solution (for softwood 

lignin samples) and HFIP (hexafluoro-2-propanol)/potassium 

trifluoroacetate (for hardwood lignin samples). The following internal 

standards were used: pullulan standards with a molecular weight range of 

0.342–708 kg mol–1 and methyl methacrylate standards with a molecular 

weight range of 102–981 kg mol–1. The SEC data should thus be considered 

as trends rather than absolute values, because of the lack 

of calibration standards with high structural similarity to technical lignin 

molecules. 

 

3.3.2 Nuclear magnetic resonance spectroscopy (NMR) 

The molecular chemical structure was studied by proton (1H NMR), 

phosphorus (31P NMR), and heteronuclear single quantum coherence (HSQC 

NMR) nuclear magnetic resonance spectroscopy. The measurements were 

performed on a Bruker Avance III HD 400 MHz instrument with a BBFO probe 

(equipment with a Z-gradient coil). The presence of allyl functionalities was 

identified by 1H NMR. The quantification of the different hydroxyl groups 

(aliphatic, phenolic, carboxylic acid), present in technical lignin, was done by 
31P NMR.23 The different hydroxyl groups were phosphitylated in the 

presence of an internal standard and then quantified. The integration regions 

used for lignin were: aliphatic OH (149.5–145.5 ppm), C5-substituted OH 

(144.7–140.1 ppm), guaiacyl OH (140.1–138.8 ppm), p-hydroxyphenyl OH 

(138.8–137.0 ppm), and carboxylic acid OH (136.0–133.6 ppm).23 The allyl 

content was also determined by 31P NMR by calculating the difference 

between the amount of the OH groups before and after allylation. The 1H-13C 

HSQC provided information about chemical shifts with correlation maps 

between directly bonded 1H and 13C nuclei thus enable the identification and 

semi-quantification of the main interunit linkages in lignin samples. The 

values of the interunit linkages are reported as the number of linkages per 
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100 aromatic units (%C9 aromatic units) The signals of unsubstituted C2/H2 

of the lignin aromatic groups was used as the internal standard.37  

  

3.3.3 Fourier transform infrared spectroscopy (FTIR) and real 

time FTIR (RT-FTIR) 

The chemical composition of lignin fractions and lignin-based thermosets 

was analyzed by FTIR. The measurements were performed on a PerkinElmer 

Spectrum 100 instrument equipped with a diamond crystal. The curing 

performance of the lignin-based thiol-ene thermosets was determined by 

monitoring the decrease of the absorption intensity of the thiol group signal 

(2607–2533 cm–1) using RT-FTIR. 97 

 

3.3.4 Differential scanning calorimetry (DSC) 

Thermal transitions of lignin samples were studied by DSC. The 

measurements were performed on a Mettler Toledo DSC1. The onset or 

midpoint of the second heating curve was taken as the glass transition 

temperature Tg. 

 

3.3.5 Thermogravimetric analysis (TGA) 

Thermal behavior of the lignin fractions and lignin-based thermosets was 

studied by TGA. The measurements were performed on a Mettler Toledo 

TGA/DSC1 instrument. The residual weight, as well as T5%, T50%, and Tmax 

were reported, which indicate the 5%, 50%, or maximum weight loss. 

 

3.3.6 Dynamic mechanical analysis (DMA) 

The viscoelastic properties of the lignin-based thermosets in tensile mode 

were investigated by DMA. The measurements were performed on a DMA 

Q800 instrument equipped with a clamp for tensile testing. The approximate 

dimensions of the free-standing samples were 12 mm × 5.2 mm × 0.15 mm. 

Storage modulus (E'), loss modulus (E''), and tan δ were continuously 

recorded as a function of temperature. Tg of the thermosets was reported as 

the maximum of tan δ. 
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3.3.7 Uniaxial tensile testing 

The tensile properties of the lignin-based thermosets were studied by 

uniaxial tensile testing. The measurements were performed on an Instron 

5944 instrument equipped with a 500 N cell. The approximate dimensions of 

the free-standing samples were 12 mm × 5.2 mm × 0.15 mm. Young’s 

modulus (E), elongation at break (εb), and stress at break (σb) were 

determined for different samples. 

 

3.3.8 Wide angle X-ray scattering (WAXS) 

Wide angle X-ray scattering measurements were performed in order to 

study the nanoscale morphology of the lignin fractions and lignin-based 

thermosets. All X-ray experiments were performed at the beamline P03 at 

PETRA III (Hamburg, Germany). From the intensity profiles in reciprocal 

space, the scattering vector q was calculated. From the peak position, of the 

scattering vector in reciprocal space, it was possible to calculate the so-called 

D-spacing (D = 2π/q). D gives information about the distances and sizes of 

repeating features within the analyzed samples in real-space. 
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4 Results and discussion 

This thesis explores how to produce lignin-based thiol-ene thermosets with 

tunable mechanical and morphological properties. An understanding of the 

structure-property relationships of these thermosets is needed in order to 

tailor their properties for specific applications. This chapter is divided into 

three sections and aims to discuss the foremost results. The first section 

focuses on the technical lignin extraction. Two extraction approaches were 

evaluated: sequential solvent fractionation (Paper I, II, III) and microwave-

assisted extraction (Paper IV). In the second section, lignin chemical 

modification was studied by employing allyl chloride (Paper I) and diallyl 

carbonate (Paper II, III, IV). In the last section, the lignin-based thermosets 

properties were discussed, focusing on the mechanical and morphological 

properties of the thermosets (Paper I, II, III, and IV). 

 

4.1 Lignin fractionation 

Technical lignins have a complex and heterogeneous structure, with a high 

dispersity and variable functional group distributions.98 Therefore, it is 

difficult to characterize technical lignin and also limits its application in 

polymer-based materials. In order to overcome the technical lignin 

heterogeneity issues, different lignin fractionation approaches were 

developed.40 In this thesis, two fractionation approaches were evaluated 

(sequential solvent fractionation45 and microwave-assisted extraction51). 

The molecular weight, dispersity, functional groups, chemical structure, 

thermal behavior, and nanoscale morphology of the lignin fractions were 

studied. 

 

4.1.1 Sequential solvent fractionation (Papers I, II, and III) 

A sequential solvent fractionation procedure was previously developed by 

Duval et al. in our laboratories.45 Four common industrially used solvents 

were studied: EtOAc, EtOH, MeOH, and acetone. Five lignin fractions 

(including the residual one) with tunable properties were retrieved. 

Softwood and hardwood LignoBoost Kraft lignins (which were firstly washed 
91,95,96) were used. The molecular weight distributions for the initial lignins 

and their fractions are shown in Figure 11. It was observed that the average 
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molecular weight of the soluble fractions increased from SW/HW-EtOAc to 

SW/HW-Insoluble. Simultaneously, the dispersity for the retrieved fractions 

was lower than the dispersity for the corresponding initial softwood or 

hardwood lignins. 

