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Introduction 
The exploration of environmental materials continues to progress, emphasizing the 
harnessing of natural resources and repurposing of waste. The advancement of  
eco-friendly technologies and methods stands as a cornerstone for building a sustainable 
society.1 This highlights the importance of bio-based industries in replacing non-renewable 
resources for fuel, energy, and manufacturing.2 Efforts to convert biomass into valuable 
products must adhere to rigorous standards to guarantee sustainability.  

Lignin, Earth’s second most prevalent biopolymer and a primary by-product of the 
cellulose industry, represents a vast reservoir of renewable aromatics, capable of 
supplanting fossil-derived aromatic compounds.3 Despite its ubiquity, lignin is relegated 
mainly to a by-product status in pulp production, with approximately 70 million tons 
generated annually worldwide. Regrettably, due to the lack of efficient processing 
techniques, approximately 95% of industrial lignin is currently incinerated for energy.4 
However, given its natural abundance, lignin holds promise for addressing the escalating 
scarcity of fossil resources if it can be effectively transformed into a renewable 
commodity or upgraded into higher-value materials. Recent advancements in lignin 
modification chemistry have yielded a range of functional lignin-based polymers, 
amalgamating the inherent attributes of lignin with the added functionalities of grafted 
polymers.5 Lignin emerges as an underappreciated asset in green chemistry, poised to 
serve as a foundation for the development of fabrication processes for materials 
endowed with advanced properties.6–8 

In this study, I present a novel method for the chloromethylation of lignin, which has 
paved the way for the creation of a diverse range of lignin-based products utilizing 
chloromethylated lignin as the starting material. The resulting lignin-based materials 
encompass catalytic agents (Publication I), antibacterial formulations (Publication II and 
Publication V), and thermoplastic additives (Publication III and IV). This research, along 
with the greener chloromethylation approach for lignin, holds promise for shedding new 
light on lignin valorization, rendering it both economically attractive and environmentally 
safe.  

Furthermore, I have presented the results of my research at various stages in 
international conferences held in Estonia, Portugal, the Netherlands, Italy, France, India, 
and United States. 
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1 Literature Overview 

1.1 Green and sustainable chemistry 
Green chemistry emerged in the 1990s as a crucial approach to reduce pollution and 
improving organic synthesis design.9 It aims to develop environmentally-friendly methods 
for chemical production and application by utilizing renewable resources and avoiding 
hazardous substances.10–12 However, green chemistry alone does not fully address the 
balance between environmental impact, social integrity, and economic development. 
This led to the concept of sustainable development, which aims to meet the needs of the 
present generation without compromising the ability of future generations to meet their 
own needs.13 Sustainable processes rely on three pillars: environmental, economic, 
social, and the intersection of these three pillars represents a fully sustainable approach. 
This can be visualized using a Venn diagram with overlapping circles representing each 
pillar of sustainability (see Figure 1).14 

 

 
Figure 1. Sustainability Venn diagram. 

1.2 Renewable vs. fossil resources 
Fossil fuels (coal, oil, and natural gas) are in conflict with the concept of sustainable 
development due to our excessive consumption, leading to their inevitable depletion 
over the course of several hundred years.15 Another significant concern is the waste 
generated during the manufacturing process. The production rate of this waste surpasses 
the natural assimilation capacity of environment, resulting in greenhouse gas emissions 
(e.g., CO2) and contributing to climate change.16 Therefore, non-renewable fossil fuels 
should be substituted with renewable biomass—organic material sourced from plants 
and animals—particularly in industries dealing with high-demand products like polymers.17 

Polymers are indispensable materials in our daily lives, offering versatility, durability, 
and extensive customization.18 The majority of industrial polymers, including polyethylene 
terephthalate (PET) and polystyrene (PS),19,20 are primarily derived from fossil fuels,21 
contributing harm to environment through greenhouse gas emissions. However, in the 
context of the 2nd generation biorefinery and circular bioeconomy, there is a growing 
focus on utilizing waste materials,22 such as lignin, to produce polymers.6,23 Lignin,  
a plant-based polymer (annually ranging from 5 to 36 × 108 tons per year), is abundantly 
generated as a by-product (70 million tons) of the paper and pulp industries.24 
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1.3 Lignin 
In 1838, French chemist Anselme Payen conducted pioneering experiments by treating 
wood with nitric acid and sodium hydroxide, which yielded two distinct substances. One 
of these substances, termed cellulose, emerged as a key discovery, while the other, 
characterized by a high carbon content and enveloping the cellulose, was termed 
“encrusting material.” This event marked a significant milestone in the understanding of 
lignin. Subsequently, in 1865, Schulze formally designated this “encrusting material” as 
lignin, derived from the Latin word “lignum,” meaning “wood.” Building upon this,  
in 1868, E. Erdmann identified aromatic compounds as constituents of lignin.25 Further 
advancements came in 1890 when Benedikt and Bamberger demonstrated the presence 
of other functional groups within lignified wood material, such as methoxyl groups. 
Lignin, a complex biomacromolecule, predominates in the cell wall of lignocellulosic 
materials like wood, exhibiting a highly branched and amorphous structure whose 
composition varies based on the plant source.26  

1.3.1 Lignin monomers 
The chemical structure of lignin from three hydroxycinnamyl alcohols, known as 
monolignols: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (see Figure 2). 
These alcohols differ primarily in the degree of methoxylation at the C3 and C5 positions 
of the aromatic ring. The p-hydroxyphenyl (H unit) lacks methoxyl groups at these 
positions, the guaiacyl (G unit) possesses a methoxyl group at the C3 carbon, and the 
syringyl (S unit) features methoxyl groups at both the C3 and C5 carbons.27 

 

 
Figure 2. Monolignol species: (a) p-coumaryl alcohol (H unit), (b) coniferyl alcohol (G unit), (c) sinapyl 
alcohol (S unit). 

Lignin is a three-dimensional, amorphous heteropolymer lacking a well-defined 
chemical structure (see Figure 3). Polymerization occurs through the interaction of 
monomers with polymer stages, as well as through the reaction of pre-existing 
aggregates (such as di, tri, etc., lignans). Molecular weight stands as another crucial 
feature of lignin. Typically, the molecular weight of lignin ranges from 1 to 50 kDa.28  
The molecular weight of lignin can undergo substantial changes due to the isolation 
procedures, the origin of the plant species, and post-refinery processes. The reported 
molar masses of isolated lignins, such as the approximately 10,000 molecular weight  
of spruce milled wood lignin (MWL) produced in the laboratory, are variable and  
method-dependent, thus not uniform or representative.29 The lignification process in 
plants involves the formation of a complex, three-dimensional structure through the 
linking of precursor alcohols, primarily through β-O-4 ether bonds (see Figure 3). 
Hardwood lignin is mainly composed of guaiacyl and syringyl units with low levels of  
p-hydroxyphenyl. In contrast, softwood lignin has higher levels of guaiacyl units and 
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lower levels of p-hydroxyphenyl. Grasses contain guaiacyl, syringyl, and p-hydroxyphenyl 
units (see Table 1). In all cases, these monomers are linked together without  
defined repeating units. The lignification process results in the formation of a complex,  
three-dimensional structure composed of various bonds. The primary linkages in native 
lignin are β–O–4 and α–O–4 bonds. Lignin features both hydrophilic and hydrophobic 
groups; however, due to its three-dimensional chemical structure, it is predominantly 
hydrophobic in its natural form. This hydrophobic nature plays a crucial role in making 
the plant cell wall water-repellent, thus facilitating water transport within the plant.  
The composition and content of lignin can vary depending on the plant species and 
environmental factors.30 

 

 
Figure 3. Prominent linkages and functional groups in softwood lignin.31 

Table 1. Lignocellulose and lignin composition for softwoods, hardwoods, and grasses.32 

 Lignocellulose composition (wt.%) Monolignol distribution in 
lignin (%) 

 Cellulose Hemicellulose Lignin H G S 

Softwoods 46-50 19-22 21-29 <10 >95 2-3 

Hardwood 40-46 17-23 18-25 <8 20-60 40-75 

Grasses 28-37 23-29 17-20 5-33 33-80 20-54 
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Lignin presents a major opportunity for improving the efficiency of a lignocellulosic 
biorefinery. As a highly abundant raw material, it constitutes up to 30% of the weight 
and 40% of the energy content of lignocellulosic biomass.33 The inherent structure of 
lignin indicates its potential as a key chemical feedstock, especially in the production of 
supramolecular materials and aromatic chemicals.34 

1.3.2 Technical lignin 
Technical lignin is a byproduct derived from various pretreatments or separation 
processes involving lignocellulosic biomass. These biomasses are commonly used as raw 
materials for pulp or second-generation ethanol production. The chemical properties of 
technical lignin, including its composition, molecular weight, and molecular structure, 
can be affected by the isolation process, resulting in different types of lignin with diverse 
applications in biorefinery platforms. Additionally, these types of lignin exhibit variations 
in physical properties such as solubility, hydrophobicity, and hydrophilicity. Therefore,  
it is important to consider each technical lignin individually due to these inherent 
differences.35,36 Lignin is commonly viewed as a secondary product of pulp manufacturing, 
with approximately 70 million tons of technical lignin generated globally each year. Due 
to the lack of efficient processing techniques, about 95% of industrial lignin is currently 
utilized as a fuel source.37 

The structure of natural lignin can undergo significant degradation and alteration 
depending on the process used, resulting in a decrease in aliphatic OH groups, β-O-4 
bonds, and β-β bonds. This process may also result in the formation of degraded products 
such as phenolic hydroxyl groups, carboxylic acids, and carbonyl groups.38 As a result, the 
composition of technical lignin is generally influenced by the extraction method and the 
original raw material source (softwood, hardwood, or grasses).39 

