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Abstract   

Carboxymethylation and oxidative carboxylation of four available lignins were 

investigated as routes to introduce carboxylic acid functionality for crosslinking 

with epoxidized linseed oil. Hardwood lignins showed consistently higher 

reactivity toward both routes, explained with DFT calculations and 

conformational modeling linking the molecular conformation of syringyl-rich 

lignin to greater hydroxy group accessibility. WAXS analysis showed that 

oxidative carboxylation disrupted supramolecular packing more extensively 

than carboxymethylation, correlating with the complete solubility of oxidized 

lignins and homogeneous mixing with the epoxide matrix. 

A feasibility study confirmed crosslinked network formation but revealed phase 

separation and brittleness as key limitations. Incorporating oxidized lignin with 

PEG-400 yielded thermosets with approximately 90% bio-based content, gel 

contents of 88–90%, glass transition temperatures of 93–109 °C, and 

hydrophobic surfaces. Both thermosets degraded completely within 48 hours 

under alkaline conditions, while remaining stable under near-physiological 

conditions for 14 days, consistent with a surface-initiated erosion mechanism. 

These findings establish a structure-property framework linking lignin 

molecular architecture to modification efficiency, thermoset performance, and 

controlled end-of-life degradation. 

 

Keywords: lignin, carboxymethylation, oxidative carboxylation, thermosets, 

hydrolytic degradation, bio-based materials 

 

 





 

Sammanfattning  

Karboximetylering och oxidativ karboxylering av fyra tillgängliga ligniner 

undersöktes som metoder för att introducera karboxylsyrafunktionalitet för 

tvärbindning med epoxiderad linolja. Lövvedsligniner visade konsekvent högre 

reaktivitet för båda metoderna, vilket förklarades med DFT-beräkningar och 

konformationsmodellering som kopplar den molekylära konformationen hos 

syringylrikt lignin till större tillgänglighet av hydroxigrupper. WAXS-analys 

visade att oxidativ karboxylering störde den supramolekylära packningen i 

högre grad än karboximetylering, vilket korrelerade med fullständig löslighet 

hos oxiderade ligniner och homogen blandning med epoxidmatrisen. 

En genomförbarhetsstudie bekräftade tvärbunden nätverksbildning men 

avslöjade fasseparation och sprödhet som centrala begränsningar. 

Inkorporering av oxiderat lignin med PEG-400 gav härdplaster med ungefär 90 

% biobaserat innehåll, gelhalt på 88–90 %, glasövergångstemperaturer på 93–

109 °C och hydrofoba ytor. Båda härdplasterna degraderades fullständigt inom 

48 timmar under alkaliska förhållanden och förblev stabila under nära 

fysiologiska förhållanden i 14 dagar, förenligt med en ytinitierad 

erosionsmekanism. 

Dessa fynd etablerar ett struktur-egenskapsramverk som kopplar ligninets 

molekylära arkitektur till modifieringseffektivitet, härdplastprestanda och 

kontrollerad nedbrytning. 

 

Nyckelord: lignin, karboximetylering, oxidativ karboxylering, härdplast, 

hydrolytisk nedbrytning, biobaserade material 
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1 Introduction 

1.1 Motivation 

The global materials economy still depends heavily on fossil resources. Synthetic 

polymers, including plastics, resins, adhesives, and coatings, are produced 

almost exclusively from petroleum feedstocks and currently account for roughly 

6% of global oil consumption.1-3 The production and end-of-life disposal of these 

materials generate substantial greenhouse gas emissions and persistent 

environmental pollution.4, 5 Thermosets present a particular challenge: their 

covalently crosslinked networks prevent them from being melted, recycled, or 

composted, creating a waste stream that current circular economy frameworks 

struggle to address.6-8 

Lignocellulosic biomass offers a chemically versatile platform for replacing 

fossil-based polymer feedstocks. Among its three main components, lignin; a 

large-volume renewable source of aromatic structure, constitutes 15–30% of 

plant biomass by weight9, 10 and is produced in large quantities as a byproduct 

of the pulp and paper industry. Globally, over 50 million tonnes of technical 

lignin are generated each year, yet the vast majority are combusted for the 

industry’s energy needs or used as fillers in polymer composites rather than 

valorized as a material.11-15 This throws away something valuable and misses a 

chance to build something sustainable. 

Lignin is a complex, amorphous biopolymer built primarily from three 

phenylpropanoid monolignols: p-coumaryl alcohol, coniferyl alcohol and 

sinapyl alcohol, which give rise to p-hydroxyphenyl (H), guaiacyl (G) and 

syringyl (S) units, respectively.16-18  Additional building blocks incorporated 
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through non-canonical biosynthetic pathways have been identified in some 

plant species,19 though H, G, and S units remain the principal structural 

components in the lignins studied here. The composition of these units is 

determined by botanical origin: hardwood lignins are rich in S and G units, while 

softwood lignins consist predominantly of G units.20 Lignin's inherent 

aromaticity, thermal stability and high carbon content make it an attractive 

building block for thermoset materials,11, 21-24 and a growing body of work has 

explored its use in for example, epoxy resins,23-25 thiol-ene networks,26-28 and 

polyurethanes.23, 24, 26, 27, 29-31 

Realizing this potential requires overcoming two fundamental challenges. First, 

technical lignin, obtained through the kraft process, is structurally 

heterogeneous and poorly reactive toward conventional crosslinking 

chemistries without prior modification.32, 33 Second, even well-designed lignin-

based thermosets must eventually address end-of-life concerns. A crosslinked 

network that cannot be degraded or recycled simply relocates the sustainability 

problem from fossil feedstocks to bio-based waste. Designing cleavable linkages 

into the molecular structure of the material itself is one approach to achieving 

degradability or recyclability.34 

This thesis addresses both challenges through a systematic study of lignin 

valorization. It begins with the fundamental chemistry of two modification 

routes that introduce reactive carboxylic acid groups into lignin and examines 

how lignin structure governs the efficiency and selectivity of each reaction. It 

then investigates how the modified lignin architecture controls molecular 

packing and mechanical properties in cured epoxy thermosets. Finally, it asks 

whether rational design of cleavable linkages can confer degradability in 

aqueous media, closing the material loop. 

1.2 Scope of the thesis 

This thesis focuses on the valorization of technical lignins as functional 

precursors for bio-based thermoset materials. Four lignins are used throughout: 

spruce and eucalyptus kraft lignins produced via the LignoBoost process,35 and 

spruce and birch cyclic extracted organosolv lignins produced by the KTH 

biorefinery process.36-38 Both hardwood and softwood sources are included to 

allow systematic comparison of how botanical origin and extraction methods 

affect reactivity and material performance. 

The chemistry is based exclusively on carboxylic acid functionalization of the 

lignin macromolecule, followed by thermal crosslinking with epoxidized linseed 
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oil through acid-epoxide ring-opening esterification. This approach preserves 

the lignin backbone intact, deliberately avoiding depolymerization to 

monomers, because macromolecular valorization retains the aromatic 

complexity and structural richness of lignin that make it attractive as a 

thermoset building block in the first place. The ester linkages formed during 

crosslinking are hydrolyzable by design, providing an inherent end-of-life 

degradation pathway without requiring additional reactive groups or additives. 

The scope spans four interconnected themes: the structure-reactivity 

relationships governing carboxylic acid introduction via carboxymethylation 

and oxidative carboxylation; the influence of the modification route on 

nanoscale packing organization; the formation and characterization of lignin-

ELO thermoset networks; and hydrolytic degradation behavior under alkaline 

and near-neutral aqueous conditions. Each theme is addressed in one or two of 

the appended papers and discussed together in Chapter 4. 

1.3 Aim and objectives 

The aim of this thesis is to build the fundamental knowledge needed to design 

lignin-based thermosets with tunable properties and designed end-of-life 

degradability. This aim is pursued through four specific objectives: 

• To elucidate how lignin sources and molecular structure govern the 

reactivity and selectivity of carboxymethylation, establishing structure-

reactivity relationships that can guide lignin selection for targeted 

applications. (Paper I) 

• To investigate oxidative carboxylation as another route to functionalized 

lignin and demonstrate the potential to subsequently tailor carboxylic 

acid content through hydrolytic approaches. (Paper II) 

• To investigate how carboxymethylation and oxidative carboxylation 

influence the nanoscale organization of lignin and its performance in bio-

based epoxy thermosets, with particular focus on molecular packing and 

brittleness. (Paper III) 

• To evaluate the thermal, thermomechanical, and degradation behavior of 

lignin-based thermosets, and to establish relationships between lignin 

feedstock identity, network structure, and material performance. (Paper 

IV) 
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1.4 Relevance to the UN sustainable development goals 

The research presented in this thesis is most closely aligned with three of the 

seventeen United Nations Sustainable Development Goals (SDGs)39-41: SDG 9 

(Industry, Innovation and Infrastructure), SDG 12 (Responsible Consumption 

and Production), and SDG 13 (Climate Action). 

SDG 9 calls for resilient infrastructure and innovation toward sustainable 

industrialization. Developing bio-based thermosets from kraft lignin, an 

industrial byproduct currently underutilized in most pulp mills, offers a concrete 

pathway to upgrade existing biorefinery value chains without requiring 

purpose-grown feedstocks or entirely new industrial infrastructure. The 

fundamental chemical principles established in this thesis for governing lignin 

reactivity and structure-property relationships provide a scientific basis for 

future industrial scale-up of lignin valorization. 

SDG 12 addresses responsible consumption and production, including the goal 

of substantially reducing waste generation and achieving possible management 

of materials throughout their lifecycle. Thermoset polymers are among the least 

recyclable classes of synthetic materials. By sourcing feedstocks from 

lignocellulosic biomass and by designing thermoset networks with cleavable 

linkages, this thesis advances the concept of bio-based materials that can re-

enter material or biological cycles at the end of life. The degradation studies in 

Paper IV are particularly relevant here, providing mechanistic insight into how 

network disassembly can be engineered through molecular design. 

SDG 13 calls for urgent action to combat climate change. The production of 

conventional fossil-based thermosets is associated with substantial carbon 

dioxide emissions, both from the use of fossil resources and from end-of-life 

incineration. Kraft lignin, produced in large quantities as a byproduct of the pulp 

and paper industry, is currently burned in recovery boilers to generate energy 

and recover process chemicals, a practice that is necessary to maintain the 

energy balance of the kraft process. However, the lignin stream is typically 

produced in excess of what is required for this purpose, and diverting this 

surplus toward material applications rather than combustion can reduce net 

CO2 emissions relative to current practice while preserving the energy and 

chemical recovery the process depends on. Lignin-based thermosets offer a 

lower-carbon alternative: the aromatic carbon in lignin is of botanical origin, 

and valorizing surplus kraft lignin as a high-value material rather than burning 

it for low-grade energy also preserves embodied carbon throughout the 
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product's useful lifetime. The materials chemistry developed in this thesis 

supports decarbonization of the polymer sector, contributing to the climate 

mitigation objectives of SDG 13. 

More broadly, this work supports the vision of a sustainable biorefinery in which 

every component of lignocellulosic biomass is valorized according to its highest 

chemical potential. By showing that lignin can serve as a reactive building block 

for high-performance thermosets and as a source of degradable materials, this 

research contributes to the scientific foundation needed for the transition from 

a linear, fossil-based materials economy to a circular, bio-based, and climate-

compatible one. 

1.5 Thesis overview 

This thesis comprises four papers: Papers I, II, and III have been published in 

peer-reviewed journals, and Paper IV is a manuscript in preparation for 

submission. Each paper addresses a different knowledge gap in the development 

of lignin-based thermosets. 

The first two papers cover chemical modification approaches used to increase 

the carboxylic acid content of lignin, enabling it to react with epoxides and form 

ester linkages in the thermoset network. Paper I focuses on carboxymethylation, 

while Paper II explores oxidative carboxylation. 

Papers III and IV concern the preparation and characterization of lignin-based 

thermoset materials, where the carboxyl-rich lignin is thermally cured with 

epoxidized linseed oil (ELO). Paper III examines the resulting thermosets and 

investigates the origin of brittleness observed in these systems. Building on this, 

Paper IV introduces poly(ethylene glycol) (PEG) to reduce brittleness and 

improve gel content and further evaluates the degradation behavior of 

thermosets prepared from lignins of different origins.
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2 Background  

2.1 Lignin structure and chemistry 

2.1.1 Monolignol composition and interunit linkages 

Lignin is one of the three main components of lignocellulosic biomass, alongside 

cellulose and hemicellulose. It is a complex, amorphous aromatic biopolymer 

synthesized in plant cell walls through the oxidative radical polymerization of 

three hydroxycinnamyl alcohol precursors, known as monolignols: p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 1).16, 42 Upon 

incorporation into the polymer, these give rise to p-hydroxyphenyl (H), guaiacyl 

(G) and syringyl (S) phenylpropanoid units, respectively. It is worth noting that 

non-canonical phenolic monomers have more recently been observed to couple 

into lignin, demonstrating the plasticity of lignin.19 Nevertheless, the key 

structural difference between the conventional units lies in the degree of 

methoxyl substitution on the aromatic ring: H units carry none, G units carry 

one methoxyl group at the 3-position, and S units carry two methoxyl groups at 

the 3- and 5-positions.16, 17 

 

Figure 1: Structures of the three monolignols (p-coumaryl, coniferyl, sinapyl alcohol). 
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The relative abundance of H, G, and S units varies significantly with plant 

species and has direct consequences for lignin reactivity and material 

properties.17, 20 Softwood lignins, derived from gymnosperms such as spruce, 

consist almost exclusively of G units. Hardwood lignins, derived from 

angiosperms such as eucalyptus and birch, contain a mixture of S and G units, 

with S units often predominating. The additional methoxyl substituent in S units 

results in a less sterically hindered aromatic ring and a more open molecular 

conformation compared to G-rich lignins, with consequences for both hydroxy 

group accessibility and intermolecular packing behavior.43, 44 It should be noted 

that these effects refer to isolated technical lignins rather than to native lignin in 

the cell wall, where association with cellulose and hemicellulose imposes 

additional structural constraints.45 

The monolignol units in lignin are connected through a variety of carbon-oxygen 

and carbon-carbon interunit linkages formed during radical coupling in 

biosynthesis. The most abundant linkage in native lignin is the beta-aryl ether 

(β-O-4'), which can account for 45–60% of all interunit bonds depending on 

species.16, 42 This linkage connects the beta-carbon of the propanoid side chain 

of one unit to the oxygen at the 4-position of the adjacent aromatic ring. Its 

relative abundance and hydrolyzable ether character make it the primary target 

in lignin depolymerization strategies, and its preservation is a key indicator of 

how mildly a lignin has been processed. The main interunit linkages found in 

isolated lignin are shown in Figure 2. 