 

 
 

Figure 11. SEC overlay (used eluent: DMSO for softwood lignin samples and 

HFIP for hardwood lignin samples). Adapted from ref. 95 and 96. 

 

The yields of the solvent fractionation approach are shown in Table 3. The 

solubility of hardwood lignin was higher in the chosen solvents, specifically 

for EtOAc and EtOH. As a result, the content of the insoluble fraction for 

hardwood was 14 ± 1% and for softwood it was 34 ± 1%. 

 

Table 3. The yields (%) of the sequential solvent fractionation approach 

and the Tg for softwood and hardwood lignin samples are shown. Adapted 

from ref. 91, 95, and 96. 

Sample 
Yields 

(%) 
Tg 

(°C) 
Sample 

Yields 
(%) 

Tg 
(°C) 

SW-Initial – 144 HW-Initial – 124 

SW-EtOAc 23 ± 1 89 HW-EtOAc 37 ± 1 111 

SW-EtOH 22 ± 1 145 HW-EtOH 28 ± 1 174 

SW-MeOH 8 ± 1 181 HW-MeOH 8 ± 0 167 

SW-Acetone 10 ± 1 190 HW-Acetone 7 ± 1 193 

SW-Insoluble 34 ± 1 162 HW-Insoluble 14 ± 1 N/A 
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The thermal transition appearing in DSC thermograms was associated with 

the glass transition temperature. It was observed that for the SW/HW-EtOAc 

fractions, the Tg was lower than the corresponding initial SW or HW technical 

lignins. This could be due to the fact that SW/HW-EtOAc have the lowest 

molecular weight. The relatively high Tg, for all lignin samples, is due to the 

presence of hydrogen bonding, between different OH groups, and the high 

content of rigid aromatic rings.46 Subsequently, lignin degradation was 

studied by TGA. The mass loss above 100 °C was attributed to devolatilization 

of moisture and residue solvents.99 The primary mass loss was noticed 

between 200 and 650 °C for all fractions. The generated residue at 800 °C for 

softwood lignin samples was between 36–45% and for hardwood lignin 

samples it was between 35–41%. 

The quantification of different OH groups was done by 31P NMR and the 

results are presented in Figure 12. 

 

 

 
 

Figure 12. The quantification of different OH groups in hardwood and 

softwood lignin samples done by 31P NMR. Data is presented in mmol of 

different OH groups/g of lignin. Adapted from ref. 95 and 96. 
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From 31P NMR, it was observed that in both the softwood and hardwood 

retrieved fractions, the content of aliphatic OH groups increased gradually 

from SW/HW-EtOAc to SW/HW-Insoluble (excepting SW/HW-Acetone). The 

content of C5-substituted OH was higher in hardwood lignin and the content 

of guaiacyl OH was relatively higher in softwood lignin. This is due to the 

monolignol composition of softwood and hardwood lignins. Hardwood lignin 

has a much higher content of syringyl units, which accounts for large part of 

C5-substituted OH.22,100 The SW/HW-EtOAc fractions have the highest content 

of phenolic OH groups. These fractions have the lowest molecular weight. It 

was shown that during the pulping process, β-O-4’ linkages are cleaved and 

therefore more phenolic OH groups are generated.22 Overall, softwood 

fractions have a slightly higher total OH groups content compared with 

hardwood lignin. 

In addition to chemical structure and composition, the lignin morphology 

at nanoscale also influences its properties. Lignin can form hydrogen bonding 

and other noncovalent interactions, such as π-π stacking interactions. These 

interactions refer to the interactions between the aromatic rings containing 

π systems. 101,102 The π-π stacking interaction can have different geometric 

configurations, such as sandwiched π-π stacking interactions and T-shaped 

π-π stacking interaction (Figure 13).103 These interactions play an important 

role in lignin self-assembly, superstructure formations, and stability of the 

chemical systems.103  

 

 
 

Figure 13. A schematic representation of the π-π stacking interactions 

present within the lignin samples. L represents the lignin backbone. Not to 

scale. Reprinted from ref. 95. 

 

The presence of π-π stacking interactions within lignin samples was 

investigated by WAXS. In previous studies, the presence of these short 
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distances ordering, in the range of 4.0–4.6 Å (associated with sandwiched 

configuration) and 5.3–8.0 Å (associated with T-shaped configuration), was 

observed.72,104,105 In this thesis, three repeating distances/sizes (D) were 

observed within all lignin fractions. Two signals, with lower repeating 

distances, were attributed to the different geometric configurations of π-π 

stacking interactions as following: D2 corresponding to T-shaped π-π stacking 

interactions and D3 corresponding to sandwiched (combined parallel 

displaced and cofacial parallel stacked).72,91,95,96 

The D1 signal, with the sizes/distances between 7.9–12.8 Å, was attributed 

to the lignin superstructures, which can be intra- or intermolecular.95 These 

values are related to the maximum of the D1 signal. All the data related to the 

repeating sizes/distances are shown in Table 4. 

 

Table 4. The distances (Å) and the content (%) of the repeating features 

within SW/HW-Lignin samples determined by WAXS. The standard deviation 

for all samples was <0.15 Å. For D1, D2, and D3 signals, the displayed values 

(in Å) represent the maximum of their signal. The content (%) was calculated 

by dividing the area of each signal by the total area (the sum of D1, D2, and D3) 

and multiplied by 100. Adapted from ref. 95 and 96. 

Sample 
D1 

(Å) 
Content 

(%) 
D2 

(Å) 

Content 
(%) 

D3 

(Å) 
Content 

(%) 

SW-Initial 10.47 3 5.88 22 4.09 75 

SW-EtOAc 7.85 7 5.52 15 4.13 79 

SW-EtOH 10.70 6 5.95 17 4.18 77 

SW-MeOH 10.33 8 5.94 11 4.25 81 

SW-Acetone 11.01 8 5.99 13 4.27 79 

SW-Insoluble 10.47 4 6.36 9 4.37 87 

HW-Initial 10.47 4 6.66 19 4.14 77 

HW-EtOAc 10.47 5 6.52 15 4.16 80 

HW-EtOH 10.47 8 6.75 12 4.25 79 

HW-MeOH 10.47 6 6.87 14 4.24 80 

HW-Acetone 12.82 2 6.91 22 4.08 76 

HW-Insoluble 10.47 4 6.83 21 4.18 76 
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The sandwiched π-π stacking interactions are the dominant ones within all 

lignin fractions and account for 75–87% of the interactions in softwood lignin 

and between 76–80% in hardwood lignin. The content of T-shaped π-π 

stacking interactions was between 9 and 22% for softwood samples and 

between 12 and 22% for hardwood samples. The distances for T-shaped π-π 

stacking interactions varied between softwood and hardwood lignins. In 

softwood lignin, the distances for the T-shaped π-π stacking interactions 

were between 5.5–6.4 Å, while in hardwood the distances for the same 

interactions were between 6.5–6.8 Å. This indicates that hardwood lignin has 

a more open structure. It can be related to the steric hindrance of the methoxy 

groups, which is higher in hardwood lignin (higher syringyl content). At the 

same time, the more open structure can be related to the different side chains 

or linkages present within the lignin backbone. 