1.3.3 Organosolv lignin 
The organosolv lignin extraction process aims to isolate lignin from the lignocellulosic 
biomass using organic solvents to dissolve the lignin. This process is exciting for various 
bioproduct applications, as it can be sulfur-free, depending on the solvents used.40  
The quality of the extracted lignin depends on the pretreatment conditions. Lignin 
extracted through the organosolv process can have high purity, chemical reactivity, be 
non-toxic, and exhibit good thermal stability, which benefits its use in high-performance 
polymer composites, carbon-fiber precursors, and biomedical materials where low 
impurity levels are crucial. Organosolv lignin typically has a homogeneous structure 
similar to that of native lignin, characterized by a low molecular weight and 
polydispersity.36 Studies have shown that increasing the severity of organosolv processes 
can reduce the molar mass of extracted lignin by 36 to 56% compared to untreated lignin. 
Additionally, this process can result in a reduction of aliphatic hydroxyl group content 
and an increase in syringyl phenolic units and condensed phenolic structures.41 Organosolv 
lignin is highly soluble in organic solvents but almost insoluble in water due to its 
hydrophobic nature. To recover organosolv lignin from the solvent, it must be 
precipitated, typically by adjusting the concentration, pH, and temperature.42 
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1.4 Chemical modification of lignin 
Despite lignin containing various functional groups (hydroxyl, methoxyl, carbonyl, and 
carboxyl groups), its application is constrained by the presence of one or two methoxyl 
groups in its structure, which reduces its reactivity and limits its use in certain products. 
To overcome this challenge, numerous studies have been conducted to enhance lignin’s 
chemical reactivity by altering its structure. These alterations focus on increasing the 
reactivity of hydroxyl groups or modifying the nature of the active chemical sites. Various 
chemical modification pathways have been explored to improve reactivity of lignin.43 

Traditionally, the hydroxyl groups and aromatic units in lignin are extensively used for 
chemical functionalization. The presence of both aromatic and aliphatic hydroxyl  
groups enables chemical reactions such as esterification, alkylation, etherification, 
hydroxypropylation with epoxides, and urethanization through either isocyanate or  
non-isocyanate routes. Lignin phenolation is particularly interesting because it increases 
the number of reactive sites for aromatic substitution reactions. Chemical modifications 
on the aromatic units can include sulfomethylation, hydroalkylation, amination, and 
nitration. Additionally, azo coupling reactions have been reported to alter lignin 
properties.44 Understanding this chemistry is crucial for designing modified lignins  
with desirable properties and developing new grafting chemistries for polymeric 
modifications.43,45 

 

Figure 4. Summary of chemical transformations to diversify chemical functionality on lignin.46  
© 2019, MDPI. Licensed under CC BY 4.0. 

 

 



17 

1.5 Scope of the study 
In recent years, there has been a growing interet in exploring the various applications of 
lignin across different fields such as biomedicine,47,48 food packaging,49–51 cosmetics, 
health products,52,53 precursor materials for advanced 3D printing,54 lignin-based 
aerogels, lignin-derived carbon nanoparticles,55–57 and antimicrobial applications.58–60    

Different types of lignin, which depend on their botanical source and extraction 
method, have unique structural and chemical features that influence how they can be 
used. Kraft lignin, made through alkaline pulping with sodium hydroxide and sodium 
sulfide, has a high phenolic hydroxyl content and strong antioxidant capacity, making  
it suitable to use in antioxidant additives, UV-protective coatings, and polymer 
stabilization.61,62 Soda lignin, extracted under alkaline conditions from non-wood sources 
such as annual plants, is also sulfur-free and eco-friendly, making it appealing for 
dispersants, emulsifiers, and biodegradable packaging.63,64 Lignosulfonates, obtained 
from sulfite pulping, are naturally water-soluble and surface-active, enabling their use as 
dispersing agents, binders, and chelants in aqueous systems.65 Organosolv lignin, 
produced with organic solvents, is sulfur-free, has high purity, and exhibits excellent 
thermal stability, which is beneficial for high-performance polymer composites and 
biomedical materials where low impurity levels are essential.66 Therefore, choosing 
materials for specific applications should consider the inherent lignin structure, how 
compatible the modification method is with the intended end-use, the processing 
technique (such as extrusion, electrospinning, or 3D printing), and sustainability factors 
like toxicity, recyclability, and environmental impact over the product’s life cycle. 

Compared to alternative methods of lignin modification, chloromethylation provides 
a highly adaptable chemical handle, facilitating rapid and efficient post-functionalization 
through nucleophilic substitution. This method enables the introduction of ionic, 
hydrophobic, or polymerizable groups. Its versatility frequently surpasses that of 
conventional techniques such as esterification or sulfonation, which primarily alter 
solubility or hydrophobicity but offer limited options for subsequent modification. 
Nonetheless, these traditional approaches may require longer reaction durations, 
specialized catalysts, or result in lignin derivatives with reduced chemical reactivity. 
Therefore, although chloromethylation offers unparalleled functional versatility compared 
to many other methods, its implementation should be carefully evaluated based on the 
synthetic benefits, hazard mitigation, and environmental impact throughout the lifecycle. 

1.5.1 Lignin as catalyst 
In recent decades, the protocols for cross-coupling reactions have seen significant 
advancements. Among these, the Suzuki-Miyaura coupling stands out as one of the most 
effective, powerful, and versatile methods for forming carbon-carbon bonds.67 These 
reactions typically rely on homogeneous palladium (Pd) catalysts, paired with ligands 
such as phosphines or other organic compounds, in organic solvents. The metal catalysts 
and ligands used are often expensive and non-reusable, making the process economically 
challenging and coming with significant safety concerns. Additionally, the purification of 
contaminated products are typically slow and costly. They are also criticized in the 
context of effective circular economy strategies.68 Given the increasing demand for 
resource efficiency and the need to minimize the use of Endangered & critical elements 
(which face supply limitations in the coming years),69 there is a shift towards more 
sustainable alternatives. These alternatives include using metals with higher Chemical 
Element Sustainability Indexes,70 such as copper, iron, or manganese, which are more 
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affordable and sustainable. Copper is notable for its versatile catalytic properties, making 
it a highly appealing alternative. 

Therefore, there is an urgent need to develop more efficient and user-friendly 
approaches that minimize or eliminate the reliance on non-sustainable metals in 
heterogeneous coupling reactions. Unlike previous examples that have used lignin or 
plant-based stabilizing agents for Pd catalysts,71–75 our approach involves the preparation 
of a Pd/CuO heterogeneous catalyst with a lower content of the non-sustainable noble 
metal (Pd).69 This catalyst has the potential to catalyze a broader spectrum of chemical 
reactions, offering a more sustainable solution. Although heterogeneous catalysts are 
rarely used for carbon-carbon coupling reactions, they could potentially offer more 
sustainable and economical alternatives. 

In the last 15 years, N-heterocyclic carbenes (NHCs) have gained recognition as ligands 
for Pd-mediated cross-couplings. NHCs offer robust electron-donating capabilities, 
enabling oxidative insertion even with challenging substrates. Their steric bulk and 
distinctive structure also facilitate rapid reductive elimination.76 Compared to established 
phosphine ligands, NHCs with bulky ligands have significantly improved catalyst 
efficiency.77 However, effective heterogenization is necessary to meet the demands of 
various applications.78,79 Despite existing methods for synthesizing Pd nanoparticles from 
plant extracts, the use of stabilizing agents has not been thoroughly explored. 

1.5.2 Lignin as an antibacterial agent 
The World Health Organization (WHO) reports that approximately 700,000 people die 
globally from antibiotic-resistant bacterial infections each year. In the United States, 
reported only in 2019, more than 35,000 deaths occurred from 2.8 million cases of 
antibiotic-resistant bacterial infections.80 Similarly, Europe reported roughly 33,000 deaths 
annually attributed to antibiotic-resistant infections.81 Globally, methicillin-resistant 
Staphylococcus aureus (MRSA) is recognized as a leading cause of human bacterial 
infection, and in 2017, MRSA alone caused 10,600 deaths from 323,700 cases in  
the United States.82 Therefore, new antibacterial agents are needed to battle  
multidrug-resistant bacteria.  

The antimicrobial properties of lignin are not surprising, considering that plants have 
evolved to use these properties as a defense mechanism against invading pathogenic 
microbes.83 Lignin has shown its inhibitory effect against plant pathogens such as 
Pseudomonas putida and Xanthomonas sp.,84–86 as well as against other bacteria that 
colonize plant surfaces.87 The mechanism of antibacterial activity of lignin is proposed to 
rely on its strong affinity for the bacterial cell surface and its interaction with surface 
proteins and lipids, leading to membrane disruption and inhibition of the respiratory 
chain.88 These events are expected to result in the formation of reactive oxygen species 
(ROS), which cause oxidative damage to cellular components and hinder bacterial 
growth.86 In several studies, lignin have been combined with other antimicrobial 
materials to enhance their antimicrobial effect. For instance, silver nanoparticles have 
been added to lignin to enhance their activity against a range of bacteria.89,90 It has been 
suggested that incorporating silver into lignin and further coating it with a cationic 
polyelectrolyte layer facilitates the interaction between lignin and the bacterial 
membrane, resulting in a synergistic antimicrobial effect.91 

The development of lignin-based surfactants that concurrently demonstrate 
antibacterial activity signifies a significant advancement in the formulation of 
multifunctional, bio-derived materials. Lignin’s aromatic backbone and inherent phenolic 
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groups provide structural integrity and antimicrobial properties, while chemical 
modifications—such as quaternization to introduce cationic groups—donate amphiphilic 
characteristics and enhance interaction with microbial cell membranes, thereby resulting 
in practical antibacterial effects.92 This dual functionality extends the applicability of 
lignin-derived products into sectors such as biomedical coatings, packaging, and water 
treatment. Additionally, it aligns with principles of green chemistry by employing a 
renewable biopolymer and reducing reliance on synthetic, petrochemical-derived 
surfactants.6,93 The integration of surface activity and antimicrobial properties within  
a single lignin-based material creates opportunities for cost-effective production, 
simpler formulations, and environmentally friendly performance, thereby fostering  
the development of high-value, sustainable alternatives within the surfactant and 
antimicrobial industries. 