 

Figure 2: Main interunit linkages and end groups in isolated lignin. β-O-4′, β-5′, β-β′, and DBDO are 

native interunit linkages present in both native and technical lignins. Hibbert ketones, coumarylaldehyde, 

and stilbene structures are artefacts of acid-catalysed extraction conditions and are specific to isolated 

organosolv lignins. 
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Other common linkages include the phenylcoumaran (β-5'), the resinol (β-β') 

and the dibenzodioxocin (DBDO) structure. These condensed carbon-carbon 

linkages are significantly more resistant to chemical cleavage than the β-O-4' 

ether bond.16, 17 The proportion of condensed versus ether linkages reflects the 

severity of the extraction process.  

2.1.2 Native versus technical lignin 

Although some aspects of native lignin structure in the plant cell wall remain 

debated, there is consensus that its primary structure is built predominantly 

from β-O-4' linkages. Technical lignins recovered during industrial processing 

deviate substantially from this native structure. Cleavage of labile ether bonds, 

condensation reactions forming new carbon-carbon bonds, and changes to the 

hydroxy group profile all occur during pulping, and the severity of these changes 

scales with the harshness of the extraction conditions.21, 32 

Kraft lignin is among the most structurally modified technical lignins. The harsh 

alkaline conditions of the kraft process cleave most β-O-4' bonds and promote 

condensation, yielding a heterogeneous polymer with high polydispersity and 

significant quantities of phenolic hydroxy groups relative to aliphatic hydroxy.21, 

32 Despite this structural complexity, kraft lignin is produced in very large 

quantities globally as a byproduct of the pulp and paper industry, making it an 

attractive renewable feedstock for material applications.21 

Cyclic extracted organosolv lignins extracted under milder conditions can retain 

significantly more of the native interunit linkage pattern. The cyclic extracted 

organosolv lignin produced using the KTH-developed biorefinery process is 

characterized by a high content of preserved β-O-4' linkages and a more native-

like structure compared to kraft lignin,36-38 making it a valuable reference 

system for fundamental structure-reactivity studies. 

Technical lignins exhibit broad molecular weight distributions, reflecting the 

heterogeneity of the polymer. Number-average molecular weights (Mn) for kraft 

lignins typically fall in the range of 1,000–3,000 g/mol, with dispersity values 

(Đ = Mw/Mn) frequently above 2 and sometimes considerably higher.43, 46 This 

polydispersity is relevant to thermoset applications because the molecular 

weight distribution of the lignin precursor influences mutual solubility in 

formulations, crosslink density, network homogeneity, and ultimately the 

mechanical properties of the cured material.23 
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2.1.3 Supramolecular organization and π–π stacking 

Beyond the primary covalent structure, lignin molecules adopt higher-order 

conformations driven by non-covalent interactions.47-49 The flexible β-O-4' bond 

permits rotation and folding of the lignin chain, facilitating intramolecular and 

intermolecular π–π stacking between aromatic phenylpropanoid units.44, 50 π–

π stacking is a form of non-covalent van der Waals interaction, in this case 

between aromatic ring systems arranged in parallel (sandwich) or perpendicular 

(T-shaped, edge-to-face) geometries.47, 51 In the sandwich configuration, two 

aromatic rings align face-to-face at inter-ring distances of approximately 3.5–

4.5 Å. In the T-shaped configuration, one ring is oriented perpendicular to the 

plane of the other, with edge-to-face contact at larger inter-ring separations. 

Both geometries have been identified in lignin oligomers through computational 

modeling, and their relative abundance depends on the monolignol composition 

and the structural context of the aromatic ring, as illustrated in Figure 3.44, 47, 51 

 

Figure 3: Schematic of sandwich (face-to-face) and T-shaped (edge-to-face) π–π stacking geometries 

between aromatic rings. 

 

These supramolecular interactions are relevant to thermoset performance 

because π–π stacking in the cured network increases rigidity and reduces chain 

mobility.50, 52 Wide-angle X-ray scattering (WAXS) probes these arrangements 

through a characteristic broad scattering peak, arising from inter-ring 

correlations. The position and shape of this peak report on the mean inter-ring 

distance and the distribution of stacking geometries.52  

2.2 Lignin extraction methods 

2.2.1 The kraft process and LignoBoost 

The kraft process is the dominant chemical pulping method globally. Wood 

chips are cooked under strong alkaline conditions using sodium hydroxide and 
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sodium sulfide at temperatures of 155–175 °C.21 This treatment solubilizes lignin 

by cleaving ether linkages, releasing lignin fragments into the spent cooking 

liquor (black liquor). The LignoBoost process recovers lignin as a solid product 

from black liquor through acidification and precipitation, followed by filtration, 

re-dispersion, and a second acidification step to remove residual inorganic 

impurities.35 The kraft lignins from spruce and eucalyptus used in this thesis 

were produced using the LignoBoost process.21, 35  

2.2.2 Cyclic extracted organosolv lignin 

Organosolv processes use organic solvents to extract lignin from biomass under 

milder conditions than the kraft process, preserving a higher proportion of 

native β-O-4' interunit linkages.20 The cyclic extraction process developed at 

KTH uses a cyclic solvent strategy to fractionate lignocellulosic biomass while 

protecting the lignin structure from modification.36-38 Spruce sawdust and birch 

wood chips are extracted at 140–160 °C using an accelerated solvent extractor. 

The resulting cyclic extracted organosolv lignins retain a high content of β-O-4' 

linkages and aliphatic hydroxy groups.37, 44 

Comparing kraft and cyclic extracted organosolv lignins from the same or 

similar wood species allows the effects of botanical origin to be decoupled from 

those of extraction method. In general, kraft lignin has fewer aliphatic hydroxy 

groups, more phenolic hydroxy, a lower β-O-4' content, and higher dispersity 

than the corresponding organosolv lignin.32, 33, 36 These structural differences 

have direct consequences for lignin reactivity toward chemical modification, 

since the distribution of hydroxy group types, molecular conformation in 

solution, and the degree of intermolecular aggregation all affect the accessibility 

of reactive sites to modifying reagents.53 

2.3 Chemical modification of lignin 

2.3.1 Structure-reactivity relationships 

Isolated lignin carries three main types of reactive functional groups: aliphatic 

hydroxy groups, phenolic hydroxy groups and carboxylic acid groups. Their 

relative abundance varies significantly between lignin types and is a primary 

determinant of reactivity in chemical modification reactions.20, 53 Phenolic 

hydroxy groups are generally more nucleophilic than aliphatic hydroxy groups 

under alkaline conditions, where deprotonation yields a phenolate anion. 

However, the apparent reactivity in each reaction depends not only on intrinsic 

nucleophilicity but also on solubility in the reaction medium and the steric 
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accessibility of hydroxy groups, which is governed by the molecular 

conformation adopted in solution.53, 54 

The botanical origin and extraction method of lignin determine the structure of 

isolated lignin and its molecular conformation in solution. These are expected 

to govern the overall reactivity of lignin toward chemical modification. 

Understanding this relationship systematically across lignin types is essential 

for developing rational guidelines for lignin selection in valorization 

applications, yet comparative studies of kraft and organosolv lignins under 

identical modification conditions remain limited in the literature.20, 53 

2.3.2 Carboxymethylation 

Carboxymethylation converts hydroxy groups to carboxymethyl ether groups (–

O–CH2–COOH) through reaction with sodium monochloroacetate under 

alkaline conditions. The reaction is well established for cellulose and has been 

applied to lignin to increase its carboxylic acid content for applications including 

dispersants, stabilizing agents, and thermoset precursors.53, 54 The mechanism 

proceeds via nucleophilic substitution (Figure 4): the hydroxy group is 

deprotonated to form an alkoxide or phenolate, which attacks the alpha-carbon 

of the chloroacetate reagent in an SN2 reaction, forming the carboxymethyl ether 

linkage and releasing chloride.53, 54 Reaction temperature and the molar ratio of 

sodium monochloroacetate to hydroxy groups are the primary parameters 

controlling the degree of substitution and the carboxylic acid content of the 

product. 

 

Figure 4: Reaction scheme for carboxymethylation, with R = H or OCH3. 

 

The carboxylic acid groups introduced through carboxymethylation can 

function as reactive handles for crosslinking with epoxide-containing 

components, enabling lignin to act as a hardener in thermosetting resin 

systems.55, 56 However, the degree to which carboxymethylation improves lignin 

compatibility with epoxy matrices and the relationship between modification 
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conditions and thermoset properties have not been fully established across 

different lignin sources. 

2.3.3 Oxidative carboxylation 

Peracetic acid, formed in situ from acetic acid and hydrogen peroxide, is a 

moderately selective oxidant that reacts with electron-rich aromatic structures 

in lignin.57 Its primary reactions with lignin include ring-opening of phenolic 

aromatic units to form muconic acid and methyl ester end groups, and oxidation 

of benzylic hydroxy groups in β-O-4' substructures to ketones.57, 58 The ring-

opening reaction introduces carboxylic acid groups by forming muconic acid 

moieties, without requiring a separate carboxylation reagent, as shown in Figure 

5. Methyl ester groups formed simultaneously can subsequently be hydrolyzed 

under mild alkaline conditions to yield additional free carboxylic acid groups, 

providing a post-oxidation handle for tuning carboxylic acid content.59 

 

Figure 5: Reaction scheme for oxidative carboxylation: peracetic acid acting on a lignin phenolic unit, 

showing ring-opening to muconic acid/methyl ester and benzylic hydroxy oxidation to ketone. 

 

Peracetic acid has been shown to disrupt the π–π stacking network of lignin by 

cleaving aromatic rings, which alters the mean inter-ring distance detectable by 

WAXS.60 S units in hardwood lignins are more susceptible to ring-opening than 

G units in softwood lignins, consistent with the greater electron density of the S 

aromatic ring. Whether these structural changes lead to improved or reduced 

compatibility with epoxy matrices, and how they compare with those from 

carboxymethylation, remains an open question that has not been systematically 

addressed in the literature. 

2.4 Lignin-based thermosets 

2.4.1 Bio-based thermoset systems and the case for lignin 

Conventional epoxy thermosets are predominantly produced from bisphenol A 

(BPA), which has been classified as a reproductive toxicant and endocrine 
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disruptor.61 This has driven considerable interest in bio-based alternatives that 

can replace or supplement BPA in thermoset formulations while avoiding its 

toxicological concerns. Lignin, as the only large-volume renewable source of 

aromatic chemistry, is a particularly attractive candidate.23 A range of 

crosslinking chemistries has been explored for lignin-based thermosets, 

including epoxy-based systems,23, 52, 62 thiol-ene networks26, 27, 31, 62-65 and 

polyurethanes.66-69 Ester-based systems, in which carboxylic acid groups on 

modified lignin react with epoxides to form ester crosslinks, are of particular 

interest because the resulting ester bonds are hydrolyzable under aqueous 

conditions, providing an inherent end-of-life degradation pathway.26, 34 

2.4.2 Epoxidized vegetable oils as bio-based epoxy components 

Epoxidized vegetable oils are a class of bio-based epoxy components70-74 

produced by the epoxidation of unsaturated fatty acid triglycerides. Their 

commercial availability and renewable origin make them attractive 

replacements for petroleum-based epoxide matrices in thermoset formulations. 