These results showed that a wide variety of starting materials can be 

retrieved from technical lignin. The obtained fractions differ in terms of 

molecular weight, dispersity, OH group distribution, and their nanoscale 

morphologies. Furthermore, the reactivity of these fractions can be enhanced 

by chemically modifying the OH groups, thus enabling their use as starting 

material for resin synthesis. 

The solubility of lignin fractions, in various solvents, depends on a 

combination of multiple factors including molecular weight, monolignols 

distribution, functional group content, interunit linkages, and morphology 

 

4.1.2 Microwave-assisted extraction (Paper IV) 

Microwave-assisted extraction with isopropanol process was used to 

fractionate softwood technical lignin under mild, non-catalytic conditions. 

Utilizing microwave conditions can accelerate chemical reactions, leading to 

shorter reaction time and higher energy efficiency.106 Six soluble and six 

insoluble lignin fractions were obtained by microwave-assisted extraction. 

For comparison, the extraction with isopropanol at room temperature was 

also performed. 

The molecular weight distribution of the retrieved fractions and the initial 

lignin are shown in Figure 14. It was observed that the molecular weight and 

Ð for the soluble fractions were lower compared to the insoluble fractions 

and the initial lignin. This indicates that only the low molecular weight 

fractions are soluble in isopropanol during the microwave processing. It is 
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not clear whether these low molecular fractions were already present in the 

technical lignin or were generated by possible partial lignin 

depolymerization.107 All soluble samples showed similar molecular weight 

and Ð, with no significant differences. In contrast, the molecular weight and 

Ð of the insoluble fractions were significantly higher. It was also noticed that 

the molecular weight of the insoluble fractions increased when increasing the 

temperature and reaction time. This increase in molecular weight could be 

attributed to lignin repolymerization.107 

 

 
 

Figure 14. SEC overlay (used eluent: DMSO) for microwave-assisted 

extracted lignin fractions. Adapted from ref. 92. 

 

The yields of the extraction processes are shown in Table 5. It was observed 

that the yields of the microwave-assisted extracted soluble fractions were 

between 2.4 and 3.3 times higher than the yield of the soluble fraction 

extracted with isopropanol at room temperature. The observed increase in 

yields could be attributed to the high temperature and pressure, which are 

affecting the solubility and possibly depolymerization. It was also observed 

that at temperatures of 120 °C, the yield slightly increased (from 21 to 25%) 

as the extraction time increased, meanwhile no significant differences in the 

molecular weight and Ð were observed. 

The glass transition temperature was reported in Table 5. It was noticed 

that for the soluble fractions the Tg was significantly lower (which was 

between 64 and 79 °C) compared to the insoluble fractions (which was 

between 149 and 184 °C) and initial lignin (144 °C). This could be associated 

with the differences in molecular weight as well as functional group content, 
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as seen in Figure 15. Low molecular weight results in a lower content of 

aromatic rings, higher number of chain ends, leading to a decrease in the 

rigidity of the lignin chains and an increase in the free volume. Lignin thermal 

degradation was studied by TGA. A similar degradation behavior was noticed 

as for the previous samples. The generated residue at 800 °C for soluble 

fractions was between 22–29% and for insoluble fractions it was between 

37–38%. 

 

Table 5. Yields (%) and Tg of softwood lignin samples retrieved by 

microwave-assisted extraction. Adapted from ref. 92. 

Sample 
Yields 

(%) 
Tg 

(°C) 
Sample 

Yields 
(%) 

Tg 
(°C) 

SW-IPA-RT-s 8 ± 1 64 SW-IPA-RT-i 88 ± 1 149 

SW-IPA-80-s 19 ± 3 67 SW-IPA-80-i 79 ± 2 155 

SW-IPA-80-I-s 20 ± 2 67 SW-IPA-80-I-i 74 ± 3 149 

SW-IPA-120-s 21 ± 1 79 SW-IPA-120-i 71 ± 2 157 

SW-IPA-120-I-s 25 ± 0 67 SW-IPA-120-I-i 74 ± 1 164 

SW-IPA-160-s 26 ± 2 68 SW-IPA-160-i 70 ± 2 166 

SW-IPA-160-I-s 24 ± 1 69 SW-IPA-160-I-i 68 ± 4 184 

 

Functional groups are important for further chemical modification as they 

can act as reaction sites. The quantification of different OH groups was done 

by 31P NMR and the results are presented in Figure 15. These data revealed 

that the total amount of OH groups in the retrieved fractions was similar to 

the amount of the OH groups in the initial lignin, but there was a significant 

difference in the distribution of their contents within the fractions. In the 

microwave-extracted soluble fractions, the aliphatic OH content was 

significantly lower (between 1.37 and 1.51 mmol OH/g lignin) compared 

with the initial lignin (2.04 mmol OH/g lignin) and insoluble fractions 

(between 2.47 and 2.57 mmol OH/g lignin). An inverse trend was observed 

for the carboxylic acid and guaiacyl OH group, where the amount was 

significantly higher in the soluble microwave-extracted fractions than in the 

insoluble fractions. The amount of C5-substituted soluble samples was 

slightly higher in the insoluble fractions. Overall, the amount of phenolic OH 

groups was higher in the soluble microwave-extracted fractions (between 
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4.52 and 4.78 mmol OH/g lignin) than in the insoluble fractions (which was 

between 3.53 and 3.77 mmol OH/g lignin). It should also be noted that the 

values for the aliphatic, guaiacyl, and carboxylic OH groups of the initial Kraft 

lignin always lie in between the values from soluble and insoluble fractions. 

The 31P NMR results suggest that the solubility of the lignin samples is 

mainly affected by the distribution of the various OH groups, their polarity, 

and the lignin-solvent interactions. The lower aliphatic OH content and 

higher phenolic OH further support the statement that during the microwave 

processing, side-chain reactions and cleavage of aryl ether linkages took 

place.51,92 

 

 

 
 

Figure 15. The quantification of different OH groups in lignin samples done 

by 31P NMR. Data is presented in mmol of different OH groups/g of lignin.  

 

The semiquantitative abundance of the common interunit linkages was 

analyzed by HSQC and the main results are shown in Table 6. It was noticed 

that the abundance of the β-O-4’, β-5’, and β-β’ linkages is lower in the soluble 
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fractions compared to the insoluble one extracted with microwave 

processing. This is consistent with the 31P NMR data, which suggested 

possible cleavage of the interunit linkages, such as aryl ether linkages, hence 

a higher phenolic OH content was found in the soluble fractions. 