Quaternary heteronium salts (QHSs), including quaternary ammonium and 
phosphonium compounds, represent a promising path for discovering new antibacterial 
materials.94,95 The hydrophobic side chain plays a significant role in influencing the 
antimicrobial properties of QHSs.96 Since the 1930s, quaternary ammonium compounds 
(QASs) have been cationic surfactants widely used for their antimicrobial properties,97 
which result from their ability to disrupt bacterial cell membranes and cause leakage of 
cellular components.98–101 This disruption occurs due to the presence of a positively 
charged nitrogen atom connected to four alkyl or aryl groups,102 one of which is typically 
a long hydrocarbon chain (eight or more carbon atoms) that acts as a hydrophobic 
component.103 In general, longer alkyl chains have improved penetration capability into 
bacterial membranes,100,104 indicating that longer the hydrophobic carbon chain length, 
higher the antimicrobial activity.105 However, some studies have shown an optimal side 
chain length of 10–12 carbons against Gram-negative106 bacteria and 13–14 carbons 
against Gram-positive bacteria107 for the best antimicrobial performance of QASs. This 
tendency persists in the case of surface-active ionic liquids,108,109 where the extension of 
the alkyl chain length often leads to levelling off or fading of antimicrobial activity, known 
as the cut-off effect.110 Gram-positive bacteria are expected to be more sensitive to QASs 
than Gram-negative bacteria, as the former lack the outer membrane that restricts QASs’ 
access to their target site in the cytoplasmic membrane.111 Dimeric QASs bearing two 
cationic groups and two hydrophobic carbon chains have been shown to exhibit greater 
antibacterial and biocidal activity compared to their monomeric counterparts.112,113 
Lignins modified with quaternary ammonium groups have been shown to exhibit 
substantially higher antibacterial activity than unmodified lignin against E. coli, Listeria 
monocytogenes, Salmonella enterica, and S. aureus.114,115 Additionally, while QASs have 
been shown to exhibit notable toxicity to environmental organisms116 and eukaryotic 
cells in vitro,117 QAS-modified lignins are less cytotoxic.118  

In the mid-20th century, quaternary phosphonium salts (QPSs) were widely researched 
for their antibacterial properties and safety in human applications.119 These salts share 
structural similarities with QASs, notably showing antibacterial properties against both 
Gram-positive and Gram-negative bacteria.120 Therefore, these compounds, along with 
lignin (QHLs), can be considered safer analogues to low-molecular-weight QHSs for 
human use and potentially also from an environmental perspective. 
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1.5.3 Lignin as thermoplastic fillers 
Plastics are essential in numerous commercial sectors, with a global production volume 
of approximately 450 million tons in 2019.121 However, fossil-based plastics are linked to 
significant environmental issues, including CO2 emissions and littering, contributing to 
widespread microplastic pollution. As the global population grows, the demand for plastic 
products is expected to increase, making the development of renewable alternatives even 
more critical.122 Currently, bioplastics account for less than 1% of total plastic 
production,123 highlighting the urgent need for innovative solutions to meet the demand 
for renewable materials and replace fossil-based plastics.124 

Increasing environmental awareness is driving the adoption of greener, high-thermal-
performance sustainable materials in the construction industry. Bio-based materials are 
becoming increasingly crucial for enhancing the energy efficiency of buildings, offering 
both environmental and economic benefits.125 Using plant-based biomass materials in 
construction can reduce fossil fuel demand, lower carbon dioxide emissions, and 
minimize the production of non-degradable waste. 

PLA (polylactic acid), a versatile biopolymer derived from the renewable agricultural 
monomer 2-hydroxy propionic acid (lactic acid), is synthesized through the fermentation 
of starch-rich materials like sugar beets, sugarcane, and corn.126 In addition to its  
natural biocompatibility, PLA is widely used in various fields, including 3D printing.127,128 
The global 3D printing market was valued at approximately USD 15.35 billion in 2024.  
It is projected to grow from USD 16.16 billion in 2025 to about USD 35.79 billion by 2030, 
with a compound annual growth rate (CAGR) of 17.2% between 2025 and 2030. This 
expansion is fueled by advances in additive manufacturing and increasing demand for 
customized products. Additionally, higher government investments worldwide and a 
broader selection of industrial-grade materials have further driven adoption. Sectors like 
healthcare, automotive, and consumer goods are adopting 3D printing for rapid 
prototyping and personalized manufacturing. These applications improve design 
flexibility, reduce waste, and shorten product development cycles.129 

However, PLA has some limitations, such as brittleness, low heat resistance, high cost, 
and slow crystallization, which have restricted its broader adoption in commercial 
applications.130 Furthermore, it is relatively expensive and produced from starch, which 
competes with the food supply chain. Lignin-based thermoplastic materials have 
garnered growing attention as sustainable, cost-effective, and biodegradable alternatives 
to petroleum-derived thermoplastics. Lignin is used without further modification as an 
antioxidant, UV stabilizer, or flame retardant.131–133 However, due to its poor miscibility 
with polymer matrices, it can only be incorporated in small amounts.134,135 Therefore, 
developing sustainable bio-additives for plastics possessing lower environmental impact 
and sustainability concerns is an approach worth further exploration. 
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2 Objectives of the Study 
This study aims to develop a more sustainable protocol for the chloromethylation of 
organosolv lignin to produce chloromethylated lignin (CML), which acts as a versatile 
intermediate for various functional materials. The CML will undergo further 
modifications for different applications and will be tested for its performance. 

The applications of functionalized lignin include: 

• Functionalizing organosolv CML with 1-methylimidazole to stabilize Pd/CuO as a 
reusable organic catalyst. The resulting Lignin@Pd/CuO−NPs catalyst will be used to 
explore a range of C−C bond formation reactions, including Suzuki-Miyaura, 
Sonogashira, Heck, and azide-alkyne cycloaddition (click) reactions. The study will 
also investigate the reuse of the catalyst in batch reactions and its application in a 
packed-bed flow reactor. 

• Designing a series of quaternary ammonium lignin (QALs) based on three different 
lignin sources: hardwood (aspen), softwood (pine), and grass (barley straw).  
The quaternary ammonium groups added to these CMLs will vary in single alkyl chain 
length, ranging from 6 to 18 carbons. The resulting QALs will be tested for their 
antibacterial activity against clinical isolates of Methicillin-Resistant S. aureus and  
K. pneumoniae. 

• Synthesis of quaternary heteronium lignin (QHLs: QALs and QPLs) and its 
comparative study against ESKAPE. To produce electrospun nanofibers from active 
QHLs using cellulose acetate (CA) to evaluate their practical applications. 

• Functionalizing CML by esterification and incorporating it into PLA as a high-
performance filler for 3D printing. This addition aims to reduce the amount of PLA 
in the filament, thereby lowering the cost of the final material, while enhancing its 
thermal and mechanical properties. 

• Systematic comparison of two distinct strategies for lignin modification: (i) direct 
esterification of hydroxyl groups with fatty acid chlorides, and (ii) a two-step process 
involving chloromethylation followed by reactions with aliphatic and aromatic 
carboxylic acids. 
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Figure 5. The overall visual representation of the study’s objectives. Designed with Adobe 
Photoshop. 



23 

3 Results and Discussions 

3.1 Chloromethylation of lignin (publications I to IV) 
In recent years, various chemical modifications have been introduced to incorporate 
active sites into lignin’s complex structure,7 though they have been explored less 
extensively than hydroxyl group modifications. These modifications include  
nitration,136 amination,137 alkylation/dealkylation,138 hydroxylation,139 carboxylation, and 
halogenation.140 This study aims to incorporate the chloromethyl functional group into 
the aromatic structure of lignin through a chloromethylation step. To develop a more 
efficient chloromethylation protocol for lignin, two conditions (see Scheme 1) were 
studied, applied to organosolv aspen lignin. These reactions have been previously shown 
to be applicable to small aromatic molecules141,142 and aromatic macrocycles like 
calix[4]arenes.143–145 

Our study reveals that the route using methyl-chloromethyl-ether and TiCl4 as a Lewis 
acid catalyst in chloroform is not suitable for lignin (Blanc reaction), resulting in only 1.5% 
(m/m) of organic chlorine in the final product (see Scheme 1a). Moreover, this reaction 
needs to be performed with care, as it, like most chloromethylation reactions, produces 
highly carcinogenic bis(chloromethyl) ether as a by-product. In contrast, the reaction 
involving paraformaldehyde (PFA) and excess hydrogen chloride in acetic acid as solvent 
achieved a 7.7%–20% (m/m) yield of organic chlorine in the final product (see Scheme 1b). 
This newly developed greener route, as evaluated by green chemistry metrics, produces 
a significantly higher amount of chloromethylated lignin (CML). 

 
Scheme 1. Two different strategies were used to explore the chloromethylation of lignin, as illustrated 
in the guaiacyl (G) unit of lignin. 