Epoxidized linseed oil (ELO) is particularly attractive as an epoxy component 

due to its high epoxide functionality, arising from the high linolenic acid content 

of linseed oil.75, 76 The flexible aliphatic chains of ELO provide a plasticizing 

effect in cured thermoset networks, which can reduce the brittleness typically 

associated with rigid aromatic hardeners. Combining carboxylated lignin 

derivatives with ELO, therefore, represents a strategy for producing largely bio-

based thermosets in which lignin provides aromatic rigidity and reactive 

crosslinking functionality, while ELO provides chain flexibility.77 

2.4.3 Brittleness, plasticization, and mechanical performance 

Brittleness is a well-recognized limitation of high-lignin-content thermosets and 

has been attributed to the rigid aromatic backbone of lignin, the inherent 

heterogeneity of lignin, and the tendency of aromatic units to maintain π–π 

stacking interactions in the cured network.23, 27, 31, 72 Several strategies have been 

explored to address this, including the use of flexible co-monomers,78 

fractionation of lignin to reduce polydispersity,27, 62 and incorporation of 

poly(ethylene glycol) (PEG) as a plasticizer to increase chain mobility within the 

network.72, 78 Carboxylated lignins at 10–20 wt% have been used as co-

hardeners in epoxy systems, with reported improvements in tensile strength of 

up to 51% and toughness of up to 95% relative to the unfilled epoxy, along with 

an increase in flexural strength from 23.3 to 101 MPa as lignin content 

increases.55, 56 However, phase separation arising from the intrinsic structural 
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heterogeneity of lignin can compromise network homogeneity and mechanical 

performance even when lignin appears fully soluble in the uncured resin. The 

molecular-level origins of this behavior, and specifically how the choice of 

modification route affects the π–π stacking organization in the cured network 

and thereby governs mechanical properties, remain poorly understood. 

2.5 Degradable and recyclable thermosets 

2.5.1 Design strategies for cleavable thermoset networks 

Conventional thermosets are typically landfilled or incinerated at the end of life, 

neither of which is compatible with circular economy principles.79, 80 Efforts to 

develop degradable or recyclable alternatives have focused on two main 

strategies. The first involves dynamic covalent networks (vitrimers), crosslinked 

polymers in which covalent bonds can exchange under thermal or chemical 

stimulus, enabling reshaping and closed-loop chemical recycling while retaining 

thermoset-like mechanical performance.81-83 The second focuses on 

incorporating hydrolyzable linkages, such as esters, acetals, or anhydrides, into 

the network backbone, enabling triggered degradation under certain conditions. 

Both approaches have been extended to bio-derived feedstocks, reducing 

reliance on petroleum-based resources,84-86 and comprehensive reviews of 

lignin-based covalent adaptable networks covering the full range of dynamic 

bond chemistries available for this class of materials have recently appeared.87, 

88 Despite these advances, combining high bio-based content, adequate 

mechanical performance, and controlled hydrolytic degradability in a single 

thermoset system remains a challenge, and industrial implementation of 

recyclable thermosets is still limited,89 though a recent landmark demonstrated 

catalyst-free closed-loop chemical recycling of a fully bio-based wood-derived 

epoxy-amine thermoset by methanolysis.90 While this approach uses amine-

based crosslinks, the ester-based networks in this thesis pursue an analogous 

end-of-life strategy through hydrolytic cleavage rather than methanolysis. 

Ester linkages are among the most exploited cleavable chemistries for hydrolytic 

degradation, as they undergo bond cleavage under both acidic and alkaline 

aqueous conditions.34, 91, 92 The rate and mechanism of degradation depend on 

two competing processes: water penetration into the network and ester bond 

hydrolysis. When bond hydrolysis is faster than water penetration, degradation 

is confined to the material surface (surface erosion, Figure 6). When water 

penetration is faster than hydrolysis, degradation proceeds uniformly 

throughout the bulk (bulk erosion).93, 94 Crosslink density, network 
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hydrophilicity, and specimen dimensions are the primary parameters governing 

which regime dominates in each system.94 

 

Figure 6: Schematic illustrating surface erosion vs bulk erosion mechanisms in degradable polymer 

networks: two side-by-side diagrams showing water penetration and cleavage front. 

 

2.5.2 Degradable lignin-based thermosets 

Ester bonds formed during carboxylic acid-epoxy crosslinking provide an 

inherent hydrolytic degradation pathway,95, 96 though its effectiveness under 

mild aqueous conditions depends on water uptake and ester accessibility within 

the cured network.34, 91, 92 Several groups have designed degradable lignin-based 

thermosets: Subbotina et al. showed that alkaline hydrolysis of maleated kraft 

lignin thermosets disassembles the network, with degradation kinetics 

depending on lignin origin;97 Zhou et al. combined lignin and soybean oil into 

fully bio-based thermosets with controlled hydrolytic degradability;98 and Chen 

et al. demonstrated alkaline cleavage of ester crosslinks to recover starting 

materials in bio-based epoxy resins.81 More broadly, Shen and Robertson 

showed that degradation rate depends strongly on crosslink density, network 

hydrophilicity, and the pH of the degradation medium, with alkaline conditions 

substantially accelerating ester cleavage.91, 92  

Despite this growing body of work, systematic comparisons of how lignin 

feedstock identity and modification route affect both thermoset network 

properties and degradation behavior within a consistent formulation remain 

limited. This gap motivates the degradation studies in this thesis. 
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3 Materials and methods 

This chapter provides an overview of the materials and experimental approaches 

used across the four papers in this thesis. Full experimental details, including 

instrument parameters, reagent concentrations, and data-processing 

procedures, are provided in the individual papers. Methods that appear in more 

than one paper are described once here and cross-referenced where relevant. 

3.1 Materials 

Four lignin types were used throughout this thesis, covering two extraction 

methods and two botanical origins. Kraft lignins from spruce (Picea abies) and 

eucalyptus (Eucalyptus grandis) were obtained from the LignoBoost process. 

Cyclic extracted organosolv lignins from spruce (Picea abies) and birch (Betula 

sp.) were produced at KTH using an accelerated solvent extraction (ASE) 

procedure in a binary ethanol/water solvent (70:30 v/v) with sulfuric acid at 

140–160 °C, based on the method described by Karlsson et al.36-38 The four 

reference lignins are summarized in Table 1. 

Epoxidized linseed oil (ELO) was kindly provided by Nordic United Coatings 

and used as received. ELO was selected as the epoxide component for thermoset 

preparation in Papers III and IV due to its high epoxide functionality and 

renewable origin. Poly(ethylene glycol) (PEG-400) was used as a plasticizer in 

Paper IV to improve network flexibility. Sodium monochloroacetate was used as 

the carboxymethylation reagent in Paper I. Acetic acid and hydrogen peroxide 

(30%) were used to generate peracetic acid in situ for oxidative carboxylation in 

Paper II. All other reagents, including solvents, NMR reagents and analytical 
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standards, were purchased from commercial suppliers and used as received. 

Full details of reagent grades and suppliers are given in the individual papers. 

Table 1: Reference lignin used in this thesis. 

Lignin Type Botanical Source Extraction Method Abbrev. 

Spruce kraft lignin Picea abies (softwood) Kraft process, LignoBoost SKL 

Eucalyptus kraft lignin Eucalyptus grandis 

(hardwood) 

Kraft process, LignoBoost EKL 

Spruce cyclic extracted 

organosolv lignin 

Picea Abies (softwood) Cyclic organosolv extraction 

(EtOH/H2O 70:30, H2SO4, 

140–160 °C) 

SCOL 

Birch cyclic extracted 

organosolv lignin 

Betula sp. (hardwood) Cyclic organosolv extraction 

(EtOH/H2O 70:30, H2SO4, 

140–160 °C) 

BCOL 

 

3.2 Lignin modification  

3.2.1 Carboxymethylation (Paper I) 

Carboxymethylation was carried out by reacting lignin with sodium 

monochloroacetate under alkaline conditions (Figure 7). Lignin was first 

dissolved in 1.5 M sodium hydroxide for 30 minutes. Sodium 

monochloroacetate was then added at a molar ratio of 3 or 6 equivalents relative 

to the hydroxy groups of lignin ([OH]/[NaClCH2COO] = 1:3 or 1:6), and the 

reaction was carried out for 4 h. The reaction temperature varied between 40 

and 110 °C for kraft lignins (EKL, SKL). Because spruce cyclic extracted 

organosolv lignin (SCOL) precipitated at the highest temperature and reagent 

concentration used for kraft lignins, a broader range (40, 60, 80, and 110 °C) 

was screened to find workable conditions. Birch organosolv lignin (BCOL) was 

not screened separately; the SCOL condition giving the highest carboxylic acid 

content was applied directly. After reaction, the pH was adjusted to 1 with 

hydrochloric acid to precipitate the product. For selected conditions, the 

reaction mixture was centrifuged prior to acidification to separate the alkaline-

soluble and alkaline-insoluble fractions, which were recovered and 

characterized independently. The carboxymethylated lignins used for thermoset 

preparation in Paper III were the alkaline-soluble fractions obtained under 

conditions giving the highest carboxylic acid content for each lignin type. All 

carboxymethylated samples and their reaction conditions are summarized in 
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Table 2. Carboxymethylated lignins are denoted with the prefix C (e.g., CSKL = 

carboxymethylated spruce kraft lignin); sample codes further indicate reaction 

temperature, reagent ratio, and the alkaline-soluble (sol) or -insoluble (ins) 

fraction. 

Table 2: Carboxymethylated lignin samples prepared in this thesis. 

Sample Lignin 

type 

Temp 

(°C) 

[OH]/[NaClCH2COO] Fraction Paper 

CSKL_40_3 SKL 40 1:3 Bulk I 

CSKL_110_3 SKL 110 1:3 Bulk I 

CSKL_110_6 SKL 110 1:6 Bulk I 

CSKL_110_6_sol SKL 110 1:6 Solubea I, III 

CSKL_110_6_ins SKL 110 1:6 Insolublea I, III 

CEKL_40_3 EKL 40 1:3 Bulk I 

CEKL_110_3 EKL 110 1:3 Bulk I 

CEKL_110_6 EKL 110 1:6 Bulk I 

CEKL_110_6_sol EKL 110 1:6 Solublea I, III 

CEKL_110_6_ins EKL 110 1:6 Insolublea I, III 

CSCOL_40_3 SCOL 40 1:3 Bulk I 

CSCOL_60_3 SCOL 60 1:3 Bulk I 

CSCOL_80_3 SCOL 80 1:3 Bulk I 

CSCOL_110_3 SCOL 110 1:3 Bulk I 

CSCOL_80_6 SCOL 80 1:6 Bulk I 

CSCOL_80_6_sol SCOL 80 1:6 Solublea I, III 

CSCOL_80_6_ins SCOL 80 1:6 Insolublea I 

CBCOL_80_6_sol BCOL 80 1:6 Solublea I, III 

CBCOL_80_6_ins BCOL 80 1:6 Insolublea I 

a Soluble and insoluble fractions were separated by centrifugation after reaction, followed by acidification 

of each fraction.  
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Figure 7: Schematic overview of carboxymethylation conditions applied to (a) SKL, EKL, and SCOL and 

(b) all four lignin types with fractionation, showing conditions used in Papers I and III. 

 

3.2.2 Oxidative carboxylation (Paper II) 

Oxidative carboxylation was performed using a mixture of acetic acid and 

hydrogen peroxide (80:20 v/v), which generated peracetic acid in situ (Table 3, 

Figure 8). Reactions were carried out at 80 °C for 60 minutes for all four lignin 

types. After reaction, the oxidized lignin was fractionated by dilution with water 

and centrifugation, yielding a precipitated fraction. The remaining water phase 
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was then extracted with ethyl acetate (EtOAc) to give an EtOAc-soluble fraction, 

while the residual water-soluble material that could not be extracted by EtOAc 

was recovered separately using Ca²⁺ ion precipitation. The EtOAc-soluble 

fraction was selected for further use in thermoset preparation (Papers III and 

IV) as it showed the highest carboxylic acid content and formed well-defined 

oligomeric structures. Selected EtOAc-soluble fractions were further subjected 

to alkaline hydrolysis (0.1 M NaOH, 60 °C, 3 h) to convert methyl ester groups 

to free carboxylic acid groups, yielding hydrolyzed oxidized lignin samples.  

Oxidized lignins are denoted with the prefix O (e.g., OSKL = oxidized spruce 

kraft lignin); the suffix EtOAc or precip indicates the recovered fraction, and 

the prefix H denotes samples subjected to subsequent alkaline hydrolysis. 

Table 3: Oxidized lignin samples, with the fractions recovered and the papers in which they appear. 

Sample Lignin type Fraction Paper 

OSKL_precip SKL Precipitated II 

OSKL_EtOAc SKL EtOAc-solublea II, III, IV 

H_OSKL_EtOAc SKL EtOAc-soluble, alkaline treatment II 

OEKL_precip EKL Precipitated II 

OEKL_EtOAc EKL EtOAc-solublea II, III, IV 

H_OEKL_EtOAc EKL EtOAc-soluble, alkaline treatment II 

OSCOL_precip SCOL Precipitated II 

OSCOL_EtOAc SCOL EtOAc-solublea II, III, IV 

H_OSCOL_EtOAc SCOL EtOAc-soluble, alkaline treatment II 

OBCOL_precip BCOL Precipitated II 

OBCOL_EtOAc BCOL EtOAc-solublea II, III, IV 

H_OBCOL_EtOAc BCOL EtOAc-soluble, alkaline treatment II 

a EtOAc-soluble fractions were used for thermoset preparation in Papers III and IV. 
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Figure 8: Oxidative carboxylation and fractionation workflow. 

 

3.3 Thermoset preparation (Paper III, IV) 

Lignin-based thermosets were prepared by combining modified lignin with ELO 

at an equimolar ratio of carboxylic acid groups to epoxide groups. The lignin was 

first dissolved in a binary EtOH/EtOAc (70:30, v/v) solvent mixture at elevated 

temperature (Figure 9). The resin mixture was transferred into silicone molds 

and thermally cured at 125 °C for 24 h. The resulting thermosets were handled 

as self-standing films for subsequent characterization. 