 

Table 6. The semiquantitative abundance (%C9 aromatic units) of the 

common interunit linkages in the lignin fractions. Adapted from ref. 92. 

Sample β-O-4’ β-5’ β-β’ 
Stilbene 

β-1’ 
Stilbene 

β-5’ 
Enol 
ether 

SW-Initial 6.0 2.0 1.7 4.4 10.4 2.2 

SW-IPA-RT-s 3.0 1.0 0.6 9.8 6.1 1.9 

SW-IPA-80-s 3.8 1.2 0.9 7.4 8.6 2.5 

SW-IPA-80-I-s 4.4 1.3 0.9 9.4 9.7 3.2 

SW-IPA-120-s 4.9 1.2 0.8 7.0 12.7 1.2 

SW-IPA-120-I-s 4.3 1.3 0.8 8.6 7.5 2.1 

SW-IPA-160-s 3.6 1.3 0.9 7.1 9.3 1.9 

SW-IPA-160-I-s 3.7 1.2 0.8 7.9 9.2 2.1 

SW-IPA-RT-i 9.5 3.0 2.5 4.2 11.0 3.3 

SW-IPA-80-i 9.2 2.7 2.5 3.5 8.7 3.6 

SW-IPA-80-I-i 9.2 2.7 2.4 3.3 6.4 3.4 

SW-IPA-120-i 10.5 3.2 3.2 3.0 7.8 3.7 

SW-IPA-120-I-i 9.4 2.9 3.3 4.1 8.2 3.0 

SW-IPA-160-i 10.7 2.8 3.4 3.4 10.2 3.6 

SW-IPA-160-I-i 7.5 3.2 3.0 2.8 11.0 2.4 

 

4.2 Chemical modification: allylation 

Technical lignin shows several limiting factors, such as heterogeneous 

structure and low reactivity, that restrict the design of new lignin-based 

materials. The introduction of chemical handles, e.g. allyl groups, provide 

versatile products for further utilization as thiol-ene thermoset constituents. 

In this thesis, two allylation protocols were evaluated, one using allyl 

chloride and another using diallyl carbonate. The reaction with allyl chloride 
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is selective towards phenolic OH groups, meanwhile the diallyl carbonate 

reacts with all types of OH groups present in the lignin backbone. These OH 

groups, partially or completely, undergo chemical modification. 

 

4.2.1 Allylation with allyl chloride (Paper I) 

The SW-EtOH fraction was chosen for selectively allylating phenolic OH 

groups, due to its relatively high fractionation yield, high phenolic OH groups 

content, and sufficiently high molecular weight which enables minimization 

of monofunctional lignin chains. The allyl incorporation was confirmed by 

FTIR and 31P NMR (Figure 16). 

 

 
 

Figure 16. 31P NMR (left) and FTIR (right) spectra of SW-EtOH lignin before 

and after allylation with allyl chloride. Adapted from ref. 91. 

 

Four new signals were observed in the FTIR spectra, characteristic to the 

absorbance of the allyl groups (3077, 1647, 990, and 925 cm–1). The intensity 

of the OH stretching vibration band decreased upon allylation, due to the 

consumption of free OH groups. 31P NMR studies revealed that the allylation 

is selective towards the phenolic OH groups, with a conversion of 81 ± 4%. 

This also shows that the majority of the phenolic OH groups present in lignin 

are accessible for chemical modification, meaning that they are not “locked” 

within the internal lignin structure. The aliphatic and carboxylic acid OH 

groups were not allylated (Figure 16). 

The thermal behavior of allylated lignin was investigated by DSC and TGA. 

A Tg of 99 °C was observed, which was lower than the Tg of the unmodified 
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EtOH fraction, (e.g., 145 °C). This is due to the lower hydrogen bonding 

capacity and introduction of more free volume generated by allyl groups. The 

TGA thermogram was similar to the unmodified EtOH fraction. The difference 

was that a more defined mass loss was observed between 200 and 315 °C. 

This signal could correspond to the degradation of the side chains containing 

allyl groups. The generated residue at 800 °C was between 41 and 45%. 

 

4.2.2 Allylation with diallyl carbonate (Papers II, III, and IV) 

Technical lignin can be highly functionalized, by targeting all OH groups, in 

a more sustainable approach. Diallyl carbonate was chosen as an allylating 

reagent. In the presence of diallyl carbonate, all OH groups will partially or 

completely be chemically modified. The allylation reaction with diallyl 

carbonate takes place fast at a relatively low temperature (120 °C). This 

reaction is solvent-free and it is performed in the presence of TBAB. The 

allylation reaction was done on the initial and sequential solvent fractionated 

SW/HW lignin samples (Study A, Paper II and III) and on SW-IPA-120-I-s 

sample (Study B, Paper IV). 

 

Study A: allylation of solvent fractionated SW and HW samples 

Initial softwood/hardwood lignins and all the retrieved lignin fractions 

were investigated in this study. A high functionalization of OH groups was 

observed by 31P NMR studies (Figure 17). The phenolic and carboxylic acid 

OH groups were almost totally converted into allyl moieties. The phenolic OH 

groups underwent on average a conversion of ≥95% for both softwood and 

hardwood lignin samples. For the carboxylic acid OH, the average conversion 

was ≥85% for the softwood lignin samples and ≥91% for the hardwood lignin 

samples. The aliphatic OH were partially modified, with an average 

conversion between 43 and 75% for softwood lignin samples and 45 and 70% 

for the hardwood lignin samples. Overall, an average of ≥80% of the present 

OH groups were allylated in the softwood lignin samples and ≥77% in the 

hardwood lignin samples. 
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Figure 17. 31P NMR spectra of SW/HW-Lignin samples before and after 

allylation with diallyl carbonate. Adapted from ref. 95 and 96. 
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In the FTIR spectra of DAC-SW/HW-Lignin samples, new signals 

(3077/3077, 1647/1649, 990/985, and 925/921 cm–1), related to the allyl 

functionalities were observed. In Figure 18, only the SW/HW-EtOH and DAC-

SW/HW-EtOH FTIR spectra are shown for better visualization. The intensity 

of the OH stretching vibration band dramatically decreased, due to the high 

OH groups consumption. In addition, new signals at 1743 for softwood and 

1725 cm–1 for hardwood were observed in the allylated samples. These 

signals were attributed to the carbonyl C=O bond stretching, attributed to the 

allyl carbonates installed at the aliphatic OH groups. 

 

 
 

Figure 18. FTIR spectra for SW/HW-EtOH, DAC-SW/HW-EtOH, and D-DAC-

SW/HW-EtOH are shown. Adapted from ref. 95 and 96. 