In the 1H NMR spectra of the chloromethylated lignin (CML) product (see Figure 6a), 
a new peak appears at 4.5–4.75 ppm compared to organosolv lignin, indicating the 
presence of the –CH2-Cl group on the benzene ring. Further confirmation was provided 
by 2D-HSQC measurement of hardwood, which provides a deeper understanding of 
lignin structure (e.g., inter-unit linkages, and subunits).146,147 Two informative areas of 
oxygenated aliphatic side chain (C/H 100–35/6–2.5 ppm) and aromatic or unsaturated 
carbon (C/H 150–100/8.0-6.0 ppm) were focused for the 2D-HSQC interpretation. 
DMSO/d6 solvent signal (C/H 39.51/2.5 ppm) was used to calibrate all spectra. Two 
distinct cross-peaks at C/H 37.97/4.8 and 40.61/4.63 ppm in Figure 7c, marked and an 
asterisk, confirm the introduction of reactive groups into aromatic rings in lignin 
compared to the starting material (see Figure 7a). Introduction of new functional groups 
could occur either orthogonally or metagonally, explaining the emergence of two distinct 
signals in the HSQC spectra, consistent with previous 1H NMR results. Lignin containing 
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abundant methoxy groups, which contribute to the strong and stable cross-peaks at  
C/H 55.62/3.77 ppm before and after chemical modification. However, chloromethylated 
lignin exhibits a significant decrease in ether linkage (β-O-4’) peaks (Aβ(S): C/H 86.06/4.11). 
This can be due to the acidic-induced cleavage of lignin’s labile bonds during the 
chloromethylation reaction, likely to depolymerize lignin into smaller fragments. Focusing 
on the aromatic region of HSQC spectra, prominent cross-peaks at C/H 104.30/6.60 and 
118.5–110.11/6.90–6.76 ppm correspond to S and G units of hardwood lignin,148 
drastically decreases for chloromethylated lignin (see Figure 7d) compared to SM (see 
Figure 7b), confirming the chloromethylation on the aromatic ring. It is worth noting that 
chloromethylation can occur at any position of phenolic rings. Literature suggests  
that it may arise in the ortho-position adjacent to the hydroxy group,149 and even at  
the meta-position of the syringyl unit of lignin, particularly in compounds like  
3,5-dimethyl-4-hydroxyphenyl ethane.150 
 

 
Figure 6. An example of 1H NMR (a) and FTIR (b) spectra of lignin and CML product. 

Similarly, FTIR (see Figure 6b) confirmed characteristic peaks of –CH2–Cl are observed 
at 1264-1267 cm–1 and 633-670 cm–1. The peak around 1413−1424 cm–1 can be attributed 
to aromatic ring vibrations or C−H deformation vibrations in the methylene (–CH2–) 
groups, which are already part of the lignin structure. However, the introduction of  
–CH2–Cl groups may not result in a completely new peak but could instead lead to a 
subtle shift or increase in intensity, making them difficult to distinguish. In certain cases, 
minor shifts are observed, suggesting potential overlap of peaks. Considering the 
complexity of lignin structure, non-uniform chloromethylation or low concentration of 
–CH2–Cl groups may result in only subtle changes in the FTIR spectrum. X-ray 
fluorescence (XRF) analysis shows that chloromethylated lignin contained 7.7 to 20 w/w% 
of chlorine.  
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Figure 7. 2D-HSQC of lignin (a, b), chloromethylated lignin (c, d). Two regions of investigation: 
oxygenated aliphatic side chain (C/H 100–35/6.0–2.5 ppm) (top), aromatic/unsaturated region 
(C/H 150–100/8.0–6.0 ppm) (bottom). The lignin’s subunits are presented on the right. 

The size exclusion chromatography (SEC) results indicate that molecular changes 
occurred during the reaction process, resulting in the formation of heterogeneous lignin 
(see Figure 8). The elevated polydispersity index (PI) of chloromethylated lignin (CML) 
sample indicates a broader molecular weight distribution compared to the starting 
material.  

A sharp peak at around 10 minutes corresponds to the exclusion limit of the SEC 
column, indicating the presence of a broad range of molecular weights condensed into a 
sharp peak. This suggests that some lignin crosslinking occurred during chloromethylation, 
possibly due to side reactions with formaldehyde. Additionally, potential side products 
or low-molecular-mass lignin fragments may have formed post-chloromethylation, as 
indicated by a significant peak at 16.5 minutes. Despite the similarity in molecular 
weights among different lignin types, our focus remains on utilizing the entire lignin 
material. 
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Figure 8. An example of size exclusion chromatography (SEC) curve of organosolv aspen lignin vs 
CML. 

3.1.1 Green chemistry metrics for chloromethylation 
Clark et al.’s CHEM21 toolkit151 was used to evaluate the parameters listed in Table 2.  
For assessing the atom economy (AE) of reactions involving lignin, a polymer with an 
average molecular weight, the guaiacyl lignin monomer unit (G-unit) is considered as part 
of the green chemistry metrics to enhance our understanding. Method 1 (the CML 
protocol developed in this study) outperformed Method 2 (CML-TiCl4, a Blanc reaction 
procedure using a Lewis acid catalyst) in terms of yield, selectivity, atom economy, and 
overall efficiency. However, both methods can still improve in terms of conversion rates 
and reaction mass efficiency. Method 2, in particular, needs attention to reduce its 
environmental impact, especially concerning the use of solvents and reagents (red flag). 
In the proposed synthetic Method 1, more environmentally favorable solvents were 
used, resulting in better yields and a positive impact on overall green metrics, making it 
the greener choice. The reactions avoided using critical elements (with 5–50 years of 
supply remaining).69 

Table 2. Green Chemistry metrics calculated for the processes studied. 
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1 CML 20 20 99.9 92.5 12.7 13.7 286.6 41.5 

2 CML-TiCl4 1.2 1.5 78.9 61.7 0.8 1.2 7899.6 3973.3 

The process mass intensity (PMI) parameters revealed that the major contribution to 
total PMI came from the PMI of reaction solvents, with Method 2 being significantly more 
unfavorable compared to Method 1. This analysis underscores the importance of 
addressing the choice of solvents as a critical issue in the synthetic process. Among the 
solvents used for reactions and workup, “recommended” solvents (green flag) such as 
water, ethanol (EtOH), and acetic acid (AcOH) were employed. It is worth noting that in 
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this study, AcOH was considered “recommended or problematic,” as stated in the 
CHEM21 toolkit. However, AcOH, along with some “intermediate” solvents, has been 
criticized for its unfavorable health score and is classified as “problematic” by 
default.152,153 The energy parameters were marked with a green flag, as the reactions 
were conducted between 0 and 70°C. 

The optimized protocol for CML preparation, which resulted in higher content of the 
chloromethylated product, was selected for scaling up and further transformation into 
functional materials. These transformations include the development of lignin-based  
N-heterocyclic carbene (NHC) complexes for cross-coupling reactions, quaternary 
heteronium lignin (QAL, QPL) for antibacterial applications, and fillers to PLA for 3D 
printing.  

3.2 Lignin catalyst for cross-coupling reactions and click reactions 
(publication I) 

3.2.1 Preparation of Lignin@Pd/CuO−NPs  
The chloromethylated lignin was further transformed into methyl imidazolium lignin 
(ImL) as illustrated in Scheme 2. The formation of ImL was confirmed through 1HNMR 
and FTIR spectroscopy (Appendix I). Elemental analysis showed that the nitrogen content 
in the imidazoilum lignin is 4.65%, compared to the starting chloromethylated lignin 
(CML), which contains only 0.01% nitrogen. It is important to note that some of the  
Iml-lignin may dissolve in the reaction solvent or be lost during the filtration process, 
which could contribute to discrepancies in nitrogen content. The reported nitrogen 
content only applies to isolated products. 

 
Scheme 2. Schematic representation of ImL from CML. 

The isolated products were further utilized as stabilizing agents for Pd and CuO to 
prepare heterogeneous Lignin@Pd/CuO nanoparticles (NPs) (see Experimental section). 
The SEM image of Lignin@Pd/CuO confirms that the Lignin@Pd/CuO nanoparticles (NPs) 
have an average size of 40 nm, as shown in Figure 9a. According to the SEM-EDX (Energy 
Dispersive X-ray analysis) results, the elemental composition of the catalyst includes 
2.384% Pd (w/w) and 3.047% Cu (w/w) loaded onto the modified lignin, along with 
oxygen (O), nitrogen (N), and carbon (C).  
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Figure 9. Characterization of Lignin@Pd/CuO-NP material. (a) SEM image; (b) Pd/Cu leaching 
determined by AAS. 

An investigation was carried out to evaluate how much Pd and Cu leach into the 
solution and to determine their reusability. The concentration of Pd and Cu in the treated 
ethanol (w/w) serves as an indirect measure of the structural stability of the 
Lignin@Pd/CuO nanoparticles (NPs) under conventional batch reaction conditions.  
The test was carried out over 30 days with conventional mechanical stirring at 50°C.  
As shown in Figure 9b, after 15 days, only 0.015% of Cu and 0.0728% of Pd were detected 
in the solution. Upon completion of the 30 days, the leaching was found to be minimal 
of 0.011% for Cu and 0.012% for Pd, compared to the initial 3.047% Cu and 2.384% Pd 
present in the starting Lignin@Pd/CuO-NP material. 

 

Figure 10. DSC curve for lignin derivatives. 

The thermal properties (see Figure 10) of chloromethylated lignin (CML) are similar to 
those of the starting organosolv lignin, with both materials exhibiting a glass transition 
temperature (Tg) around 70°C, which is typical for chemically modified lignin. The glass 
transition step in the DSC curves appears distorted, likely due to the material’s 
heterogeneity (see Figure 10). Two enthalpy recovery peaks observed in the heating 
curve of organosolv lignin may be attributed to material aging upon heating. The slightly 
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lower glass transition and onset temperatures for CML may be attributed to partial 
depolymerization of the lignin. The incorporation of 1-methylimidazole into CML appears 
to enhance hydrogen bonding in ImL, which is subsequently further stabilized by the 
embedding of metal, as evidenced by the pronounced glass transition peak for 
Lignin@Pd/CuONP, with the Tg increasing to 89.9°C.  

3.2.2 Evaluation of the catalytic activity of Lignin@Pd/CuO−NPs in batch 
reaction and packed-bed flow reactor  
The Suzuki-Miyaura coupling reaction is renowned for its effectiveness, versatility, and 
power in forming C-C bonds. Assessed the catalytic activity of Lignin@Pd/CuO-NPs for 
various reactions, including Suzuki-Miyaura, Sonogashira, Heck, and azide-alkyne 
cycloaddition (click) reactions. The catalyst demonstrated the highest activity for the click 
and Suzuki-Miyaura reactions, as shown in Figure 11a. Furthermore, its reusability was 
assessed by recovering the heterogeneous catalyst through simple filtration after each 
reaction, followed by washing, drying, and repeating the process up to 10 times. Notably, 
the catalytic efficiency remained consistent across all reactions for up to 10 cycles, with 
the catalyst being successfully recovered and reused after each run. 
 