 

 

Figure 9: Thermoset preparation workflow for Papers III (lignin–ELO, upper) and IV (lignin–ELO–PEG, 

lower), showing mixing ratios and curing conditions. 
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In Paper III, the solubility behavior of carboxymethylated and oxidized lignins 

in the resin solvent was evaluated before curing. Carboxymethylated lignins 

showed partial precipitation during dissolution, and only the soluble fraction 

was used for resin formulation, while oxidized lignins remained fully dissolved. 

The degree of phase separation after curing was assessed by leaching tests. In 

Paper IV, PEG-400 (10 wt% relative to the total lignin and ELO weight) was 

added to the resin mixture as a plasticizer before casting.  

3.4 Leaching tests (Paper III) and gel content (Paper IV) 

Leaching tests were performed in duplicate to quantify the fraction of 

uncrosslinked or poorly incorporated material remaining in the cured 

thermosets. Two solvent systems were used: the binary EtOH/EtOAc (70:30, 

v/v) used during resin preparation, and an acetone/water mixture (80:20 v/v). 

Approximately 15 mg of each thermoset specimen was immersed in 1.5 mL of 

solvent at room temperature for 24 h without stirring. After extraction, both the 

extract and the residual thermoset were dried to constant mass. The leached 

fraction was calculated as the mass of dried extract relative to the initial 

thermoset mass.  

Gel content measurements were performed in duplicate to quantify the degree 

of crosslinking in cured thermosets. Thermoset specimens were immersed in 

solvent for 48 h, dried, and reweighed. Gel content was expressed as the ratio of 

the final dry weight to the initial sample weight and reflected the insoluble, 

crosslinked fraction of the network.99 

3.5 Hydrolytic degradation (Paper IV) 

Hydrolytic degradation of the lignin-based thermosets was investigated under 

two conditions: 0.05 M sodium hydroxide at room temperature, targeting direct 

cleavage of ester linkages, and phosphate-buffered saline (PBS, pH 7.4) at 37 °C, 

representing a milder, near-neutral condition. Thermoset specimens of 15 to 20 

mg were immersed in the respective medium at a solid-to-liquid ratio of 3 

mg/mL. Alkaline degradation was assessed at 2, 4, 16, 24, and 48 h; PBS 

degradation at 7 and 14 days (Figure 10).100 All experiments were performed in 

duplicate without stirring. At each time point, the medium was removed, the 

residual thermoset was washed with water, dried overnight, and reweighed to 

determine mass loss. Degraded specimens were characterized by FTIR to 

monitor ester bond cleavage, HSQC NMR to identify structural fragments 
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released into the medium, and WAXS to assess changes in molecular packing.

 

Figure 10: Degradation study design. 

 

3.6 Characterization methods 

3.6.1 Nuclear magnetic resonance (NMR) spectroscopy 

Quantitative phosphorus-31 (31P) NMR was used to determine the content of 

aliphatic hydroxy, phenolic hydroxy, and carboxylic acid groups in reference and 

modified lignins. The method involved phosphorylation of the hydroxy groups, 

following established protocols.101, 102 All measurements were performed in 

duplicate. This technique was applied in Papers I and II. 

2D heteronuclear single-quantum coherence (HSQC) NMR was used to identify 

interunit linkages in lignin, using the aromatic C2–H signal as an internal 

reference, and to monitor structural changes following chemical modification 

and degradation. HSQC NMR was used in all four papers. Heteronuclear 

multiple-bond correlation (HMBC) NMR was used in Papers I and II to confirm 

specific structural assignments via long-range C–H correlations, validate 

carboxymethyl group placement, and confirm ring-opening products in oxidized 

lignin. 2D distortionless enhancement by polarization transfer edited HSQC 

(DEPT-HSQC) NMR was used in Paper I to distinguish methylene (–CH₂–) 

from methine (=CH–) protons, confirming the identity of carboxymethyl group 

signals. All spectra were recorded on a Bruker Avance III HD 400 MHz 

instrument. 
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3.6.2 Fourier transform infrared (FTIR) spectroscopy  

FTIR was used across all four papers to monitor changes in functional group 

content.103 The carbonyl stretching band tracked increases in carboxylic acid 

content following modification, the ester carbonyl band confirmed crosslinking 

in cured thermosets, and changes in this region were used to monitor ester bond 

cleavage during hydrolytic degradation. All measurements were performed in 

single replicates in ATR (attenuated total reflectance) mode on a PerkinElmer 

Spectrum 2000 between 600 and 4000 cm⁻¹. 

3.6.3 Size exclusion chromatography (SEC) 

SEC was used in Papers I and II to determine the number-average molecular 

weight (Mn), weight-average molecular weight (Mw), and dispersity (Ð) of 

reference and modified lignin samples. Measurements were performed in single 

replicates on an Infinity 1260 system with GRAM columns using dimethyl 

sulfoxide (DMSO)/0.5% LiBr as eluent, with pullulan standards for calibration.  

3.6.4 Differential scanning calorimetry (DSC) 

DSC was used in Papers III and IV to characterize the glass transition 

temperature (Tg) of uncured resins and cured thermosets. Measurements were 

performed in triplicate on a Mettler Toledo DSC1 using a heat-cool-heat protocol 

at 10 °C/min.  

3.6.5 Thermogravimetric analysis (TGA) 

TGA was used in Papers III and IV to characterize the thermal stability and 

decomposition behavior of thermosets. Measurements were performed in 

triplicate on a Mettler Toledo TGA/DSC1 instrument. Samples were heated 

under nitrogen to 600 °C at 10 °C/min. The temperatures of 5% and 50% mass 

loss (T5% and T50%) were used as comparative measures of thermal stability. 

3.6.6 Dynamic mechanical analysis (DMA) 

DMA was performed in triplicate in Paper IV on cured thermoset films in tensile 

mode, measuring storage modulus (Eʹ), loss modulus (Eʺ), and tan δ as a 

function of temperature. The glass transition temperature was taken as the 

temperature at the tan δ maximum.  
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3.6.7 Contact angle 

Water contact angle measurements were performed in triplicate in Paper IV to 

evaluate changes in the surface wettability of thermosets. Measurements were 

carried out using a Biolin Scientific Theta Lite optical tensiometer with Milli-Q 

water as the probe liquid. 

3.6.8 Wide-angle X-ray scattering (WAXS) 

WAXS measurements104 were performed at beamline P03 of the PETRA III 

synchrotron facility in Hamburg, Germany, and were used in Papers III and IV. 

In Paper III, measurements were carried out on powdered samples of the 

pristine reference lignins and their carboxymethylated and oxidized equivalents. 

In Paper IV, WAXS was used on thermoset films before and after degradation to 

assess changes in molecular packing accompanying network disassembly. Peak 

positions were determined by Gaussian fitting, and d-spacings calculated as D = 

2π/q₀. 
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4 Results and Discussion 

This chapter presents the key findings across four interconnected themes: the 

chemical modification of lignin, the preparation of lignin-based thermosets, 

their properties, and their hydrolytic degradation behavior. 

4.1 Structure and properties of reference lignins 

Four lignins were used as reference materials throughout this work: spruce kraft 

lignin (SKL), eucalyptus kraft lignin (EKL), spruce cyclic extracted organosolv 

lignin (SCOL), and birch cyclic extracted organosolv lignin (BCOL). These 

lignins were selected to represent both softwood and hardwood origins and two 

distinct extraction processes, providing a structurally diverse set of starting 

materials for systematic reactivity comparisons. 

The hydroxy functionalities of all four reference lignins, quantified by 31P 

NMR,101, 102 are summarized in Figure 11. EKL exhibited the highest phenolic 

hydroxy content, consistent with its hardwood origin and S/G ratio of 

approximately 2.7. Syringyl units carry an extra methoxy group compared to 

guaiacyl units, which leaves the neighboring phenolic hydroxy more exposed. 

Since SKL consists entirely of guaiacyl units, it showed lower phenolic hydroxy 

content. The cyclic extracted organosolv lignins differed most in their aliphatic 

hydroxy content, in which SCOL reached 4.4 mmol/g and BCOL 4.0 mmol/g, 

compared to 2.5 mmol/g for SKL and 1.6 mmol/g for EKL (Figure 11). This 

difference reflects the milder extraction conditions in the cyclic extracted 

organosolv process, which preserved native β-O-4′ linkages and their associated 

aliphatic side chains, whereas kraft pulping cleaved these linkages extensively.37, 

38 The β-O-4′ content of the cyclic extracted organosolv lignins, confirmed by 2D 
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HSQC NMR, was substantially higher than in the kraft lignins, with condensed 

linkages (e.g., β-5′, β-β′ stilbenes, etc.) more abundant in the kraft series.16, 44 

 

Figure 11: Hydroxy functionalities of the four reference lignins as determined by ³¹P NMR spectroscopy. 

Aliphatic OH, C5-substituted phenolic OH, non-condensed phenolic OH, and COOH contents are given in 

mmol/g. 

 

SEC analysis showed that the kraft lignins had lower molecular weights than the 

cyclic extracted organosolv lignins: Mn 824 g/mol for EKL and 1600 g/mol for 

SKL, compared to 1201 g/mol for BCOL and 1669 g/mol for SCOL. Dispersity 

followed the same pattern, with BCOL showing an unusually broad distribution 

(Đ = 8.01), likely attributed to aggregate formation in DMSO rather than to true 

structural heterogeneity.105, 106 Taken together, these structural characteristics 

shaped the reactivity of each lignin toward chemical modification, as discussed 

in Sections 4.2 and 4.3. 

4.2 Carboxymethylation 

Carboxymethylation was performed on all four reference lignins by reacting 

their hydroxy groups with sodium monochloroacetate in 1.5 M NaOH, following 

a procedure adapted from Konduri et al.54 The reaction introduces 

carboxymethyl (–CH2–COOH) groups onto both aliphatic and phenolic hydroxy 

sites, and the degree of substitution was governed by reaction temperature, 

reagent concentration, and lignin solubility in the alkaline medium. 
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4.2.1 Selectivity: Aliphatic versus phenolic hydroxy groups 

The selectivity of carboxymethylation was examined by comparing the reduction 

in aliphatic and phenolic hydroxy content before and after reaction using 31P 

NMR, and by identifying the chemical shifts of carboxymethyl signals in 2D 

HSQC spectra (Figure 12). The carboxymethyl methylene signals appeared at 

distinct positions depending on the site of substitution: at δ = 4.63/64.7 ppm for 

guaiacyl-bound groups, at δ = 4.40/68.3 ppm for syringyl-bound groups, and at 

δ = 4.02/67.6 ppm for carboxymethylation at aliphatic sites, in agreement with 

previous assignments.107 

c108 In SCOL, the apparent pattern was reversed: the absolute decrease in 

aliphatic hydroxy content exceeded the decrease in phenolic hydroxy content, 

with conversion rates of 26% and 24%, respectively. This was not interpreted as 

a reversal of intrinsic nucleophilicity. Rather, the high abundance of aliphatic 

hydroxy in this native-like lignin meant that even with comparable intrinsic 

reactivity per site, the greater number of aliphatic sites produced a larger 

absolute decrease. 
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Figure 12: Structural characterization of reference and carboxymethylated lignins. (a) Hydroxy 

functionality of SKL, EKL, and SCOL and their carboxymethylated equivalents at 110 °C and a reagent 

ratio of 1:3. 2D HSQC NMR spectra of (b) reference SKL and (c) CSKL_110_6, oxygenated aliphatic and 

aromatic regions with interunit linkage assignments. Adapted from Paper I, Figure 1. 
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confirmed by FTIR spectroscopy through the appearance of an intensified C=O 

stretching band at approximately 1720 cm⁻¹, consistent with carboxylic acid 

functionality, and by changes in the hydroxy stretching region at 3400 and 3100 

cm⁻¹ corresponding to aliphatic and phenolic OH groups, respectively.54, 109 

For kraft lignins, increasing the reaction temperature from 40–110 °C resulted 

in a systematic increase in carboxylic acid content: CSKL rose from 1.2 to 2.1 

mmol/g, and CEKL from 1.3 to 2.2 mmol/g, as seen in Figure 13a. Doubling the 

molar ratio of sodium monochloroacetate from 1:3 to 1:6 at 110 °C further 

increased the carboxylic acid content to 2.8 mmol/g for CSKL and 3.7 mmol/g 

for CEKL (Figure 13b). These conditions (110 °C, 1:6 ratio) gave the highest 

carboxylic acid content for kraft lignins and were selected for further use. 

SCOL behaved differently: increasing the temperature from 40–110 °C yielded 

only a modest, inconsistent change in carboxylic acid content, and the material 

precipitated upon initiation of the reaction at the 1:6 ratio and 110 °C, halting 

the reaction. The conditions giving the highest carboxylic acid content for SCOL 

and BCOL were therefore 80 °C with a 1:6 ratio, resulting in 1.3 mmol/g and 2.0 

mmol/g, respectively. Across all conditions, complete conversion of hydroxy 

groups to carboxymethyl ether groups was not achieved for any lignin type, 

likely reflecting the combined effects of limited solubility in the alkaline reaction 

medium and the structural heterogeneity of lignin, which rendered certain 

hydroxy-bearing units less accessible to the reagent. 