 

In order to determine if the OH groups were converted into allyl esters, allyl 

ethers, or allyl carbonates, the decarboxylation reaction was performed on 

the allylated samples with DAC. In the presence of LiOH, esters and 

carbonates that were potentially formed will be cleaved. After the 

decarboxylation reaction, the carboxylic acid OH groups were fully 

regenerated and the amount of phenolic OH groups remained unchanged. The 

amount of the aliphatic OH groups decreased on average between 5 and 35% 

for the softwood lignin samples and between 37 and 51% for the hardwood 
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lignin samples. The FTIR spectra (Figure 18) of decarboxylated lignin 

samples showed a slight increase in the absorbance signal related to the OH 

stretching vibration band. The increase in this signal can be related to the 

partial regeneration of OH groups upon decarboxylation. Another 

observation was the absence of the signal at 1743/1725 cm–1. 31P NMR and 

FTIR results confirmed that the carboxylic acid OH groups were fully 

converted into allyl esters, the phenolic OH were fully converted into allyl 

ethers, and that aliphatic OH groups were partially etherified and partially 

carboxyallylated. 

The thermal behavior of the allylated softwood and hardwood samples was 

investigated by DSC and TGA. The Tg of all samples was lower than the 

respective non-allylated fractions and it was between 32 and 93 °C for 

allylated softwood samples and between 61 and 112 °C for allylated 

hardwood samples (Table 7). This effect is mostly caused by the modification 

of OH groups, which further leads to a decrease of the hydrogen bonding 

capacity. At the same time, by introducing allyl moieties onto the lignin 

backbone, the free volume and molecular mobility increase. The decrease in 

Tg is also larger in comparison to the previous study, where only phenolic OH 

groups were allylated. 

 

Table 7. The Tg of the allylated SW and HW lignin samples determined with 

DSC. Adapted from ref. 95 and 96. 

Sample Tg (°C) Sample Tg (°C) 

DAC-SW-Initial 77 DAC-HW-Initial 89 

DAC-SW-EtOAc 32 DAC-HW-EtOAc 61 

DAC-SW-EtOH 71 DAC-HW-EtOH 95 

DAC-SW-MeOH 83 DAC-HW-MeOH 99 

DAC-SW-Acetone 93 DAC-HW-Acetone 111 

DAC-SW-Insoluble 92 DAC-HW-Insoluble 112 

 

The thermal stability of the allylated lignin samples increased, with no 

degradation up to 150 °C. Two distinct weight loss steps were observed. The 

first weight loss occurs between 150 and 300 °C for softwood lignin and 

between 150 and 325 °C for hardwood lignin. This weight loss was attributed 

to the cleavage of the propanoid side chains. The second weight loss occurs 
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between 300 and 600 °C for both allylated lignin types and was attributed to 

the rearrangement of the aromatic rings.108 The generated residue at 800 °C 

for all allylated samples with DAC was between 35 and 38%. 

The morphology at the nanoscale of the DAC-SW-Lignin samples was 

investigated by WAXS. The previously identified signals associated with 

lignin superstructures (D1) and π-π stacking interactions (D1 and D2) were 

observed (Table 8). For the allylated softwood samples, the sandwiched π-π 

stacking interactions were still the dominant interactions, but their content 

decreased to 61–74%. At the same time, the content of the T-shaped π-π 

stacking interactions increased and was between 19 and 28%. The distances 

of their maximum, associated with T-shaped π-π stacking interactions, 

increased in allylated lignin samples by 0.54–1.33 Å. These results indicate 

that the allyl moieties weaken the π-π stacking interactions, consequently 

increasing the distances between the lignin aromatic rings, leading to a more 

open and accessible lignin structure. D1, which is associated with lignin 

superstructures, also shifted towards larger sizes. This indicates that the allyl 

functionalities are situated on the “edge” of the sandwiched structures, in 

which the distances do not show significant change upon allylation. 

 

Table 8. The distances and the content of the repeating features within 

DAC-SW-Lignin samples determined by WAXS. The standard deviation for all 

samples was <0.15 Å. For D1, D2, and D3 signals, the displayed values (in Å) 

represent the maximum of their signal. The content (%) was calculated by 

dividing the area of each signal by the total area (the sum of D1, D2, and D3) 

and multiplying by 100. Adapted from ref. 95. 

Sample 
D1 

(Å) 
Content 

(%) 
D2 

(Å) 
Content 

(%) 
D3 

(Å) 

Content 
(%) 

DAC-SW-Initial 12.63 11 7.04 28 4.11 62 

DAC-SW-EtOAc 12.51 10 6.85 19 4.14 71 

DAC-SW-EtOH 13.25 11 7.07 28 4.14 61 

DAC-SW-MeOH N/A 

DAC-SW-Acetone 12.80 8 6.95 25 4.17 67 

DAC-SW-Insoluble 12.23 6 6.90 20 4.18 74 
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Study B: allylation of microwave-extracted sample 

The allylation reaction conditions can be further improved using 

microwave heating technologies. By utilizing microwave heating, chemical 

reactions can be accelerated, leading to significantly reduced reaction 

times.109,110 Microwave-assisted functionalization of technical lignin was 

performed at 120 °C in the presence of DAC and TBAB. Microwave-assisted 

allylation was completed after 30–40 min, which is a significant improvement 

in terms of energy efficiency. The OH groups were highly functionalized with 

allyl moieties (Figure 19). The conversion of phenolic OH groups was 96 ± 

2%, of carboxylic acid OH groups was 95 ± 4%, and of aliphatic OH groups 

was 69 ± 9%. Overall, 90 ± 3% of the present OH groups were allylated. FTIR 

spectra before and upon allylation are shown in Figure 19. The four signals 

associated with the allyl functionalities were identified at 3077, 1643, 988, 

and 920 cm–1. The OH groups stretching vibration band decreased after 

allylation. The signal at 1731 cm–1 attributed to the carbonyl C=O bond 

stretching in the allyl carbonates, installed at aliphatic OH groups, was 

identified in the allylated sample. The DAC-IPA-SW-120-I-s sample showed 

no thermal degradation up to 150 °C. The thermal degradation was similar to 

the previous DAC-SW-Lignin samples. The generated residue at 800 °C was 

29%. 

 

 
 

Figure 19. 31P NMR (left) and FTIR (right) spectra of SW-IPA-120-I-s lignin 

before and after allylation with diallyl carbonate. Adapted from ref. 92. 
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4.3 Structure-property relationships of thiol-ene 

thermosets 

Allylated lignin represents a promising starting material for designing 

thermoset materials. In this thesis, the modified lignin was mixed with 

different polyfunctional thiol cross-linkers, resulting in a three-dimensional 

network. This chapter is divided into two parts, each investigating the 

structure-property relationships of lignin-based thermosets. The first study 

elucidates the effect of different thiol cross-linkers on the properties of lignin-

based thermosets. The second study was divided into two parts. In the first 

part, the impact of the lignin source and functionalization on the thermoset 

properties was investigated. The second part explored the impact of the 

microwave-assisted extraction procedure on the thermoset properties. 