 
Figure 11. Yields for the studied reaction in batch (a) and continuous flow reaction (b). 

Flow chemistry techniques have garnered significant attention for meeting the 
growing demand for chemical sustainability by reducing the use of reagents and 
materials, optimizing energy consumption, and enhancing process safety. Based on the 
batch reaction, the best-performing reactions, click and Suzuki-Miyaura reactions, were 
performed in continuous flow reaction (see Figure 11b). The experiment was conducted 
at 40°C, using 50 mg of supported catalyst, resulting in yields of up to 74% and 45%, 
respectively. The click reaction was then scaled up by preparing a larger volume of the 
reaction mixture and pumping it for 16 hours and 40 minutes under the same conditions, 
corresponding to a 5.0 mmol scale, yielding the product in 63% (0.74 g) isolated  
yield. While the click reaction proved to be very efficient under these conditions,  
the Suzuki-Miyaura reaction was slower and required longer reaction times, achieved 
using a lower flow rate and higher dilution.  
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3.2.3 Green chemistry metrics for catalytic reactions 
The green chemistry metrics for the preparation of ImL, the azide-alkyne cycloaddition 
(click) reaction, and Suzuki-Miyaura cross-coupling reaction in both batch and continuous 
flow were studied (see Table 3). The preparation of ImL, click reaction, both in batch and 
continuous flow modes, and the Suzuki-Miyaura batch reaction are the most efficient 
and environmentally friendly among the five methods studied. The flow-based Suzuki-
Miyaura reaction shows moderate efficiency but could benefit from improvements in 
atom economy, waste reduction, and overall performance. Transitioning from batch to 
continuous flow reactions represents a significant step toward greener and more 
sustainable processes. These findings can guide the optimization of these chemical 
methods to improve sustainability and efficiency. Ultimately, choosing solvents and 
reagents should be carefully balanced to maximize yield while minimizing potential risks 
to safety, health, and the environment. 

Table 3. Green Chemistry metrics calculated for the processes studied (1-5). 

Method No. 1 2 3 4 5 

Method 
ImL 

(Acetone/ 
Me-THF) 

Suzuki-
Miyaura 
reaction 
(batch) 

Suzuki-
Miyaura 
reaction 

(flow) 

Click 
reaction 
(batch) 

Click 
reaction 

(flow) 

Yield 99.8 65 43.8 76.8 73.8 
Conversion 100 66 45 70 73.8 
Selectivity 99.8 98.5 97.3 109.7 100 

AE 100 57.7 57.7 100 100 
RME 68 31.9 45 69 57 
OE 67.9 55.3 78 69 57 

PMI (total) 19.3 279.1 710.1 90.6 94.7 
PMI Reaction 
solvents 11.5 239.1 704.0 89.2 92.7 

3.3 Antibacterial quaternary ammonium lignin (publication II) 
In this study, the quaternization approach was used to create a series of quaternary 
ammonium lignin (QALs) derived from three distinct lignin sources: hardwood (aspen), 
softwood (pine), and grass (barley straw). Each source has unique monolignol compositions 
and different constituent units, which are expected to influence their antibacterial 
properties. The quaternary ammonium groups attached to these lignins had alkyl chains 
ranging from 6 to 18 carbons in length. The resulting QALs were evaluated for their 
physicochemical characteristics and antibacterial effectiveness against clinical isolates of 
S. aureus and K. pneumoniae. 

3.3.1 Preparation of QALs 
Here, chloromethylation was employed, followed by quaternization of the 
chloromethylated sites (see Scheme 3). Previously, the successful integration of 
chloromethylation into aspen lignin (see Scheme 1) was demonstrated; the same 
methodology was applied in this study to aspen, barley, and pine lignin. Further 
quaternization was performed according to scheme 3, the resulting quaternary 
ammonium lignins (QALs) were named C6, C8, C10, C12, C14, C16, and C18 corresponding 
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to the amines[C6H13N(CH3)2 C8H17N(CH3)2, C10H21N(CH3)2, C12H25N(CH3)2, C14H29N(CH3)2, 
C16H33N(CH3)2, and C18H37N(CH3)2] respectively. Additionally, a modified CM lignin was 
synthesized using a ternary double n-alkyl chain amine, (C12H25)2N(CH3). This variant was 
designated as (C12)2. 
 

 
Scheme 3. Schematic synthesis pathway of quaternary ammonium lignin, QALs from CML as shown 
for G unit of lignin. 

The preparation of quaternary ammonium lignin from CML was confirmed using 1H 
NMR and FT-IR spectroscopy (see Figure 1, Appendix II). The FT-IR spectra of the QALs 
also retained most of the characteristic features of their starting material counterparts, 
indicating that the structural integrity of lignin remained largely unchanged during the 
modification process. Further evidence of successful tertiary amine incorporation is the 
presence of nitrogen in the lignin after quaternization (see Figure 12a). The nitrogen 
content in the quaternary ammonium lignins (QALs) ranged from 0.77% to 2.74%, varying 
based on the lignin source. Our findings suggest that the quaternization process is 
influenced by the solubility of lignin, which affects the accessibility of reactive 
chloromethyl sites to tertiary dimethyl amines, especially those with longer carbon 
chains. When comparing the nitrogen content of QALs with single (C12) and double 
(C12)2 alkyl chains, the nitrogen content was consistently lower in the double-chain 
variants across all lignins, likely due to steric hindrance. Additionally, the nitrogen 
content reported is specifically for isolated products; some variation may also arise from 
the loss of dissolved lignin during the isolation process. As anticipated, the QALs 
displayed a positive surface charge, whereas the lignins without quaternary ammonium 
modification exhibited slightly negative, positive, or nearly neutral surface charges  
(see Figure 12b). 

Since some of the lignin samples appeared aggregated, the hydrodynamic particle size 
of all lignin samples was analyzed to assess the stability of their suspensions (see Figure 
12c). The measurements revealed that both chloromethylated (CML) and starting 
material (SM) lignin without quaternary ammonium groups aggregated significantly in 
1.5% DMSO (the final environment for antibacterial testing). In contrast, the particle sizes 
of the QALs were significantly smaller. This indicates that the high positive surface charge 
of the QALs enabled better dispersion compared to the SM and CM lignin. There was no 
significant correlation found between the hydrodynamic diameter and the alkyl chain 
length of the QALs. 
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Figure 12. Properties of the lignin (SM) and QALs (a) N-content (%); (b) ζ-potential (mV);  
(c) Hydrodynamic diameter (nm) of the lignin samples. 

3.3.2 Antibacterial activity of lignin 
The antibacterial properties of lignin and its derivatives were assessed by determining 
their bactericidal effect (measured as the minimal bactericidal concentration, MBC) in 
water, and their bacteriostatic effect (growth inhibition, indicated by the zone of 
inhibition, ZOI) in a semi-solid agar medium (see Figure 13). The maximum concentration 
of DMSO used was 1.5%. The study found that the maximum bactericidal effect of 
quaternary ammonium lignin (QALs), with an MBC of approximately 0.012 mg/L after  
24 hours of exposure, was consistent across samples from different lignin sources  
(aspen, barley, pine) and against both tested bacterial strains (K. pneumoniae and 
Methicillin-resistant S. aureus). However, the bactericidal action speed of the QALs varied 
against these bacteria.  

Based on the MBC values, non-quaternized lignin (SM, CML) from all sources was  
more effective against S. aureus than K. pneumoniae after 24 hours. Our findings support 
the general understanding that lignin exhibits greater antibacterial activity against  
Gram-positive bacteria compared to Gram-negative bacteria. Specifically, much lower 
concentrations of SM (8−15 times) and CM (2−4 times) were needed to kill S. aureus 
compared to K. pneumoniae. CML was typically 2 to 8 times more effective at killing 
bacteria than SM for both bacterial species. However, its ability to kill S. aureus did not 
significantly increase with quaternization. Furthermore, SM from all lignin sources 
exhibited either a more negative charge or a less positive charge compared to CML  
(see Figure 12). A reduction in negative charge or an increase in positive charge can 
decrease electrostatic repulsion or strengthen attraction to the bacterial cell surface, 
respectively. Additionally, the chloromethylation process itself might play a role in 
antibacterial activity. Previous literature indicates that chlorine-containing compounds 
tend to exhibit higher activity against Gram-positive bacteria than Gram-negative 
bacteria.154 

(a) 

(b) 

(c) 
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Figure 13. Minimal bactericidal concentration (MBC) of lignin samples against S. aureus (a-c).   
K. pneumoniae (d-f). MBC values for (a, d) aspen, (b, e) barley, and (c, f) pine after 1 h, and 24 h of 
exposure are plotted on the left Y-axis, and zone of inhibition (ZOI) values for 24 h incubation period 
on right Y-axis. The highest concentration (1.5 mg/ml) used in MBC assay is shown as a grey dotted 
line on the left Y-axis. The median and range of three biological replicates are shown. Statistically 
significant differences from control (CML) are presented above X-axis for each respective alkyl chain 
length (C), denoted by ns (not significant), **** (p ≤ 0.0001), *** (p ≤ 0.001), ** (p ≤ 0.01), and  
* (p < 0.05)  

The antimicrobial activity of QALs against K. pneumoniae was quicker than against  
S. aureus within the first hour of exposure, but the differences in MBC values became 
negligible after 24 hours (see Figure 13). QALs with longer alkyl chains (C14–C18) 
demonstrated more consistent antimicrobial effects across various bacterial species and 
plant sources, compared to those with shorter chains. The longest-chain QALs also 
showed the highest positive charge during exposure, likely enhancing electrostatic 
attraction to the negatively charged bacterial surfaces and improving their bactericidal 
efficiency. In contrast, QALs with shorter alkyl chains (C6–C12) were generally less 
effective, except for the rapid antimicrobial action of aspen-derived C6–C12 against  
K. pneumoniae. 