 

Figure 13: Carboxylic acid content of carboxymethylated lignins as a function of (a) reaction temperature 

and (b) sodium monochloroacetate concentration, determined by ³¹P NMR spectroscopy. Kraft lignins 

responded more strongly to both variables than organosolv lignins. 
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4.2.3 Effect of alkaline solubility on carboxymethylation efficiency 

To examine the relationship between solubility and carboxymethylation 

efficiency, the alkaline-soluble and alkaline-insoluble fractions were separated 

after reaction and analyzed independently by 31P NMR. The soluble fraction 

consistently exhibited higher carboxylic acid content and higher conversion 

rates than the insoluble fraction across all lignin types.  

In Table 4, CSKL showed 37% conversion in the soluble fraction, compared with 

16% in the insoluble fraction. For CEKL, the soluble fraction reached 50% 

conversion and 3.7 mmol/g, compared to 36% and 2.8 mmol/g for the insoluble 

fraction. Analogous trends were observed for CSCOL and CBCOL, though the 

difference was less pronounced for CSCOL (31% versus 19%).  

Table 4:  Carboxylic acid content, yield, and conversion of the soluble and insoluble fractions obtained 

from carboxymethylation of EKL, SKL, BCOL, and SCOL at the conditions giving the highest carboxylic 

acid yield for each lignin type. Adapted from Paper I, Table 1. 

Sample COOH content 

(mmol/g)a 

Yield (%)b Conversion 

(%)c 

CEKL_110_6_sol 3.7 60 50 

CEKL_110_6_ins 2.8 35 36 

CSKL_110_6_sol 3.0 96 37 

CSKL_110_6_ins 1.6 7 16 

CBCOL_80_6_sol 2.0 65 35 

CBCOL_80_6_ins 1.0 35 16 

CSCOL_80_6_sol 1.8 39 31 

CSCOL_80_6_ins 1.1 58 19 

a Functional group content determined by ³¹P NMR spectroscopy. 
b Yield calculated from the dry mass of each fraction after carboxymethylation relative to the initial lignin 

mass, corrected by 0.08 g/mmol to account for the mass increase per attached carboxymethyl group.110 
c Conversion calculated as the molar amount of COOH formed divided by the total initial OH content of 

the reference lignin. 

 

Importantly, alkaline solubility alone did not guarantee complete conversion; 

even fully dissolved lignin samples retained unreacted hydroxy groups, 

indicating that other factors, such as structural heterogeneity, also limit the 

reaction. The structural heterogeneity inherent to technical lignin means that 

not all hydroxy groups are equally accessible to the reagent, and some remain 

unreactive regardless of bulk solubility. SEC analysis showed that soluble 

fractions of carboxymethylated kraft lignins had lower molecular weight and 
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dispersity than their insoluble counterparts, consistent with the picture that 

smaller, less rigid fragments are both more soluble and more accessible to 

chemical modification. For organosolv lignins (SCOL, BCOL), extensive 

broadening of SEC chromatograms in DMSO was attributed to aggregate 

formation, which complicated direct molecular weight determination. Despite 

their higher aliphatic hydroxy contents relative to the kraft lignins, SCOL and 

BCOL showed consistently lower carboxymethylation efficiency. This highlights 

that the abundance of hydroxy groups alone does not govern functionalization 

efficiency. The lower solubility of organosolv lignins in the alkaline reaction 

medium likely limited reagent access to the hydroxy groups, demonstrating that 

mutual solubility between lignin and the reaction medium is a critical parameter 

in carboxymethylation, arguably as important as the intrinsic reactivity of the 

functional groups themselves. 

4.3 Oxidative carboxylation 

Oxidative carboxylation was performed on all four reference lignins using acetic 

acid and hydrogen peroxide (80:20 v/v) at 80 °C for 60 minutes, following 

conditions established by Park et al.58 In this system, peracetic acid formed in 

situ and acted as the primary oxidizing agent.111 The reaction was designed to 

increase the carboxylic acid content of lignin while preserving the polymer 

backbone, yielding oligomeric oxidation products suitable as precursors for 

thermoset synthesis. 

4.3.1 Primary structural changes and reaction mechanism 

The primary structural consequence of oxidation was ring-opening of phenolic 

structures to produce muconic acid- and methyl ester- end groups, as 

established by 2D HSQC and 2D HMBC NMR spectroscopy (Paper II). In the 

HSQC spectra (Figure 14), two new cross-peak signals appeared at δ = 3.68/51.5 

ppm and δ = 3.70/51.8 ppm, attributed to the methyl ester linked to the muconic 

acid moiety formed by phenolic ring-opening. A new signal cluster in the 

aromatic region around δ = 6/115–123 ppm corresponded to olefinic protons 

introduced by the ring-opening reaction. An additional signal at δ = 5.4/78.9 

ppm was assigned to β-O-4′ linkages connected to an oxidized conjugated side 

chain at the α position, reflecting benzylic hydroxy oxidation to a ketone. These 

signals were consistent across all four lignin types. 

2D HMBC NMR confirmed the ring-opening assignment through the observed 

correlation between the methyl ester proton and the carbonyl carbon. 
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Quantitative 13C NMR analysis of the EtOAc-soluble fraction of OSKL estimated 

0.7 methoxyl groups per phenolic ring from the native structure and 0.3 methyl 

ester groups per phenolic ring derived from ring-opening, providing a measure 

of the extent of oxidative modification. 

The hydroxonium cation (HO⁺) formed by protonation of peracetic acid acts as 

an electrophile targeting electron-dense aromatic rings.112 The most prominent 

reactions observed were ring-opening of phenolic structures to muconic acid-

type products and oxidation of benzylic hydroxyl in β-O-4′ substructures to 

ketones. The lignin backbone structure was largely preserved in the recovered 

fractions, indicating the selectivity and mildness of the conditions employed 

compared with more aggressive lignin depolymerization approaches.60 Because 

the rise in carboxylic acid content outweighed the loss of phenolic hydroxy 

groups, ring-opening evidently extended beyond free phenolic end groups to 

include etherified aromatic units at the 4-position.  

 

Figure 14: 2D HSQC NMR: (a) reference SCOL; (b) OSCOL_EtOAc, with new oxidation signals 

annotated. Adapted from Paper II, Figure 1. 
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4.3.2 Fractionation and evidence for two lignin populations 

Following the oxidation reaction, dilution with water and centrifugation yielded 

a precipitated fraction. The remaining water phase was then extracted with 

EtOAc to give an EtOAc-soluble fraction, while the residual water-soluble 

material that could not be extracted by EtOAc was recovered separately by Ca²⁺ 

ion precipitation, giving three fractions in total. Overall yields of precipitated 

and EtOAc-soluble fractions ranged from 59–85%, with higher yields for the 

softwood lignins. The higher proportion of water-soluble products from 

hardwood lignins was attributed to the higher reactivity of syringyl units toward 

ring-opening, which increased hydrophilicity and retained more material in the 

aqueous phase. 

Structural comparison of the precipitated and EtOAc-soluble fractions of 

OSCOL revealed clear differences in interunit linkage composition. The 

precipitated fraction retained β-O-4′, β-5′, and β-β′ bonds, whereas the EtOAc-

soluble fraction contained exclusively β-O-4′ linkages and contained no β-5′ and 

β-β′. This indicated the presence of two structurally distinct lignin populations 

in the pristine material: one comprising β-O-4′-rich, more reactive structures, 

and another retaining condensed linkages that conferred resistance to 

oxidation. This distinction in lignin populations aligns with findings by Lawoko 

et al. on structurally distinct lignin fractions isolated from plant cell walls,45 and 

with MALDI-ToF analysis by Karlsson et al., identifying octameric β-O-4′ 

oligomers in spruce cyclic extracted organosolv lignin.44 Similar structures have 

recently been identified in milled wood lignins from spruce and birch using 

MALDI-TOF MS combined with NMR spectroscopy, confirming their origin in 

native lignin.113, 114 

The carboxylic acid content of the EtOAc-soluble fractions reached 

approximately 3.5 mmol/g across all four lignin sources, while the precipitated 

fractions showed lower values consistent with their lower degree of oxidative 

modification, as shown in Figure 15.  
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Figure 15: Hydroxy group and carboxylic acid content of reference and oxidized lignins as determined by 

³¹P NMR spectroscopy. (a) SKL, (b) EKL, (c) SCOL, (d) BCOL. Solid bars represent reference lignins, 

dotted bars represent precipitated fractions, and hatched bars represent EtOAc-soluble fractions of the 

oxidized lignins. Error bars represent standard deviation. 

 

SEC data showed that the precipitated fraction had higher Mn than the reference 

lignin, while the EtOAc-soluble fraction showed lower Mn values, consistent 

with lower molecular weight fractions being more prone to oxidative ring-

opening. EtOAc preferentially extracts lower molecular weight lignin,115 leaving 

the larger, more hydrophilic molecules in the water phase. All three oxidized 

fractions displayed lower dispersity than the reference lignins, and the moderate 

molecular weight of the EtOAc-soluble fraction confirmed that the lignin 

backbone was substantially preserved. Together these data point to two 

concurrent effects of oxidation: selective degradation of lower molecular weight 

fractions and an overall narrowing of the molecular weight distribution. 

4.3.3 Tailoring carboxylic acid content of oxidized lignins by alkaline hydrolysis 

The methyl esters formed during ring-opening of phenolic structures presented 

an opportunity to further increase the carboxylic acid content of the oxidized 

lignins. Mild alkaline hydrolysis of the EtOAc-soluble fractions (0.1 M NaOH, 

60 °C, 3 h) converted these methyl ester groups to carboxylic acid and methanol, 

as confirmed by the significant decrease in the methyl ester HSQC signal at δ = 

3.72/52.1 ppm after treatment. 

The carboxylic acid content increased substantially upon hydrolysis in all 

samples. In Figure 16, OSKL showed the highest increase of 1.7 mmol/g (from 

3.5 to 5.2 mmol/g), followed by OEKL with an increase of 1.1 mmol/g. For the 
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organosolv-derived samples, OSCOL increased by 0.2 mmol/g and OBCOL by 

0.7 mmol/g. The larger gain in OBCOL relative to OSCOL was attributed to the 

higher abundance of syringyl-derived methyl esters in the birch-derived lignin, 

consistent with the higher reactivity of S units toward ring-opening discussed in 

Section 4.3.1. Second, ring-opening of a syringyl unit yields a tricarboxylic acid, 

muconic acid derivative, due to the two methoxy substituents at the 3 and 5 

positions of the aromatic ring, whereas ring-opening of a guaiacyl unit yields 

only a dicarboxylic acid product. Each ring-opening event from an S unit 

therefore generates more carboxylic acid functionality per aromatic unit than 

the equivalent reaction on a G unit, which would amplify the effect of alkaline 

hydrolysis in hardwood-derived lignins. 

 

Figure 16: Carboxylic acid content of reference, oxidized, and alkaline hydrolysis-treated lignins as 

determined by ³¹P NMR spectroscopy.  

 

Alkaline hydrolysis simultaneously reduced the Mn of the oxidized lignin 

fractions, indicating partial cleavage of backbone bonds alongside methyl ester 

hydrolysis. This was evidenced by the disappearance of benzylic carbonyl signals 

at δ = 5.4/78.9 ppm, attributed to hydrolysis of oxidized β-O-4′ substructures. 

This simultaneous control of both carboxylic acid content and molecular weight 

provides a practical means to tailor the chemical and physical properties of the 

modified lignin for downstream applications. 

4.4 Hardwood vs softwood reactivity 
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softwood counterparts processed by the same method. In carboxymethylation, 

SKL exhibited carboxylic acid content of 3.0 mmol/g and a conversion of 37% in 

the soluble fraction, compared to 3.7 mmol/g and 50% for EKL under identical 

conditions. BCOL similarly outperformed SCOL (2.0 vs 1.3 mmol/g under the 

most effective conditions identified for each). In oxidative carboxylation, 

hardwood lignins showed a higher reactivity toward oxidation and produced a 

higher proportion of water-soluble oxidized products, consistent with a higher 

extent of ring-opening reactions in S-rich structures. 

Two complementary explanations emerged from the density functional theory 

(DFT) and structural analyses in Paper I. First, at the electronic level, the 

carboxymethylation of the phenolic hydroxy in the erythro-syringyl β-O-4′ 

dimer was more exothermic than the corresponding guaiacyl reaction, 

indicating a thermodynamic preference for carboxymethylation at S units. 

Second, and perhaps more physically intuitive, DFT conformational modeling 

of β-O-4′ hexamers showed that the hardwood hexamer (four S units, two G 

units) adopted an e-shaped conformation with hydroxy groups predominantly 

projected outward, while the softwood hexamer (six G units) adopted a compact 

spiral conformation in which hydroxy groups were partially buried in a 

hydrophobic interior (Figure 17). The greater steric accessibility of hydroxy 

groups in the hardwood hexamer directly explained the higher conversion rates 

observed experimentally. 

 

Figure 17: DFT-optimized conformations of β-O-4′ hexamers of (a, b) hardwood lignin comprising four 

S units and two G units, and (c, d) softwood lignin comprising six G units, showing the e-shaped and spiral 

conformations, respectively. Adapted from Paper I, Figure 4. 



 39 

In the context of oxidative carboxylation, the differential reactivity of S and G 

units was confirmed by the pronounced decrease in S/G ratio following 

oxidation of hardwood lignins. The S/G ratio of EKL fell from 2.72 in the 

reference lignin to 1.13 in the EtOAc-soluble oxidized fraction, and similar 

reductions were observed for BCOL (from 4.33 to 0.5–0.6 in the oxidized 

fractions). This selective depletion of syringyl units confirms that S-rich 

aromatic structures are more susceptible to ring-opening under the peracetic 

acid conditions used, presumably because the additional methoxy substituent at 

the 5-position of S units increases electron density in the ring, making it more 

reactive toward electrophilic oxidation. 