The curing temperature of 125 °C was chosen in order to further enhance 

the chain mobility of the allylated lignin samples (this temperature is above 

the Tg of allylated samples), to avoid temperatures close to lignin degradation, 

and prevent Claisen rearrangements, which have previously been reported to 

occur at temperatures above 150 °C.65,93 The curing performance of the 

thermosetting resins was investigated by RT-FTIR. The consumption of thiol 

(2568 cm–1) moieties was monitored by RT-FTIR. The curing time was set to 

the time when the absorption signal of thiol groups completely disappeared. 

The FTIR spectra, before and after curing, for all thermosetting resin 

formulations can be found in the appended papers. 

 

4.3.1 The effect of different crosslinkers (Paper I) 

The aim of this study was to produce lignin-based thermosets with tunable 

properties. In order to achieve this, the lignin part was maintained constant 

while the thiol cross-linker agent was varied. The AC-SW-EtOH fraction, 

which was selectively allylated at the phenolic OH groups with allyl chloride, 

was used in this study. Various polyfunctional thiol cross-linkers, with three, 

four, and six thiol groups per molecule, were used. The thiol:ene ratio was 

kept to 1:1 in all cases and the thermosets composition is reported in Table 

2. The thermosets were cured for 20 h at 125 °C. 

The thermoset morphology at nanoscale was studied by WAXS. The 

repeating distances and their content are shown in Table 9. The previous 

reported signals in lignin fractions, associated with different π-π stacking 

interactions (sandwiched and T-shaped) were observed. The sandwiched 
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stacking interactions are predominant and account on average for 88 ± 1%. 

The ratio between sandwiched and T-shaped π-π stacking interactions did 

not change by varying the cross-linker. The distances of the repeating 

features did not vary in the different thermosets. An increase in the D2 and 

the D3 signal distances was noticed compared to to the allylated lignin 

fraction, AC-SW-EtOH. This increase in distances indicates a more open 

structure. It is still not fully clear to which extent these repeating features, 

present within the lignin-based thermosets, influence their properties. 

 

Table 9. The distances and the content of the repeating features within the 

lignin-based thermosetting samples determined by WAXS. The standard 

deviation for all samples was <0.10 Å. For D2 and D3 signals, the displayed 

values (in Å) represent the maximum of their signals. The content (%) was 

calculated by dividing the area of each signal by the total area (the sum of D1, 

and D2) and multiplying by 100. Adapted from ref. 91. 

Sample D2 (Å) Content (%) D3 (Å) Content (%) 

T3-AC-SW-EtOH 7.48 12 4.41 87 

T4-AC-SW-EtOH 7.48 12 4.40 87 

T6-AC-SW-EtOH 7.39 11 4.39 89 

 

The mechanical properties of the thiol-ene thermosets were investigated 

by DMA. (Figure 20). The storage modulus of these thermosets at –50 °C was 

between 0.8 and 2.2 GPa. Moreover, when continuously increasing the 

temperature, the storage modulus dropped. This change in storage modulus 

was associated with the softening effect of the thermosets, which takes place 

at the glass transition temperature. The minimum values of the storage 

modulus were reached at temperatures between 150 and 200 °C. These 

minimum values provide insights into the cross-link density of the 

thermosets. It was noticed that the cross-link density increased with an 

increasing number of thiol functionalities: T3-SW-AC-EtOH < T4-SW-AC-

EtOH < T6-SW-AC-EtOH. 

An inverse trend was observed in the storage modulus values at 

temperatures below Tg. A possible explanation for this inverse trend could be 

related to the formation of the primary loops. In an ideal network formation 

process, each thiol group of a cross-linker molecule will react with a double 

bond from a different lignin chain. Lignin has a complex and heterogeneous 



Results and discussion 
 

43 
 

structure, thus topological defects, such as dangling chains, entanglements, 

and primary loops, will be generated. Primary loops are formed when a 

minimum of two thiol groups from the same molecule react with two double 

bonds from the same lignin chain, which leads to cyclization.111 It was 

demonstrated that by increasing the monomer functionality in the cross-

linking polymerization, a higher number of primary loops resulted as a 

consequence.112 These loops consist of thioether bonds, which are more 

flexible compared to C-C bonds, thus leading to regions with different 

mobility within the thermosets network. The primary loops have a 

plasticizing effect and thus reduce the stiffness of the thermosets. This 

hypothesis is also supported by the observed morphologies at the nanoscale, 

where no significant differences were noticed in different thermosets. 

Subsequently, the thermoset stiffness below their Tg is influenced by the 

distribution of thioether bonds. 

 

 
 

Figure 20. Representative DMA curves of the different lignin-based 

thermosets. Storage modulus (E') is illustrated on the left and tan δ on the 

right. Adapted from ref. 91. 

 

The Tg of the thermosets was calculated from the maxima of the tan δ peak. 

For all thermosets, the Tg was above 100 °C, which is relatively high for a thiol-

ene system. The high glass transition temperature is mainly due to the lignin 

chemical structure (a branched aromatic biopolymer), the cross-link density, 

and the noncovalent interactions (e.g., van der Waals dispersion interactions, 

hydrogen bonding, and π-π stacking interactions). The shape of the tan δ peak 

is related to the homogeneity of the thermoset network. The sharper and 

narrower the tan δ peak, the more homogeneous the thermoset structure is. 
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The Tg of the thermosetting resins increased with an increase in the number 

of thiol groups: T3-SW-AC-EtOH < T4-SW-AC-EtOH < T6-SW-AC-EtOH. A 

higher cross-link density results in a higher restriction of the chain mobility 

and subsequently higher Tg. The uniaxial tensile stress-stain data showed a 

Young’s modulus (E) of 4.8 ± 1.5 GPa, a tensile stress at break (σb) of 68 ± 6 

MPa, and an elongation at break (εb) of 1.5 ± 0.5%. All produced lignin-based 

thermosets were thermally stable up to 250 °C. 

 

4.3.2 The impact of lignin extraction procedure, source, and 

functionalization (Papers II, III, and IV) 

The studies presented in this chapter elucidate the impact of the extraction 

procedures (sequential solvent fractionation or microwave-assisted 

extraction), lignin source (softwood or hardwood), and high functionalization 

on the lignin-based thermosets’ properties. 

 

Study A: Lignin thermosets from highly functionalized softwood 

and hardwood lignin fractions (Papers II and III) 

These studies investigate how the lignin source and its functionalization 

influence the thermoset properties. The allylated softwood and hardwood 

lignin samples and, DAC-SW/HW-Lignin, were mixed with the trifunctional 

thiol cross-linker. The thiol-ene ratio was kept at 1:1. The composition of the 

thermosets is shown in Table 2. Twelve lignin-based thermosets were 

obtained. The curing performance of these thermosets was investigated by 

RT-FTIR (Figure 21). Towards the end of the curing reaction, the thiol (2570 

cm–1) and ene (1642 cm–1) signals disappeared, indicating that the cross-

linking reaction occurred and a cross-linked network was formed. 