Previous research generally indicates that quaternary ammonium compounds (QACs) 
with alkyl chain lengths from C8 to C18 provide optimal antibacterial activity, usually 
when chains contain more than 10 carbons. The effectiveness of this approach depends 
on the specific compound, exposure duration, and the type of bacterial cell wall.  
In contrast, QACs with alkyl chains shorter than C4 or longer than C18 are generally seen 
as nearly inactive. Our research showed that in MBC assays, QALs with the longest alkyl 
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chains had the most potent bactericidal effects, and no clear shorter optimal chain length 
was identified. Earlier research determining the best alkyl chain length for antibacterial 
effects mainly used growth inhibition tests on semi-solid (agar) media by measuring 
zones of inhibition (ZOI). In this assay utilizing QALs, the most pronounced bacteriostatic 
effect was observed at chain lengths of C12 to C14. Conversely, QALs with the longest 
alkyl chains did not exhibit growth inhibition. (see Figure 13). This suggests that the alkyl 
chain lengths that achieve maximum growth inhibition on agar (ZOI) are quite different 
from those effective in liquid environments (MBC). Specifically, the ZOI peaks sharply at 
C12 or C14, depending on the bacterial species, and then declines towards C18. 
Conversely, the MBC assay shows that bactericidal activity increases with longer alkyl 
chains, reaching a maximum at C16–C18. It is worth considering that the optimal lengths 
of the ZOI may be attributable to variations in hydrophobic aggregation and/or the 
restricted diffusion of longer-chain QALs within agar, rather than their intrinsic biological 
activity.  

 

Figure 14. Minimal bactericidal concentration (MBC) of lignin samples modified with single and 
double alkyl chains, tested against (a) S. aureus. and (b) K. pneumoniae. MBC values for aspen, 
barley and pine after 24 h of exposure are plotted on the left Y-axis, and zone of inhibition (ZOI) 
values for 24 h of incubation period on right Y-axis. CML – chloromethylated lignin, C12,  
C(12)2 – quaternary ammonium lignins, QAL. The highest concentration (1.5 mg/ml) used in MBC 
assay is shown as a grey dotted line on the left Y-axis. Statistical significance of differences (p < 0.05) 
of MBC values from the CM is presented under each respective alkyl chain length, and between the  
single and double chains are marked above (ns(non-significant), **** (p ≤ 0.0001), *** (p ≤ 0.001), 
** (p ≤ 0.01) and * (p < 0.05)). 
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Modifying QALs by replacing a single C12 alkyl chain with a double C(12)2 chain 
resulted in inconsistent changes in antibacterial activity (see Figure 14). Compared to the 
single C12 chain, the MBC value of the double chain decreased for K. pneumoniae in 
barley and pine lignin, but for S. aureus, this decrease was only seen with barley lignin. 
In the case of aspen lignin, the MBC values for both bacteria were similar, whether the 
QAL had a single C12 or a double C(12)2 chain. These variations in MBC values between 
single and double-alkyl chain QALs may partly result from the significant reduction in 
nitrogen content in the double-chain QALs compared to their single-chain versions. This 
suggests that the double alkyl chain modification was less effective, resulting in fewer 
antibacterial components at the same QAL concentration. 

Although the ZOI consistently decreased for double chains compared to single chains, 
the MBC for double chains either remained unchanged or decreased. These differences 
highlight that inhibition zones should only be compared when the tested substances 
diffuse equally in the water-based environment of the semisolid agar medium. Our 
results indicate that evaluating bacteriostatic properties based on ZOI for QALs with 
longer or double alkyl chains—a hydrophobic group—can be misleadingly underestimated 
in diffusion-limited testing formats. 

Furthermore, prepared and compared lignin-based trialkyl quaternary ammonium 
(QAL) and quaternary phosphonium (QPL) compounds against the ESKAPE pathogens 
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Enterobacter species), which are the leading 
cause of nosocomial infections worldwide. 

3.4 Antibacterial properties of quaternary phosphonium vs 
ammonium lignin (publication V) 
In this study, a novel lignin-based phosphonium compound was developed to assess the 
molecular diversity of quaternary heteronium lignin compounds (QHLs) utilizing our prior 
data. The efficacy of both quaternary ammonium lignins (QALs) and quaternary 
phosphonium lignins (QPLs) was evaluated through growth inhibition assays and 
determination of minimum bactericidal concentrations (MBCs) and zone of inhibition 
(ZOI) against laboratory and multi-resistant strains of ESKAPE pathogens. Further 
development of electrospun nanostructures of the highest performing QHL with 
cellulose acetate has been conducted, alongside an assessment of their antibacterial 
properties in a real-world scenario. 

3.4.1 Preparation of QHLs 
In this investigation, chloromethylated pine lignin was additionally quaternized utilizing 
tertiary amines and phosphines in accordance with Scheme 4. The resulting quaternary 
heteronium lignins (QHLs) were named N6, N8, P6, and P8, corresponding to the  
amines [trihexylamine and trioctylamine], and phosphines [trihexylphosphine and 
trioctylphosphine], respectively.  
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Scheme 4. Schematic synthesis pathway of quaternary ammonium (QALs) and phosphonium (QPLs)  
lignin, from CM, as shown for the G unit of lignin. 

FT-IR spectroscopy confirmed the preparation of quaternary ammonium lignin from 
CML (see Figure 15). Characteristic peaks at 643 cm−1 and 1262 cm–1 indicate −CH2−Cl 
groups in CM lignin. The absorption band of −(CH2)− groups appears at 723 cm−1, while 
bands for CH3 and CH2 are observed at 2953 cm–1 and 1464 cm–1 in QHLs. The 1H NMR 
spectrum shows strong peaks at δ 0.88 and δ 1.25 ppm, confirming the presence of CH3 
and CH2 groups that make up the hydrophobic tails of the alkyl chains in both QALs and 
QPLs. Additionally, 31P NMR analysis reveals a peak at δ 33.38 for P6 and P8, confirming 
the presence of a quaternary phosphonium group in the lignin structure. Additionally, 
CHN analysis revealed that all modified QHLs have increased C and H% compared to the 
CM lignin, and N% was observed only in the QAL samples (see Table 4).  

 
Figure 15. FTIR spectra of starting materials (SM), chloromethylated lignin (CM), and quaternary 
ammonium (N6, N8) and phosphonium lignin (P6, P8). 
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Table 4. CHN content (%) of the QHL samples.  

 N%, average C%, average H%, average 
CM 0 62.08 6.595 
P6 0.055 65.08 8.435 
P8 0 66.89 8.855 
N6 1.2 67.235 8.245 
N8 0.675 65.065 7.4 

3.4.2 Antibacterial activity of QHLs 
Here, lignin SM was considered a negative control, and C18 from our previous set of 
experiments (see Figure 13) was a positive control (PC). The antibacterial activity of QHLs 
was tested against both Gram-positive (E. faecium, S. aureus) and Gram-negative  
(K. pneumoniae, A. baumannii, P. aeruginosa, E. cloacae) pathogens (ESKAPE) at 1h and 
24h post-treatment (see Figure 16). The minimal bactericidal concentration (MBC) values 
indicate a time-specific response to the tested samples.   

MBC against E. faecium (see Figure 16a): both sample groups showed moderate 
inhibition after 1h and 24h. Compounds P6 and P8 demonstrated a strong effect 
comparable to the starting material (SM), while N6 and N8 showed moderate activity. By 
24 hours, P6 exhibited the most significant increase, suggesting a strong time-dependent 
killing effect. P8 showed slight improvements. The lignin SM did not inhibit growth. 
Similar results appeared with S. aureus (see Figure 16b): initial inhibition at 1h was 
limited, but most samples became more effective after 24h, especially P6 and P8 
compared to PC. N6 and N8 did not significantly reduce the MBC. The SM remained 
inactive, consistent with earlier observations. These findings demonstrate that P6 has 
significant time-dependent killing activity against gram-positive bacteria and is the most 
effective among the tested compounds against S. aureus and E. faecium. Meanwhile, P8 
also shows promise as a moderately active agent. 
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Figure 16. Minimal bactericidal concentration (MBC) of lignin samples (QHLs) against ESKAPE 
after 1 h, and 24 h of exposure are plotted. The highest concentration (6 mg/ml) used in MBC 
assay. Statistically significant differences from control (SM) are presented above X-axis for each 
respective modification denoted by ns (non significant), **** (p ≤ 0.0001), *** (p ≤ 0.001),  
** (p ≤ 0.01), and * (p < 0.05). 

The gram-negative strains responded differently. For K. pneumoniae (see Figure 16c), 
the bactericidal effectiveness of the tested compounds varied notably over time.  
At 1 hour, compounds P6, P8, and PC showed significant activity, while N6 and N8 had 
moderate effects, and SM remained inactive. By 24 hours, P6’s potency increased, with 
its MBC dropping to 0.0039 mg/mL, demonstrating strong time-dependent activity. 
Similarly, PC’s efficacy improved considerably, also reaching an MBC of 0.0039 mg/mL, 
indicating highly potent bactericidal action. N6 and N8 showed moderate improvements 
in efficacy.  