These structural insights have practical implications for lignin selection in 

materials applications. When carboxylic acid content per unit mass is the 

primary criterion, hardwood lignins are the more efficient precursors. When 

backbone preservation is prioritized, extraction method plays a larger role than 

botanical origin in determining structural retention. These reactivity differences 

are also reflected in the supramolecular packing organization of the modified 

lignins, as revealed by WAXS. 

4.5 Physicochemical properties of modified lignins 

4.5.1 Morphological properties 

Wide-angle X-ray scattering (WAXS) measurements were performed on 

modified lignin powders (both pristine reference lignins and their 

carboxymethylated and oxidized equivalents) prior to resin formulation to 

characterize their supramolecular packing organization (Paper III). 

Measurements were carried out at the PETRA III synchrotron facility, beamline 

P03, Hamburg.104 π–π stacking interactions between aromatic rings are a well-

established feature of lignin organization,47, 51 and two stacking geometries, T-

shaped and sandwich, have been identified in lignin by WAXS.27, 31, 52, 62, 116 Both 

geometries were observed in all unmodified, carboxymethylated, and oxidized 

lignin samples. The scattering profiles were fitted using three Gaussian peaks: 

q₁ at approximately 1.0 Å⁻¹ corresponding to T-shaped stacking (D1), q₂ at 

approximately 1.5 Å⁻¹ corresponding to sandwich stacking (D2), and q₃ at 

approximately 2.5–3.0 Å⁻¹ as the second order of D2 (Figure 18). Table 5 shows 

that unmodified SKL exhibited D1 max and D2 max distances of 6.3 and 4.3 Å, 

respectively, and was dominated by sandwich stacking at approximately 89% 

relative content, consistent with previous reports.27, 62 
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Carboxymethylation of SKL produced a slight increase in T-shaped distance (D1 

max) to 6.4 Å and a slight rise in T-shaped relative content from 11% to 16%, 

indicating a limited disruption of the aromatic packing arrangement (Table 5). 

The introduction of carboxymethyl groups as pendant substituents altered 

intermolecular π–π interactions modestly without breaking the aromatic 

framework. Oxidative carboxylation had a far more pronounced effect, 

increasing the T-shaped distance (D1 max) to 9.7 Å, consistent with the partial 

removal of aromatic rings through ring-opening during oxidation.60 Despite this 

expansion, the relative content of T-shaped stacking decreased slightly from 11% 

to 9% while sandwich stacking persisted and its relative content increased, 

suggesting that sandwich stacking motifs were preferentially retained in the 

oxidized lignin powder. The packing organization of the cured thermoset films 

is discussed separately in Section 4.8.3. 

 

Figure 18: WAXS scattering profiles of SKL, CSKL, and OSKL with three-peak Gaussian showing the T-

shaped stacking peak (q₁, D₁), sandwich stacking peak (q₂, D₂), and second-order interference (q₃).  
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The response of hardwood lignins to carboxymethylation differed from that of 

softwood lignins: T-shaped distance (D1 max) decreased rather than increased, 

and T-shaped relative content was reduced. This distinct response may be 

related to the higher S/G ratio of hardwood lignins, since the additional methoxy 

substituent on syringyl units alters aromatic substitution patterns and π–π 

stacking geometry.117 Oxidative carboxylation of hardwood lignins consistently 

increased D1 max, consistent with ring-opening disrupting aromatic packing 

across lignin types. 

Table 5:  D₁ max, D₂ max, and relative T-shaped and sandwich stacking content for reference, 

carboxymethylated, and oxidized lignins derived from Gaussian deconvolution of WAXS profiles. 

Sample 
T-shaped 

D1 max (Å) 

Sandwich 

D2 max (Å) 

T-shaped  

q1 (%)a 

Sandwich 

q2  (%)a 

SKL 6.3 4.3 11 89 

CSKL 6.4 4.0 16 84 

OSKL 9.7 4.5 9 91 

EKL 7.2 4.2 16 84 

CEKL 6.7 5.2 7 93 

OEKL 7.7 4.1 20 80 

SCOL 6.9 4.2 24 76 

CSCOL 6.2 4.0 28 72 

OSCOL 7.1 4.1 19 81 

BCOL 7.2 4.2 26 74 

CBCOL 6.4 4.0 11 89 

OBCOL 8.2 4.2 16 84 

a Content was calculated as the area of each signal divided by the sum of the areas of all individual signals 

(excluding q3), multiplied by 100.  

 

The relationship between packing state and bulk behavior was informative. 

Carboxymethylation produced partial disruption of stacking while retaining a 

high fraction of sandwich stacking motifs, reflected in the partial solubility of 

carboxymethylated lignins in EtOH/EtOAc. Oxidative carboxylation produced a 

more open aromatic organization, and this correlated with the complete 

dissolution of all oxidized lignin samples in the same solvent system. 
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4.5.2 Solubility in EtOH/EtOAc 

Carboxymethylated lignins in their protonated form dissolved only partially, 

approximately 40–60 wt%, in EtOH/EtOAc (70:30 v/v). All oxidized lignins 

dissolved completely under the same conditions, despite both modification 

routes yielding comparable carboxylic acid contents of approximately 2.7–3.7 

mmol/g. Carboxylic acid content alone did not determine solubility. What 

mattered was how the groups were positioned, pendant on an intact aromatic 

backbone for carboxymethylation or embedded in a partially disassembled one 

for oxidation, and how much aromatic planarity survived.118 

In carboxymethylated lignins, the aromatic backbone was largely preserved, 

with carboxymethyl groups appended at phenolic and aliphatic hydroxy 

positions as pendant substituents. In the moderately polar EtOH/EtOAc 

solvent, protonated carboxyl groups tended to form hydrogen-bonded dimers, 

while the intact aromatic regions retained their capacity for π–π stacking.47, 51 

Both effects favored intermolecular association in the higher Mn, more rigid 

fractions, leading to aggregation and precipitation. Only lower Mn, less rigid 

fractions dissolved, consistent with SEC data showing that soluble fractions of 

carboxymethylated kraft lignins had lower Mn and dispersity than the insoluble 

fractions. 

In oxidized lignins, the partial conversion of phenolic units to muconic acid-type 

structures during ring-opening altered the balance of intermolecular forces.60 

The reduction in aromatic ring content decreased the driving force for π–π 

stacking, while introducing carboxylic acid groups directly into the backbone 

produced a more uniform charge distribution along the polymer chain. 

Together, these changes lowered the tendency for self-association and enabled 

complete dissolution in the same solvent system, despite comparable overall 

carboxylic acid contents, an interpretation supported by the narrow, symmetric 

SEC elution profiles of the oxidized fractions. 

Solubility was assessed at 40–65 °C and with a fixed solvent composition. The 

persistence of partial insolubility in carboxymethylated lignins even at these 

elevated temperatures, where thermal energy partially disrupts self-

association,119 further supports the conclusion that the retained aromatic 

framework, rather than simple aggregation under ambient conditions, governs 

the solubility differences between the two modification routes. 
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4.6 Resin preparation and formulation 

Lignin-based thermosetting resins were prepared by combining modified 

lignins with epoxidized linseed oil (ELO) at a stoichiometric ratio of 1:1 

carboxylic acid to epoxide groups. ELO was selected as a bio-based, 

multifunctional epoxide matrix whose epoxide groups react with lignin 

carboxylic acids through ring-opening esterification to form ester crosslinks.120 

The components were dissolved in EtOH/EtOAc (70:30 v/v) prior to mixing, 

and the solvent was removed by evaporation before thermal curing at 125 °C for 

24 h. 

For the Paper III feasibility study, eight thermoset systems were prepared: four 

from the carboxymethylated lignin fractions giving the highest carboxylic acid 

content (CEKL_110_6_sol, CSKL_110_6_sol, CBCOL_80_6_sol, and 

CSCOL_80_6_sol) and four from the EtOAc-soluble oxidized lignin fractions 

(OSKL_EtOAc, OEKL_EtOAc, OSCOL_EtOAc, and OBCOL_EtOAc). The study 

was designed as a feasibility assessment to determine whether lignins modified 

by both routes could form crosslinked networks with ELO and to identify 

structural factors governing network formation. An overview of all thermoset 

systems prepared in Papers III and IV, including the lignin precursor, 

modification route, and plasticizer used, is given in Table 6. 

Table 6:  Overview of lignin-based thermoset systems prepared in Papers III and IV, showing lignin 

precursor, modification route, and plasticizer. All samples were prepared with ELO as the epoxide matrix. 

Paper Sample Lignin Precursor Modification Plasticizer 

III CSKL-ELO CSKL_110_6_sol Carboxymethylation - 

III CEKL-ELO CEKL_110_6_sol Carboxymethylation - 

III CSCOL-ELO CSCOL_80_6_sol Carboxymethylation - 

III CBCOL-ELO CBCOL_80_6_sol Carboxymethylation - 

III OSKL-ELO OSKL_EtOAc Oxidation - 

III OEKL-ELO OEKL_EtOAc Oxidation - 

III OSCOL-ELO OSCOL_EtOAc Oxidation - 

III OBCOL-ELO OBCOL_EtOAc Oxidation - 

IV OSKL-ELO-PEG OSKL_EtOAc Oxidation PEG-400 

IV OEKL-ELO-PEG OEKL_EtOAc Oxidation PEG-400 
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Mixing behavior differed between the two lignin types during resin preparation. 

Adding ELO to carboxymethylated lignins reduced solvent polarity, causing 

some of the less-soluble lignin fraction to precipitate.115 Oxidized lignins formed 

homogeneous mixtures with ELO under the same conditions, consistent with 

their complete solubility in EtOH/EtOAc established in Section 4.5.2. These 

observations at the formulation stage foreshadowed the network heterogeneity 

and brittleness encountered in the cured Paper III thermosets, which ultimately 

motivated the refined formulation strategy adopted in Paper IV. Nevertheless, 

FTIR analysis confirmed complete epoxide consumption and ester crosslink 

formation in all cured systems in Paper III, regardless of the mixing behavior at 

the formulation stage, confirming that crosslinked networks were successfully 

formed from both lignin types (Section 4.7.1). 

For Paper IV, OSKL_EtOAc and OEKL_EtOAc were used with PEG-400 at 10 

wt% as a plasticizer and compatibilizer, giving formulations with approximately 

90% bio-based content in which oxidized lignin accounted for approximately 

56% of the total formulation mass. The remaining 10% was PEG-400, 

conventionally petroleum-derived but available from bio-based sources. 

Restricting the lignin component to oxidized fractions ensured homogeneous 

mixing, while PEG-400 was introduced to reduce network rigidity and enable 

full thermomechanical characterization, a goal that had not been achievable 

with the Paper III systems. 

4.7 Lignin-ELO thermosets (Paper III) 

4.7.1 Curing behavior 

The curing behavior of the Paper III resins was characterized by DSC and FTIR 

spectroscopy. Carboxymethylated lignin resins showed Tg transition in the 

uncured state of approximately −40 to −20 °C, close to the Tg of pure ELO at 

approximately −34 °C, indicating no significant premature curing prior to 

measurement. The resin formulation curing exotherm onset occurred at 

approximately 100 °C for CSKL-, CEKL-, and CBCOL-based resins, whereas 

CSCOL showed a delayed onset at approximately 120 °C, consistent with its 

higher Mn, which reduced chain mobility and delayed the onset of crosslinking. 

The curing exotherms for all resin systems are shown in Figure 19. 
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Figure 19: DSC thermograms of uncured thermosetting resins prepared from (a) carboxymethylated and 

(b) oxidized lignins, as a function of temperature. 

 

FTIR confirmed complete epoxide consumption after thermal curing through 

the disappearance of the C–O–C stretching band at 878–884 cm⁻¹. In 

softwood-derived systems (CSKL and CSCOL), the carbonyl band shifted from 

1729–1732 cm⁻¹ to 1737 cm⁻¹ upon curing, consistent with ester formation. In 

hardwood-derived systems (CEKL and CBCOL), this shift already occurred in 

the uncured resin, indicating partial premature esterification during mixing, 

consistent with the previously discussed higher hydroxy accessibility of 

hardwood lignins discussed in Section 4.2.2 and 4.4.23  

Oxidized lignin resins showed a markedly higher Tg in the uncured state at 

around −10 °C, indicating partial network formation before the DSC 

measurement. The less condensed structure of oxidized lignins, resulting from 

the conversion of phenolic units to muconic acid-type structures during ring-

opening, lowered the energy barrier for acid-epoxide reaction at ambient 

temperature. Curing onset temperatures were higher than for 

carboxymethylated systems, typically 120–140 °C, reflecting the reduced 

concentration of free reactive groups at the start of the thermal ramp. In OSCOL 

and OBCOL resins, no residual epoxide band was detected before thermal 

curing, confirming complete premature consumption of epoxide functionalities. 

FTIR of all cured systems confirmed complete disappearance of the epoxide 

band and a shift of the carbonyl band from the carboxylic acid region (1704–1711 

cm⁻¹) to the ester region (1732–1734 cm⁻¹), confirming ester crosslink 

formation across all systems, as shown representatively for OSKL in Figure 20. 
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Figure 20: FTIR spectra of a representative sample of oxidized lignin (OSKL), uncured OSKL-ELO, and 

cured OSKL-ELO, showing the disappearance of the epoxide band (878–884 cm⁻¹) and the shift of the 

carbonyl band consistent with ester crosslink formation. 