It was noticed that all lignin resin formulations reached 95% thiol 

conversion after 10.6–41.2 h (Table 10). The curing reaction for the 

hardwood lignin resin formulations was significantly faster compared to the 

softwood resins. The hardwood samples reached 20% thiol conversion after 

0.2–0.8 h (except T3-DAC-HW-EtOAc, 3.7 h), while the softwood samples 

reached the same level of conversion after 2.9–4.5 h (except T3-DAC-SW-

EtOAc, 7.6 h). Hardwood samples reached 50% conversion after 0.7–2.7 

(except T3-DAC-HW-EtOAc, 13.9 h) and for softwood 50% conversion was 

reached after 8.0–14.2 h (except T3-DAC-HW-EtOAc, 20.6 h). 
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Figure 21. The thiol signal conversion (2607–2533 cm–1) as a function of 

time for softwood and hardwood lignin resin formulations at 125 °C. Adapted 

from ref. 95 and 96. 

 

In both cases, the thiol conversion for the EtOAc fraction was slower. The 

reason for this behavior is not clear, but it was noticed that the total content 

of phenolic OH groups before modification was significantly higher and the 

content of aliphatic OH groups was significantly lower. Subsequently, the 

content of aryl allyl ethers for the EtOAc samples was significantly higher 

compared to other samples. At the same time, the content of aryl allyl ethers 

was significantly lower for the T3-SW/HW-DAC-Insoluble fractions and the 

thiol conversion for these fractions increased faster. This suggests that the 

aryl allyl ethers play an important role on the curing performance of these 

resin formulations. 

Another difference between softwood and hardwood samples is the 

guaiacyl content, which is significantly higher in softwood lignin. It was 

suggested previously, that guaiacyl structures lead to stronger intra/inter 

molecular interactions, making the functional groups less 

accessible/reactive.30,113 The RT-FTIR results revealed that the allylated 

hardwood lignin samples have enhanced reactivity. This could indicate that 

the hardwood samples have a more open structure, therefore the allyl 

functionalities are more accessible. The molecular weight of hardwood lignin 

samples was also lower compared to softwood samples, which influences the 

mobility of the lignin chains and the curing performance. 
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Table 10. The 95% conversion of -SH signal (2607–2533 cm–1), for SW/HW 

lignin resin formulations, during thermal curing at 125 °C. Adapted from ref. 

95 and 96. 

Sample 
Curing 

time (h) 
Sample 

Curing 
time (h) 

T3-DAC-SW-Initial 29.0 T3-DAC-HW-Initial 14.6 

T3-DAC-SW-EtOAc 41.2 T3-DAC-HW-EtOAc 31.5 

T3-DAC-SW-EtOH 29.8 T3-DAC-HW-EtOH 16.5 

T3-DAC-SW-MeOH 21.8 T3-DAC-HW-MeOH 14.7 

T3-DAC-SW-Acetone 23.3 T3-DAC-HW-Acetone 14.1 

T3-DAC-SW-
Insoluble 

21.4 
T3-DAC-HW-
Insoluble 

10.6 

 

The morphology of the thermoset resins at nanoscale was studied by WAXS. 

The previously identified signals D1, D2, and D3 were also present within the 

thermosets structure (Table 11). A new signal D4 was identified in the lignin-

based thermosets. These thermoset samples contain between 38–47 wt% 

thiol monomer. Therefore, this signal with distances/sizes of 3.38–3.67 Å was 

attributed to the thioether organized structures. A shift towards longer 

distances/sizes for D1 was observed. This distance/size increase can be 

related to the incorporation of the thiol cross-linker and the formation of the 

thioether organized structures. 

The signal intensity of D1 significantly varies among different lignin-based 

thermosets. This indicates that the superstructure formation is affected by 

the film formation process. The film formation process implies physical 

drying (solvent evaporation) followed by a chemical cross-linking reaction, 

which locks the structure. Further investigation of the film formation process 

is needed in order to gain a better understanding of the thermoset film 

formation. A slight increase in the distances of D3 signal was noticed, 

indicating a more open structure. The exact impact of these repeating 

features on the properties of the lignin-based thermosets is not fully 

understood. 
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The mechanical properties of these lignin-based thermosets were studied 

by DMA and the main results are summarized in Figure 22. 

 

 
 

Figure 22. Representative DMA curves of softwood (top) and hardwood 

(bottom) lignin-based thermosets. Storage modulus (E') is shown to the left 

side and tan δ to the right. Adapted from ref. 95 and 96. 

 

The mechanical properties are influenced by the cross-link density, 

polarity, and chain rigidity of the components. The storage modulus for all 

thermosets was on average between 2.3 and 3.6 GPa, which was higher 

compared to the previously studied thermosets, T3/T4/T6-SW-EtOH, with 

less functionalized lignin. Moreover, the cross-link density is higher for these 

thermosets, as can be seen from the storage modulus in the rubbery region. 

The higher storage modulus and cross-link density are due to the structural 

differences: the allyl content is higher, the thiol monomer content is higher, 
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and the polarity related to the hydroxyl groups is lower in the present study. 

The Tg for these thermosets was also lower compared with the previous ones. 

For softwood lignin-based thermosets, the Tg was on average between 89–95 

°C and for hardwood lignin-based thermosets it was between 99–125 °C. The 

higher allyl content results in a higher content of thioether bonds. The newly 

formed thioether bonds are more flexible than C-C bonds, hence a low Tg is 

often found in thiol-ene systems.114 This indicates that the thioether content 

dominates the thermosets performance. The lignin content and polarity 

should be considered as well. These results corroborate with the WAXS data 

of the thermosets, where a new signal, related to the flexible thioether 

structures was found. 

The Tg for the hardwood lignin-based thermosets was higher than the 

corresponding softwood samples by 9–30 °C. The main structural difference 

between softwood and hardwood is the content of syringyl units. The C5-

position in hardwood lignin samples is occupied by a methoxy group, and as 

a result hardwood lignin is less condensed. The presence of methoxy groups 

also introduce mobility restrictions around the allyl aryl ether bonds due to 

steric hindrance. In previous studies, it was shown that hardwood lignin 

fractions have a higher content of the β-O-4’ linkages compared to softwood 

lignin fractions.80 The hardwood lignin samples have a slighty lower allyl 

content, resulting in a lower cross-link density. This results in a higher lignin 

content and less fewer flexible thioether bonds. The differences in Tg is a 

result of all above mentioned structural differences. The uniaxial tensile 

stress-stain data of T3-DAC-SW-Lignin samples showed an average Young’s 

modulus (E) comprised between 1.4 and 2.3 GPa, a tensile stress at break (σb) 

comprised between 19 and 49 MPa, and an elongation at break (εb) 

comprised between 1.6 and 5.8%. These thermosets showed relatively good 

thermo-stability, with no degradation up to 200 °C. 