A. baumannii (see Figure 16d), P. aeruginosa (see Figure 16e), and E. cloacae  
(see Figure 16f) showed a complex antibacterial response profile, highlighting notable 
differences in compound efficacy over time. At the 1h time point, compounds P6, P8, and 
PC exhibited the most prominent bactericidal effects. These results indicate that all three 
compounds possess rapid antimicrobial activity against these bacteria. However, after 
24 hours, the MBC of P6 increases, suggesting a reduction in potency over prolonged 
exposure, potentially due to the activation of bacterial resistance mechanisms such as 
efflux systems or biofilm formation. In contrast, P8 and PC maintained a very similar MBC 
at their 1h time point, indicating bacteriostatic activity. These findings highlight P8 have 
near-identical activity compared to the PC, whereas P6 retains the highest activity for 1h 
incubation, even though some reduction in efficacy over time was observed. Compounds 
N6 and N8 demonstrated more modest or delayed activity, with some improvements at 
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24 hours, indicating potential for further optimization or use in combination therapy. SM, 
by contrast, remained largely inactive against all tested organisms at both time points, 
suggesting limited bactericidal potential. 

 

 
Figure 17. Zone of inhibition (ZOI) of lignin samples (QHLs) against ESKAPE after 24 h of incubation 
is plotted. The median and range of three biological replicates are shown. 

ZOI test (see Figure 17) reveals that across all six tested bacterial strains—
Staphylococcus aureus, Enterococcus faecium, Klebsiella pneumoniae, Acinetobacter 
baumannii, Enterobacter cloacae, and Pseudomonas aeruginosa—compound P6 
consistently demonstrated the strongest and broadest antibacterial activity. It produced 
clear and measurable zones of inhibition against every strain tested, indicating potent 
efficacy against both Gram-positive and Gram-negative bacteria, and highlighting its 
potential as a lead compound for further antimicrobial development. Compound P8 
showed moderate activity against five of the six strains, with particularly consistent 
inhibition of Gram-negative species, though its overall potency was lower than that of 
P6. PC exhibited only limited antibacterial effects, with weak inhibition observed against 
S. aureus and A. baumannii, and no activity against the other tested bacteria. In contrast, 
compounds N6 and N8, as well as SM, showed no detectable antibacterial activity against 
any of the tested strains, suggesting a lack of intrinsic antimicrobial properties under the 
conditions used. Overall, P6 emerges as the most promising candidate because of its 
consistent and high activity against a broad range of clinically relevant pathogens. 
Additionally, this lignin-based material can be further utilized in the development of 
effective bactericidal products. Here, the development of electrospun nanostructures of 
the top-performing QHL (P6) using cellulose acetate has been carried out. 
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3.4.3 Morphology of CA–Lignin electrospun nanofibres 
Electrospinning has been widely employed as a versatile and efficient technique in the 
fabrication of micro- and nanofibers. Compared to traditional spun fibers, electrospun 
fibers can possess significantly smaller diameters at the nanometric scale, thereby 
offering a high surface area with a porous structure.155 These nanofibers, characterized 
by their extensive surface area, have demonstrated potential for use in various 
applications, including healthcare, biotechnology, environmental engineering, and 
energy storage.156,157 Cellulose, the most abundant natural polymer on Earth, is 
renewable, cost-effective, and readily accessible, making it highly appealing for use in 
biomedical, food packaging, and pharmaceutical sectors.158–160 Cellulose acetate, a 
derivative of cellulose, has garnered significant interest owing to its biocompatibility, 
biodegradability, non-toxicity, and cost-effectiveness.161 It exhibits substantial potential 
for electrospinning, as it can be readily fashioned into fibers or thin film materials. 

Figure 18 shows SEM images of pure cellulose acetate (CA) electrospun nanofibers 
and CA-lignin derivative nanofibers. The pure CA fibers are free of beads, thicker, and 
more uniform than the others (see Figure 18b). Conversely, CA-lignin fibers exhibit minor 
structural changes, including the presence of beads and thinner fibers (see Figure 18c). 
This may result from lignin’s complex, irregular structure, its lower molecular weight, and 
reduced chain entanglement compared to cellulose acetate at this concentration. Such 
disruption can promote bead formation, especially at higher lignin levels, like 10%. 

 
Figure 18. Electrospun nanofibers deposited on non-woven fabric (a), along with SEM images of 
pure CA nanofibers (b), CA containing 10% unmodified lignin (c), and P6 (d). 
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When cellulose acetate is mixed with lignin modified by quaternary phosphonium 
salt—particularly at 10% concentration—fiber thinning and breakage are observed,  
as shown in Figure 18d. This is believed to result from the ionic properties of quaternary 
phosphonium salts. Their addition increases electrical conductivity, promoting greater 
stretching of the electrospinning jet. However, this can cause the fibers to thin 
excessively, destabilizing the jet and often leading to fiber breakage or a spray of 
discontinuous fibers. 

3.4.4 Wettability test 
The graph shows how contact angle changes with aging time during a wettability test 
(see Figure 19). In all three samples, the contact angle decreases consistently as aging 
time increases. This pattern indicates that the surface becomes more hydrophilic over 
time, demonstrating improved wettability as it ages. The steady decrease also suggests 
that the measurements are consistent and reliable across multiple tests. Both cellulose 
acetate (CA, without lignin) and P6 display similar trends, starting from about 18° and 
dropping to around 6.8° at 3.5 seconds. In contrast, SM (cellulose acetate with 10% 
unmodified lignin) reaches a maximum contact angle of approximately 31.5°, then 
decreases to about 20.5°. This may be due to the hydrophobic properties of organosolv 
lignin. Conversely, the combination of quaternary phosphonium lignin and CA behaves 
similarly to cellulose acetate, likely because the increased polarity from the quaternary 
groups makes the surface more hydrophilic. Overall, the data support the trend of 
increasing surface hydrophilicity over time, with most contact angles below 30°, 
indicating very hydrophilic surfaces. 

 
Figure 19. Changes in contact angle over time for cellulose acetate (CA-10%), cellulose acetate with 
10% unmodified lignin (SM), and cellulose acetate with 10% P6 lignin (P6).  

3.4.5 Biofilm formation 
Microorganisms often adhere to various surfaces, including medical equipment and food 
packaging, resulting in the formation of biofilms that facilitate multiplication, growth, 
maturation, and dispersion.161,162 Consequently, issues such as bio-corrosion and  
bio-fouling occur, presenting significant risks to human health and the ecological 
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environment. To address these challenges, the integration of antibacterial agents into 
materials has become a standard strategy to inhibit microorganisms and reduce the 
aforementioned problems.  

Anti-biofilm assessments of CA-Lignin electrospun nanofibers were conducted on two 
microbial species: the Gram-positive S. aureus and the Gram-negative K. pneumoniae. 
These microorganisms are among the most extensively studied model organisms for 
examining pathogenicity, resistance, the development of infectious processes, and 
biofilm formation. It was observed that P6 demonstrated a significant anti-biofilm effect 
against both bacteria compared to SM, as shown in Figure 20. A reduction factor of  
1.7 colony-forming units per milliliter (CFU/ml) was noted for S. aureus, and a reduction 
factor of 2 colony-forming units per milliliter (CFU/ml) was observed for K. pneumoniae.  

 
Figure 20. CFU/ml values were obtained following the assessment of viable counts of S. aureus and 
K. pneumoniae microbial cells derived from biofilms cultivated for 24 hours. 

This indicates that cellulose acetate nanofibers with P6 exhibit superior antimicrobial 
properties, making them a promising candidate for applications that require effective 
bacterial suppression. Further research is recommended to augment antibacterial efficacy 
and expand the range of activity. 

3.5 Lignin esters as advanced filler to PLA for 3D printing 
(publication III) 
This study explores incorporating organosolv pine lignin, chemically modified through  
a greener chloromethylation method followed by esterification, into PLA as a  
high-performance filler. This approach aims to reduce the amount of PLA needed in 
filament production, lowering costs while also improving thermal and mechanical 
properties. Since unmodified lignin alone does not enhance thermal performance,  
a straightforward two-step esterification was performed using decanoic, tetradecanoic, 
and stearic acids. This process was designed to chemically modify lignin from 
chloromethylated lignin while keeping its hydroxyl groups intact. Further preparations 
involved creating various lignin/PLA composites through solvent casting. The long-chain 
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fatty acid esters on lignin’s surface are anticipated to enhance adhesion to the PLA matrix 
during processing. Additionally, the unmodified hydroxyl groups on lignin are presumed 
to augment intermolecular forces, interchain attraction, and cohesion, thereby 
increasing the glass transition temperature (Tg) by reducing molecular mobility. 

3.5.1 Characterization and thermal properties of esterified lignin and PLA 
composite 
The success of the esterification reaction (see Scheme 5) was confirmed through 1H NMR 
and FTIR analyses (see Appendix III). The PLA/lignin composite spectra displayed similar 
bands to those of pure PLA, as shown in Figure 21. In addition, biocomposites containing 
lignin exhibited a small peak at 1510 cm−1, attributed to C=C groups in aromatic rings, 
and at 2885 cm−1 from CH2 stretching modes in the methyl and methylene groups of  
the ester side chain. Differential Scanning Calorimetry (DSC) is widely recognized as a 
reliable method for determining the glass transition temperature (Tg) of lignin polymer. 
This thermal parameter is crucial for understanding the potential of lignin in polymer 
applications and for processing it, using current industrial techniques such as hot 
pressing. 

 
Scheme 5. Schematic synthesis pathway of lignin esterification from CML as shown for G unit of 
lignin. 

Initial studies on lignin modification with fatty acids revealed that esterified lignin 
exhibited novel properties, including changes in solubility and thermal behavior.163 
Subsequent research observed a consistent decrease in Tg with larger ester 
substituents,164 with longer chains causing a more significant reduction in Tg. However, 
determining the Tg of lignin is challenging due to its complex chemistry and broad 
molecular weight distributions, which result in a wide temperature range for this 
transition.165 Previous research has discussed the thermoplasticity of lignin,166 indicating 
that lignin molecules have a thermal softening point,167 typically occurring at high 
temperatures between 90°C and 180°C for non-derivatized lignins.168 In this study, the 
Tg values for isolated pine lignins were determined to be 111°C, while PLA had a Tg of 
68°C. 
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Figure 21. FT-IR spectra of PLA/Lignin blends(a), and DSC graph for all prepared blends(b). 