 

4.7.2 Network formation and integrity 

Network formation was assessed through leachability measurements and 

further supported by FTIR and DSC studies. FTIR confirmed complete 

consumption of epoxide groups through the disappearance of the C–O–C 

stretching band at 878–884 cm⁻¹ after thermal cure, and the shift of the 

carbonyl band from the carboxylic acid region (1704–1732 cm⁻¹) to the ester 

region (1732–1737 cm⁻¹) confirmed ester crosslink formation across all systems. 

The absence of any residual exotherm in the post-cure DSC scans indicated that 

the acid–epoxide reaction had run to completion, leaving no unreacted 

functionality to drive further crosslinking on reheating. Together, these 

spectroscopic and thermal data confirm that covalently crosslinked networks 

were successfully formed from both carboxymethylated and oxidized lignins.  All 

the studied thermosets in Paper III were brittle and could not be prepared as 

free-standing mechanical test specimens.72  

Network integrity was therefore characterized indirectly through leachability 

measurements. Leachability ranged from approximately 5–34 wt% across all 

Paper III thermosets, corresponding to gel contents of 66–95% (Figure 21). 

Oxidized lignin thermosets showed 3–4 times higher leachable content than 

carboxymethylated counterparts despite comparable carboxylic acid content.  
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Figure 21: Leachability of lignin-ELO thermosets prepared from carboxymethylated and oxidized lignins. 

(a) Leachability (wt%) of all Paper III thermosets in EtOH/EtOAc. (b) Effect of extraction solvent 

(EtOH/EtOAc vs acetone/water) on leachability for each lignin source. 

 

Two contributing factors are not independent: the higher intrinsic solubility of 

oxidized lignins established a higher baseline leachable fraction, while the 

thermodynamic incompatibility between lignin-rich and ELO-rich domains that 

developed during solvent evaporation and heating resulted in a heterogeneous 

network in which a proportion of lignin chains were physically entrapped rather 

than covalently incorporated. Both effects stem from oxidative ring-opening 

disrupting aromatic π–π stacking, which in carboxymethylated systems was 

sufficiently preserved to maintain intermolecular cohesion and partially 

compensate for incomplete crosslinking. Among carboxymethylated 

thermosets, higher carboxylic acid content was associated with higher 

leachability, attributed to phase incompatibility with ELO rather than 

insufficient network formation, with softwood-derived systems showing lower 

leachability than hardwood-derived counterparts accordingly. Overall, these 

observations reflect the structural heterogeneity of technical lignins used 

without further fractionation, which likely contributed to the variability in 

network formation and leachability across systems. 

Leachability was also influenced by the extraction solvent polarity. 

Acetone/water (80:20 v/v) extracted more material from carboxymethylated 

0

10

20

30

EtOH/EtOAc Acetone/water
0

10

20

30

EtOH/EtOAc Acetone/water

SKL EKL SCOL BCOL
0

10

20

30

L
e

a
c
h

a
b

ili
ty

 (
%

)

 C_Lignin

 O_Lignin
(a)

(b)

L
e
a
c
h
a
b
ili

ty
 (

%
)

SKL

EtOH/EtOAc

 C_Lignin

 O_LigninEKL

SCOL
BCOL



 48 

thermosets than EtOH/EtOAc, while oxidized lignin thermosets showed less 

sensitivity to solvent polarity, consistent with their more open network 

structure,23 further supporting phase incompatibility rather than weak 

crosslinking as the dominant factor governing leachability in carboxymethylated 

systems. 

4.7.3 Structural analysis of uncured resins 

2D HSQC NMR spectra of uncured resins provided information on the 

distribution of reactive groups and the occurrence of side reactions prior to 

thermal curing. A representative HSQC spectrum of an uncured 

carboxymethylated lignin-ELO resin, annotated with the key signal 

assignments, is shown in Figure 22.  

 

Figure 22: 2D HSQC NMR spectrum of a representative uncured lignin-ELO. Adapted from Paper III, 

Figure 4. 

 

In carboxymethylated lignin resins, ELO epoxide signals appeared at δ = 2.50–

3.21/48.3–60.0 ppm and lignin carboxymethyl signals at δ = 4.64/65.1 ppm and 

δ = 4.09/67.1 ppm. Semi-quantification indicated that the epoxide content in 

the mixed resin exceeded the carboxymethyl content, attributable to 

precipitation of part of the lignin upon ELO addition as discussed in Section 4.6.  
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Although epoxide was in apparent excess, FTIR confirmed complete epoxide 

consumption after cure. The excess epoxides underwent side reactions with 

lignin hydroxy groups, forming ether linkages, as evidenced by an HSQC signal 

at δ = 3.47/64.8 ppm. Ether formation thus served as a secondary crosslinking 

pathway alongside the primary ester-forming acid-epoxide reaction.120 

In oxidized lignin resins, semi-quantification carried higher uncertainty, as ring-

opening during oxidation reduced the number of intact aromatic units available 

for normalization. Epoxide signals were detected in uncured OSKL and OEKL 

resins but were absent in OSCOL and OBCOL resins, consistent with complete 

premature epoxide consumption in these systems. Ether signals at δ = 3.44/64.7 

ppm confirmed the presence of analogous side reactions to those in the 

carboxymethylated series. In OSCOL and OBCOL resins, signals at δ = 4.11/61.8, 

4.23/61.8, and 5.17/68.6 ppm indicated extensive ether linkage formation via 

hydroxy-epoxide reaction prior to thermal curing. 

4.7.4 Limitations and design implications 

Paper III study established that both carboxymethylated and oxidized lignins 

can form crosslinked networks with ELO through ester linkages. However, 

several limitations emerged that constrained the scope of characterization and 

informed the design of the Paper IV systems. 

Phase separation during curing was the central problem. As the solvent 

evaporated and the temperature increased, lignin-rich and ELO-rich domains 

became thermodynamically incompatible, producing a heterogeneous network 

with regions of dense crosslinking interspersed with loosely connected material. 

This manifested as brittleness across all cured thermosets, hindering 

mechanical testing. The Tg of the cured Paper III thermosets could not be clearly 

identified in DSC thermograms, appearing as a broad and indistinct feature 

rather than a well-defined step, consistent with multiple phase-separated 

domains, each with a different Tg.31 The high leachability, particularly in 

oxidized lignin systems, further indicated that a significant proportion of lignin 

chains were not covalently incorporated into the network. 

Carboxymethylated lignins compounded the phase separation problem through 

their partial insolubility in EtOH/EtOAc, which removed acid functionality from 

the reactive mixture before curing began. Oxidized lignins, while fully soluble 

and therefore better suited to homogeneous resin preparation, showed the 

highest leachability of all systems, reflecting the difficulty of forming a well-
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connected network from a highly polar, low-molecular-weight lignin fraction in 

a hydrophobic ELO matrix. 

These observations clearly pointed toward a refined formulation strategy: 

restricting the lignin component to oxidized fractions that mixed 

homogeneously with ELO and introducing a plasticizing component to reduce 

network rigidity and suppress phase separation. PEG-400 was selected for this 

role in Paper IV, both as a plasticizer and compatibilizer. The addition of PEG-

400 also provided an opportunity to investigate controlled hydrolytic 

degradation, extending the scope of the work from materials formation to end-

of-life behavior. 

4.8 Lignin-ELO-PEG thermosets (Paper IV) 

4.8.1 Crosslink density and network formation 

Curing of OSKL-ELO-PEG and OEKL-ELO-PEG was confirmed by FTIR. The 

epoxide ring-stretching band at approximately 822 cm⁻¹ disappeared after 

curing, and the carboxylic acid carbonyl of the oxidized lignins at approximately 

1710 cm⁻¹ shifted to approximately 1733 cm⁻¹, consistent with ester crosslink 

formation. The spectra of both systems were nearly identical, indicating that the 

same acid-epoxide crosslinking mechanism occurred regardless of lignin 

botanical origin.  

Gel contents of 88% (OSKL-ELO-PEG) and 90% (OEKL-ELO-PEG) in THF, 

putting them well within the range typical of lignin-based thermosets and 

confirming that a crosslinked network had formed in both cases.121, 122 The 

marginally higher value for OEKL-ELO-PEG could reflect more efficient 

network formation from the less condensed hardwood lignin structure.27 The 

incorporation of PEG-400 did not significantly reduce gel content, indicating 

that PEG was incorporated into the network without substantially disrupting 

crosslink formation. 

4.8.2 Thermomechanical and thermal properties 

Both OSKL-ELO-PEG and OEKL-ELO-PEG exhibited the classical behavior of 

crosslinked polymer networks in DMA: a glassy storage modulus at room 

temperature, a sharp modulus decline through the glass transition region, and a 

rubbery plateau above the Tg, properties that were not accessible in the brittle 

Paper III systems.  
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OEKL-ELO-PEG showed a considerably higher glassy storage modulus of 

approximately 1913 MPa compared to approximately 693 MPa for OSKL-ELO-

PEG, indicating that the eucalyptus-derived thermoset was substantially stiffer 

in the glassy state (Figure 23a). The slightly higher gel content of OEKL-ELO-

PEG, combined with the structural differences between SKL and EKL, suggested 

that differences in network architecture contributed to the higher glassy storage 

modulus, despite comparable hydroxy group profiles by 31P NMR.27 The Tg 

determined from the tan δ peak was 109 °C for OSKL-ELO-PEG and 93 °C for 

OEKL-ELO-PEG (Figure 23b). Despite differences in glassy-state properties, 

both thermosets exhibited a similar rubbery plateau modulus of approximately 

3.3–3.7 MPa at 150 °C (Figure 23a), indicating comparable crosslink densities 

and consistent with their similar gel contents. These values fall within the 

reported range for soft bio-based thermoset materials.123 

 

Figure 23: Dynamic mechanical analysis of OSKL-ELO-PEG and OEKL-ELO-PEG thermosets showing 

(a) storage modulus and (b) tan δ as a function of temperature. The tan δ peak was taken as the glass 

transition temperature. 

 

Both thermosets showed similar thermal stability by TGA, with T5% values of 

261 °C for OSKL-ELO-PEG and 253 °C for OEKL-ELO-PEG, confirming 

adequate thermal stability above the service temperature range (Figure 24). 

T50% values of 392 and 393 °C, respectively, indicated that high-temperature 

degradation was governed by the common ester-crosslinked network rather 

than lignin botanical origin. DSC thermograms of both cured thermosets 

showed broad glass transitions with no melting endotherm, confirming that they 

are fully amorphous. No PEG melting transition was detected in either 

thermoset, implying that the PEG chains were too tightly locked into the 

crosslinked structure to organize into their usual crystalline domains. 
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Figure 24: Thermogravimetric analysis of OSKL-ELO-PEG and OEKL-ELO-PEG thermosets under 

nitrogen atmosphere.  

 

4.8.3 Surface and morphological properties 

OSKL-ELO-PEG and OEKL-ELO-PEG exhibited static water contact angles of 

108 ± 0.7° and 113 ± 1.6°, respectively, confirming hydrophobic surfaces. Values 

exceeding 90° were attributed to the aliphatic chains of ELO and the aromatic 

character of lignin, which together reduced surface polarity.124 Hydrophobicity 

was maintained despite the presence of PEG in the network, suggesting PEG did 

not segregate to the surface during curing. The comparable contact angles 

between the two thermosets suggested that oxidative carboxylation produced 

surface chemistries sufficiently similar from botanically distinct starting 

materials. 

WAXS measurements on the cured thermoset films confirmed that sandwich 

stacking (D3 = 4.2 Å) dominated the aromatic packing organization in both 

systems, accounting for 91% of relative content in OSKL-ELO-PEG and 89% in 

OEKL-ELO-PEG, consistent with the packing behavior observed for the 

modified lignin powders in Section 4.5.1 and with previous reports on lignin-

based thermosets from this group.31 T-shaped stacking distances (D2) differed 

slightly between the two thermosets, 7.0 Å for OSKL-ELO-PEG and 6.2 Å for 

OEKL-ELO-PEG, as did the superstructure organization distance (D1), at 9.6 Å 

and 8.5 Å, respectively. Lignin superstructure at this length scale reflects 

intermolecular aggregation behavior that is sensitive to the molecular 

architecture of the lignin precursor.119 The slightly higher D1 relative content in 

OEKL-ELO-PEG (9% vs 3%) may reflect differences in the supramolecular 
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organization of the eucalyptus-derived lignin network arising from its higher 

syringyl content and more open molecular conformation.27 Peak positions and 

D-spacings for both thermosets and their 4 h NaOH-treated residues are 

collected in Table 7. 

Table 7:  D₁ max, D₂ max, and D3 max for thermosets and degraded thermosets from 0.05 M NaOH for 

4h, derived from Gaussian deconvolution of WAXS profiles. The standard deviation for thermoset 

samples was < 0.09 Å, while for degraded thermoset samples it was between 0.01 and 0.45 Å. 