 

Study B: Lignin thermosets from microwave-assisted extraction 

(Paper IV) 

As previously described, the microwave-assisted extraction and 

functionalization present an efficient processing technique. The selected 

allylated sample, DAC-SW-IPA-120-I-s, can be compared to the allylated ethyl 

acetate softwood solvent extracted fraction, considering similarities in 

molecular weight and functionalities. The allylated sample was mixed with 
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the trifunctional cross-linker. The thiol-ene ratio was kept at 1:1. The 

composition of the thermosets is shown in Table 2. The curing performance 

of this sample was investigated by RT-FTIR (Figure 23). It was observed that 

for this resin formulation, the 95% thiol conversion was achieved after 19.5 

h. The curing performance of this resin was faster in comparison with the 

previously studied thermosets from the sequential solvent fractionation of 

softwood lignin. This is well in line with the differences in the lignin 

composition as discussed when comparing softwood and hardwood base 

resins. 

This could be related to the differences in the lignin chemical structure, 

molecular weight, distribution of the OH groups, the content of the 

unmodified OH groups, and the lignin morphology. Previously it was noticed 

that the softwood and hardwood lignin samples showed differences in the 

total phenolic OH content (especially guaiacyl OH groups) and the aliphatic 

OH content before chemical modification. For SW-IPA-120-I-s sample, the 

aliphatic OH groups content was higher compared to the SW-EtOAc fraction 

and the guaiacyl OH groups content was lower. Again, this emphasizes the 

importance of the distribution of the OH groups content in the retrieved 

fractions. 

 

Thiol 
conversion (%) 

Curing 
time (h) 

20 2.2 

50 7.5 

75 13.2 

95 19.5 

100 21.1 

 

Figure 23. The thiol signal conversion (2607–2533 cm–1) in function of time 

for T3-DAC-SW-IPA-120-I-s lignin resin formulation at 125 °C. Adapted from 

ref. 92. 

 

The final thermoset properties were in line with those obtained from 

allylated softwood fractions obtained by solvent extraction, showing a Tg of 

105 ± 3 °C (Figure 24). It can thus be concluded that microwave-assisted 
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processes represent an alternative route to obtain thiol-ene thermoset 

polymers in a benign way. 

 

 

Figure 24. Representative DMA curves of the T3-DAC-SW-IPA-120-I-s lignin-

based thermoset. Storage modulus (E') is illustrated on the left and tan δ 

signal on the right. Adapted from ref. 92. 
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5 Conclusions 

In this thesis, different approaches of lignin fractionation, chemical 

modification, and thermal cross-linking were investigated. The main goal was 

to produce lignin-based thermosets with tunable mechanical and 

morphological properties and to understand their structure-properties 

relationships. 

 It was shown that using different lignin extraction procedures, such as 

solvent fractionation or microwave-extraction, it is possible to retrieve lignin 

fractions with tunable properties. By fractionating technical softwood or 

hardwood lignin, more homogeneous fractions can be retrieved. These 

fractions differ in terms of molecular weight, dispersity, distribution of the 

OH groups, and their nanoscale morphology. 

The reactivity of the lignin samples was enhanced by chemically modifying 

the OH groups. The chemical modification enables the use of lignin samples 

as starting materials for resin synthesis. The incorporation of allyl groups was 

achieved in two ways: with allyl chloride and with diallyl carbonate. The 

allylation with allyl chloride is selective towards the phenolic OH groups, 

while diallyl carbonate reacts with all OH groups that are present. The 

obtained lignin samples had different content of the allyl functionalities and 

can be used as a constituent of thiol-ene thermosets. 

The allylated lignins were thermally cured with different thiol cross-linkers 

through thiol-ene chemistry. The produced lignin-based thermosets 

displayed relatively high Tg’s for a thiol-ene system. This was mainly related 

to the aromatic backbone structure of lignin, cross-link density, the polarity 

associated with the OH groups, and the noncovalent interactions, such as π-π 

stacking interactions. 

It was possible to tune the mechanical properties of the thermosets using 

lignins from different sources (such as softwood or hardwood), performing 

different extraction procedures (solvent fractionation or microwave-

extraction), or varying the thiol cross-linkers (their polyfunctionality). 

The mechanical properties of the lignin-based thermosets can be varied by 

keeping the lignin fraction constant and changing the thiol cross-linking 

agent. The produced lignin-based thermosets showed variations in both, 

storage modulus and Tg. With an increasing number of thiol groups on the 

cross-linking agent, the Tg of the thermosets increased. 
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The mechanical properties of the lignin-based thermosets can also be 

varied using highly modified technical lignins from different sources. The 

high allyl content and low amount of polar groups, such as OH groups, result 

in lignin-based thermosets with properties dominated by the flexible 

thioether linkages. 

It was also shown that using microwave-extracted lignin, it is possible to 

obtain lignin-based thermosets with relatively low Tg, where the properties 

are mainly influenced by the molecular weight of the lignin component, 

thioether content, and polarity of the system. 

The obtained lignin-thermosets showed significant morphological 

differences at nanoscale. The presence of different repeating features, such as 

lignin superstructures or π–π interactions (sandwiched and T-shaped) was 

identified. These features varied in the different lignin fractions and the 

lignin-based thermosets, thus influencing their properties. 

In conclusion, this work highlights the significant role of the morphological 

and mechanical characteristics of the produced lignin-based thermosets in 

determining their structure-property relationships. 
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6 Future work 

In this thesis, the structure-property relationships of thiol-ene lignin-based 

thermosets were elucidated. 

It will be interesting to investigate the possible applications of these 

thermosets as adhesives or as composite matrices where the main focus is on 

their mechanical performance and not appearance. Properties, such as 

permeability, solvent resistance, and degradation mechanism, need to be 

studied in order to understand the potential applications. 

In terms of chemical modification, new routes can be explored. Allyl 

chloride can also be replaced with more sustainable and non-toxic reagents. 

The reaction conditions with diallyl carbonate can be further improved using 

lower loadings of the catalyst and lower temperatures. A more sustainable 

crosslinking reagent should be investigated, such as elemental sulfur. There 

is a need to produce fully bio-based, but also recyclable lignin-based 

thermosets. 

A better understanding of lignin morphology at nanoscale will provide 

important insight for elucidating the structure of native lignin. In situ WAXS 

studies during the film formation will provide missing knowledge of the 

lignin superstructure formation. The exact effect of the π-π stacking 

interactions on the lignin properties needs to be understood and quantified. 

These characteristics will provide the missing information on how the 

noncovalent interactions, such as π-π stacking interactions and hydrogen 

bonding, influence the lignin aggregation and self-assembly. 

In conclusion, there is room for improvements to be done in terms of 

environmental impact and sustainability of the produced thermosets. 
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