Sample 
Superstructure 

D1 max (Å) 

T-shaped 

D2 max (Å) 

Sandwich 

D3 max (Å) 

OSKL-ELO-PEG 9.6 7.0 4.2 

OEKL-ELO-PEG 8.5 6.2 4.2 

OSKL-ELO-PEG NaOH 4 h  8.6 6.6 4.2 

OEKL-ELO-PEG NaOH 4 h 8.5 6.5 4.2 

 

4.9 Hydrolytic degradation  

The crosslinked network structure that gives thermosets their mechanical 

performance also renders them resistant to degradation, making designed 

degradability a key requirement for sustainable end-of-life management. 

Hydrolytic degradation of OSKL-ELO-PEG and OEKL-ELO-PEG was therefore 

investigated under accelerated alkaline conditions (0.05 M NaOH, room 

temperature, 2–48 h) and near-physiological conditions (PBS pH 7.4, 37 °C, 7–

14 days), using a solid-to-liquid ratio of 3 mg/mL in duplicate. 

4.9.1 Degradation under alkaline conditions 

Both thermosets degraded rapidly and completely within 48 hours under 

alkaline conditions. Mass loss was essentially indistinguishable between the two 

thermosets during the first four hours, suggesting that lignin origin had little 

influence on how readily hydrolysis was initiated (Figure 25a). By 16 h, OSKL-

ELO-PEG had lost 76% of its mass compared to 47% for OEKL-ELO-PEG, 

showing faster intermediate-stage degradation for the spruce-derived sample. 

Both thermosets reached complete mass loss by 48 h, which confirmed that 

while botanical origin affected the degradation rate, it did not determine the 

outcome. FTIR spectroscopy tracked the chemical changes in the solid residue 

at each time point (Figure 25b). A carboxylate stretching band appeared at 

approximately 1580 cm⁻¹,125 which corresponded to ester bond cleavage and 
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carboxylate anion formation under alkaline conditions. The ester carbonyl band 

at approximately 1735 cm⁻¹ persisted throughout the degradation series, 

suggesting ester linkages nearest the exterior were consumed early, while those 

buried in the bulk network survived until much later time points.93, 94 

 

Figure 25: (a) Mass loss of OSKL-ELO-PEG and OEKL-ELO-PEG thermosets as a function of immersion 

time in 0.05 M NaOH at room temperature; (b) FTIR spectra of solid residues recovered from OSKL-ELO-

PEG and OEKL-ELO-PEG at selected time points during alkaline hydrolysis (0.05 M NaOH, room 

temperature). 

 

Both thermosets showed identical spectral changes, confirming that the 

degradation mechanism was the same regardless of lignin origin. The faster 

intermediate-stage degradation of OSKL-ELO-PEG was attributed primarily to 

differences in network architecture rather than surface wettability alone. 

Although the slightly lower contact angle of OSKL-ELO-PEG (108° vs 113°) 
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suggested marginally higher surface wettability.96 The large difference in mass 

loss at 16 h suggested that ester bonds are distributed and accessible differently 

within the two crosslinked networks. Once the initial surface-controlled 

degradation gives way, it governs how quickly degradation continues to spread 

inward.  

4.9.2 Stability under near-neutral aqueous conditions 

Under PBS conditions, mass loss remained at approximately 4–7% over 14 days 

without progressive increase over time, moving to approximately 5% for both 

thermosets, consistent with the release of loosely bound leachable rather than 

cleavage of the crosslinked network. FTIR spectra of PBS-treated specimens 

showed no carboxylate stretching band at approximately 1580 cm⁻¹ and no 

detectable change in the ester carbonyl region at approximately 1735 cm⁻¹,125 

directly ruling out ester bond hydrolysis as a contributor; any network cleavage 

would have produced carboxylate anions detectable by FTIR even under near-

neutral conditions if occurring at meaningful rates. This eliminated both ester 

cleavage and transesterification side reactions as explanations for the observed 

mass loss. The gel content of 88–90% measured before degradation already 

accounts for the insoluble network fraction; the remaining 10–12% represents 

material that was never covalently incorporated. The ~5% mass loss under PBS 

is therefore most parsimoniously explained by the physical leaching of this 

loosely bound fraction, low molecular weight oligomers, physically entrapped 

PEG, or incompletely reacted species, rather than any chemical disassembly of 

the crosslinked network. This interpretation was consistent with the well-

established orders-of-magnitude difference in ester hydrolysis rates between 

alkaline and near-neutral conditions,91, 92 and with the complete structural 

integrity of the ester network confirmed by FTIR throughout the 14-day 

observation period. 

4.9.3 Characterization of degradation products 

To probe what had been released, the soluble material from the 48 h alkaline 

treatment was precipitated by acidification, dried, and examined by FTIR, 2D 

HSQC NMR, and WAXS. PEG remained in the aqueous phase upon acidification 

and was not recovered in the precipitated fraction, consistent with its high water 

solubility. 

The carbonyl stretch in the recovered products had moved from the ~1735 cm⁻¹ 

ester position down to ~1710 cm⁻¹, the signature of a free carboxylic acid, 
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confirming that the ester crosslinks had indeed been hydrolyzed (Figure 26). 

Aromatic skeletal vibrations at approximately 1600 cm⁻¹ persisted,103 

corroborating that the aromatic lignin framework was retained in the 

degradation products. These results confirmed that degradation proceeded 

through ester crosslink cleavage while the lignin aromatic structure remained 

intact, consistent with the known stability of aromatic structures toward alkaline 

hydrolysis. 

 

Figure 26: FTIR spectra of degradation products recovered from OSKL-ELO-PEG and OEKL-ELO-PEG 

after 48 h alkaline hydrolysis, showing a shift of the carbonyl band from the ester region (approximately 

1735 cm⁻¹) to the carboxylic acid region (approximately 1710 cm⁻¹) and retention of aromatic skeletal 

vibrations at approximately 1600 cm⁻¹. 

 

2D HSQC NMR of recovered products confirmed retention of lignin structural 

features, but signals corresponding to muconic acid methyl esters (δ = 3.68–

3.70/51.5–51.8 ppm) and olefinic double bonds of muconic acid moieties (δ = 

6/115–123 ppm) were absent, despite being clearly present in the starting 

oxidized lignins. Their disappearance confirmed that the muconic acid 

structures, which served as the principal carboxylic acid functionality and 

crosslink attachment sites, were cleaved during alkaline hydrolysis and retained 

in the water phase due to their higher solubility. ELO-derived cross-peaks were 

present in the recovered fraction, but no epoxide signals were detected, 

confirming complete epoxide consumption during cure. No PEG signals were 

observed, consistent with their retention in the aqueous NaOH medium. 

WAXS analysis of solid residues recovered after 4 h NaOH treatment revealed 

subtle but consistent changes in aromatic packing relative to the uncured 

thermosets. In OSKL-ELO-PEG, D1 (superstructure) decreased from 9.6 to 8.6 

Å, converging toward the OEKL value of 8.5 Å, which remained unchanged. D2 
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(T-shaped stacking) shifted slightly in both systems, decreasing from 7.0 to 6.6 

Å in OSKL-ELO-PEG and increasing from 6.2 to 6.5 Å in OEKL-ELO-PEG 

(Table 7). Sandwich stacking content increased to 95% in both systems, up from 

91% and 89% in the uncured thermosets, respectively. These changes indicated 

that surface erosion preferentially removed the more loosely organized 

supramolecular structures from the thermoset surface, leaving a residual bulk 

network with a more compact, uniform aromatic packing.93, 126 The similarity of 

OSKL and OEKL packing parameters after degradation is consistent with the 

surface-limited erosion mechanism established by FTIR in Section 4.9.1. At 4 h, 

the intact bulk network that remains is more structurally homogeneous than the 

original thermoset surface, and the contribution of lignin botanical origin to 

packing organization is no longer distinguishable.104 

Collectively, the FTIR, mass-loss, and WAXS results support a single picture: 

alkaline hydrolysis attacks the network from the outside in, cleaving ester 

crosslinks while leaving the aromatic core intact, consistent with surface erosion 

rather than bulk erosion. The released fragments carry both oxidized-lignin and 

ELO-derived signatures. A schematic of the proposed mechanism is shown in 

Figure 27. 

 

Figure 27: Schematic illustration of the proposed degradation mechanism for lignin-ELO-PEG 

thermosets under alkaline conditions, showing surface-initiated erosion with preferential ester cleavage 

at the network surface while the bulk network remains intact. Adapted from Paper IV, Figure 4. 
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5 Conclusions  

This thesis investigated the chemical modification of lignin for the preparation 

of bio-based thermoset materials, focusing on how lignin structure governs 

modification efficiency and how modified lignins perform as crosslinker 

precursors in epoxide-based thermoset systems. 

Carboxymethylation of EKL, SKL, BCOL, and SCOL showed that kraft lignins 

responded more strongly to temperature and reagent concentration than cyclic 

extracted organosolv lignins, with EKL reaching the highest carboxylic acid 

content of 3.7 mmol/g. Phenolic hydroxy groups showed preferential reactivity 

in kraft lignins, while the apparent aliphatic preference in SCOL reflected the 

abundance of aliphatic hydroxy rather than a reversal of intrinsic 

nucleophilicity. DFT calculations and conformational modeling confirmed that 

the e-shaped conformation of hardwood lignin offers greater hydroxy 

accessibility than the compact spiral conformation of softwood lignin, 

explaining the consistently higher reactivity of hardwood lignins toward 

carboxymethylation. 

Oxidative carboxylation proceeded through ring-opening of phenolic structures 

to yield muconic acid and methyl ester end groups, with lignin backbone largely 

preserved. Comparing the precipitated and EtOAc-soluble fractions revealed 

two structurally distinct lignin populations differing in interunit linkage 

composition and oxidative reactivity. Alkaline hydrolysis of methyl ester groups 

further increased carboxylic acid content while reducing molecular weight, 

yielding multifunctional oligomers with 2–5 carboxylic acid groups per 

macromolecule. Hardwood lignins showed higher reactivity toward both 

modification routes. 
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WAXS analysis showed that oxidative carboxylation caused more pronounced 

disruption of supramolecular packing than carboxymethylation, correlating 

with complete solubility of oxidized lignins in EtOH/EtOAc compared to the 

partial solubility of carboxymethylated lignins, with direct consequences for 

resin formulation and network formation. 

Paper III showed that network formation alone is not sufficient for a usable 

thermoset: carboxylated lignin and ELO crosslinked as intended, yet phase 

separation during curing still left the materials too brittle and heterogeneous to 

characterize mechanically. This gap between successful chemistry and usable 

material properties is what Paper IV's reformulated approach set out to close. 

Restricting the lignin component to oxidized fractions and introducing PEG-

400 as a plasticizer and compatibilizer resolved this: Paper IV's thermosets were 

homogeneous, achieved gel contents of 88–90% and approximately 90% bio-

based content, and remained hydrophobic despite PEG's hydrophilicity. 

Both thermosets degraded completely within 48 h under alkaline conditions, 

whereas they remained stable in PBS for 14 days. FTIR and WAXS evidence 

supported a surface-initiated erosion mechanism in which ester crosslink 

cleavage occurred preferentially at the network surface while the aromatic lignin 

backbone was preserved. 

Taken together, these findings show that lignin's molecular architecture is not 

just a source of variability to manage, but a design variable that can be 

deliberately exploited, from reaction efficiency through network formation to 

end-of-life behavior. This thesis lays the groundwork for lignin-based 

thermosets built on that principle. 
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6 Points of perspective  

Lignin is one of the most abundant renewable polymers on Earth, yet its 

structural complexity and heterogeneity have long been seen as obstacles rather 

than opportunities. The work presented in this thesis has reinforced the author's 

view that these perceived limitations are, in fact, a rich source of chemical 

diversity that, when understood at a fundamental level, can be deliberately 

exploited rather than worked around. 

What struck the author most through this work was how profoundly the origin 

and extraction history of lignin shapes everything downstream, from the 

accessibility of a single hydroxy group to the macroscopic brittleness of a cured 

thermoset. This means lignin can't be treated as a one-size-fits-all raw material. 

But it also means that choosing the right lignin type and modification method 

can produce properties that are hard to get from synthetic polymers. 

The transition from Paper III to Paper IV reflected a broader lesson about 

materials design: understanding why something fails is as valuable as 

demonstrating that something works. The brittleness and phase separation 

encountered in Paper III thermosets were not setbacks but diagnostic findings 

that pointed directly toward a more rational formulation strategy. The 

degradable thermosets in Paper IV would not have been possible without that 

honest assessment of the feasibility study. 

The thermoset systems developed in this thesis are particularly well-suited for 

applications where controlled end-of-life behavior is a design requirement. 

Coating and adhesive applications represent a near-term opportunity; the 

hydrophobic surfaces, thermal stability above 250 °C, and complete alkaline 

degradability of the lignin-ELO-PEG system are attractive properties for 



 62 

protective coatings in wood products or packaging, where the material needs to 

perform under ambient conditions but can be removed under alkaline 

processing conditions at the end of life. More broadly, the bio-based content of 

approximately 90% and the use of linseed oil as the epoxide matrix position 

these materials as credible replacements for bisphenol A-based thermosets in 

applications where recyclability and renewable content are increasingly 

demanded by regulation and consumer expectation. 

The author believes the most significant contribution of this thesis is not any 

individual result but the structure-property framework it provides for 

connecting lignin molecular architecture to thermoset performance. As lignin 

valorization moves from academic curiosity to industrial relevance, this 

fundamental understanding will be essential for guiding the selection and 

processing of lignin streams from real biorefinery operations, where structural 

variability is unavoidable and must be navigated rather than eliminated. 
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