Interestingly, PLA combined with lignin-ester derivatives showed significant changes 
in thermal properties. The lignin esters examined showed good compatibility with PLA. 
The most common esterification on phenol hydroxy groups on lignin reduces hydrogen 
bonding and increases molecular free volume. Consequently, this enhances chain 
mobility and lowers the Tg of esterified lignin. However, according to our scheme 4, the 
unmodified OH groups are expected to enhance the intermolecular forces and interchain 
attraction, consequently raising Tg by reducing mobility. Figures 21b and 22 present the 
thermograms for all PLA-lignin-ester derivatives. Unmodified lignin samples and lignin 
esters with decanoic acid (C10) did not improve Tg. However, lignin esters with 
tetradecanoic acid (C14) at a 30% concentration achieved the highest Tg of 72.12°C, 
which decreased with further incorporation. The glass transition step in the DSC curves 
was distorted in the case of stearic acid (C18), likely due to material heterogeneity (see 
Figure 21b). These results reveal that the optimal chain length and concentration are 
crucial for the maximum compatibility. Based on the results, PLA + Lignin C14 ester at 
30% was selected as the best candidate for further application. 

 
Figure 22. Glass transition temperature for PLA/Lignin blends(a) and TGA plot of PLA and 
PLA/Lignin composites obtained under nitrogen atmosphere at 20°C /min heating rate(b). 
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The thermogravimetry (TG) curves, which depict the percentage of weight loss in 
PLA/lignin blends, are presented in Figure 22b. These curves were recorded at a heating 
rate of 20°C/min under a nitrogen atmosphere. The thermal degradation data reveal  
the rate of weight loss, allowing for a comparison of the thermal stability of different 
lignin materials. As shown in Figure 22b, thermal decomposition occurs in two distinct 
temperature ranges, starting at approximately 80°C and 245°C. The weight loss observed 
at 80°C is attributed to the evaporation of moisture and chemically bound water.169  
The major decomposition, which begins at 245°C, marks the onset of thermal 
degradation, with further breakdown occurring at higher temperatures. This suggests 
that the PLA/lignin blends maintain thermal stability between 210°C and 230°C, making 
them well-suited for 3D printing applications. 

3.5.2 Mechanical testing of esterified lignin PLA composite and 3D printing 
capabilities  
The tensile test results of PLA/lignin solvent-cast films (see Figures 23 and 24(a-c)) 
indicate that adding lignin to PLA impacts its mechanical properties. The Young’s 
modulus of the PLA/lignin films (see Figure 24a) varies depending on the type of lignin 
used, with lignin generally reducing the stiffness of the PLA matrix, resulting in lower 
values compared to pure PLA. The PLA + Lignin C14-30% blend exhibited the lowest 
modulus, signifying a significant decrease in stiffness. Interestingly, this blend also 
showed the highest tensile stress at maximum load compared to both neat PLA and  
PLA + Lignin-30% (see Figure 24b), suggesting that lignin ester can act as a reinforcing 
filler in the polymer matrix under stress. However, the tensile extension at maximum 
load for this blend was moderate to slightly lower than neat PLA but higher than  
PLA + Lignin-30% (see Figure 24c), indicating that the modified lignin contributes to 
increased flexibility. These findings suggest that while incorporating lignin into PLA 
through solvent casting reduces stiffness, this effect is most pronounced with the Lignin 
C14 ester. 

 
Figure 23. PLA + Lignin-30% film (a) and PLA + Lignin C14 Ester-30% film (b). 
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Figure 24. (a)(d) Young’s modulus, (b)(e) stress at maximum load, (c)(f) tensile extension at 
maximum load of PLA/lignin film (a, b, c), and PLA/lignin extruded filament (d, e, f). 

Extruded filaments produced at various temperatures and compositions exhibit 
distinct mechanical properties (see Figure 24(d-f), Figure 25). At different temperatures, 
filaments containing unmodified lignin and lignin C14 ester exhibited variations in tensile 
stress, tensile extension, and Young’s modulus. Compared to unmodified lignin 
filaments, specimens with lignin C14 ester exhibit significantly higher tensile stress at 
maximum load. The improvement is consistent across all temperatures (see Figure 24e). 
Despite the fact that tensile extension decreases with increasing temperature, filaments 
containing lignin C14 ester tend to exhibit greater extension at higher temperatures (see 
Figure 24f). The blending process and lignin content significantly affect stiffness, as 
indicated by Young’s modulus data. Figure 24d shows that modulus increases with 
processing temperature, peaking at 230°C for native lignin and 220°C for lignin C14 ester 
samples.  
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Figure 25. Individual filaments extruded from 0.4 mm nozzle at 210°C (a, d), 220°C (b, e), 230°C  
(c, f) for PLA+ Lignin-30% (a-c), and PLA + Lignin C14 Ester-30% (d-f) 

 

 
Figure 26. Stress-Strain curve for PLA/lignin filaments.  

Furthermore, the stress-strain curve indicates that PLA + lignin (30%) at 210°C exhibits 
moderate tensile strength and a reasonable level of strain before fracture (see Figure 
26). This indicates reasonable flexibility but relatively lower strength compared to others. 
Among the tested samples, PLA blended with 30% lignin C14 ester demonstrates the 
highest strength and strain capacity, exhibiting a superior ability to endure stress and 
deformation before breaking, and thus becomes the strongest and most flexible material 
in the dataset. In contrast, filament processed at 230°C exhibits reduced tensile strength 
and a shorter strain range, indicating that the material has become more brittle and has 
a greater tendency to break more readily under stress, which is true for both modified 
and unmodified lignin.   

In conclusion, incorporating lignin into PLA significantly impacts the mechanical 
properties of both films and extruded filaments, with our study demonstrating enhanced 
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mechanical performance in composites with higher lignin content than previously 
reported in the literature. While the addition of neat lignin slightly reduced tensile stress 
and extension, the incorporation of lignin C14 ester significantly improved these 
properties at the break, indicating better compatibility and interaction within the PLA 
matrix. Lignin generally decreases the Young’s modulus of the PLA matrix film, potentially 
making the polymer composite more elastic. Additionally, lignin imparts unique 
characteristics that could be beneficial for specific applications, such as biodegradable 
packaging and low-load structural components. These findings underscore the 
importance of optimizing both the lignin content and type to achieve desirable 
mechanical properties in PLA/lignin composites, particularly for 3D printing and other 
additive manufacturing technologies, where material performance under mechanical 
stress is crucial. 

3.5.3 Morphological characterization of 3D-printed specimens 
The morphology of filaments (see Figure 25) reveals that adding Lignin C14 Ester to PLA 
results in filaments with improved surface smoothness, particularly at higher extrusion 
temperatures. The smoother surface morphology observed at 220°C suggests better 
compatibility and processing stability for the PLA + Lignin C14 Ester-30% composite, 
which could lead to enhanced mechanical properties and overall material performance. 

 
Figure 27. 3D-printed bone-shaped samples at 2100C (a, d), 2200C (b, e), 2300C (c, f) for PLA+ Lignin-
30% (a-c), and PLA + Lignin C14 Ester-30% (d-f). 

Figure 27 shows 3D-printed bone-shaped samples produced at various temperatures 
for PLA + Lignin-30% and PLA + Lignin C14 Ester-30% composites. The samples with  
PLA + Lignin-30% (see Figure 27a-c) exhibit significant structural irregularities and poor 
layer adhesion, indicating suboptimal printing conditions across all three temperatures.  
In contrast, the PLA + Lignin C14 Ester-30% samples (see Figure 27d-f) show better 
structural integrity compared to the PLA + Lignin-30% samples, although some defects 
are still visible. The sample printed at 220°C (see Figure 27e) displays the highest quality, 
with a uniform surface texture and strong layer cohesion, indicating optimal printing 
conditions. This comparison suggests that incorporating Lignin C14 Ester into PLA 
enhances 3D printability, particularly at higher extrusion temperatures. The improved 
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layer adhesion and structural integrity of the PLA + Lignin C14 Ester-30% composites at 
220°C underscore the enhanced compatibility and stability of this material combination, 
making it more suitable for 3D printing applications than PLA + Lignin-30%. 

Furthermore, to demonstrate the compatibility and tunability of PLA with lignin 
esters, three different types of lignin functionalization were investigated, and their 
properties were examined, as outlined in the following chapter. 

3.6 Organosolv vs technical lignin: Influence of aliphatic and aromatic 
groups (publication IV) 
In this study, the previously transferred esterification strategy (see Scheme 5) was 
employed, and the optimal functional group (C14-30%) for technical lignin  
(birch-derived) was selected. Furthermore, to understand the influence of hydrocarbon 
chain (C14), a new group that is esterified with aromatic acid (e.g., benzoic acid)  
(see Scheme 6). Similarly, to understand the importance of phenolic hydroxyl group, 
direct esterification of lignin hydroxyl groups is added for the thermal and mechanical 
testing. Utilized 10% as the minimum and 30% as the maximum lignin concentrations for 
the PLA composites. 

 

Scheme 6. Schematic synthesis pathway of lignin esterification from CML and hydroxyl group, as 
shown for G unit of lignin. OHLE is used to compare the thermal and mechanical properties of Cl 
esterified lignin.  

3.6.1 Thermal properties of esterified lignin and PLA composite 
Our previous study of PLA with C14 organosolv lignin ester showed an increasing Tg with 
increasing lignin concentration, reaching a maximum Tg of 72.12°C (see Figure 22a) at 
30%. A similar result was found in the case of hydrolysis lignin esters (HLE) with PLA (see 
Figure 28a); the maximum observed Tg (70°C) was at 30%. However, hydroxy group 
esterified lignin (OHLE) with PLA exhibited a reduction in Tg (up to 55°C) and ∆Cp, as 
shown in Figure 28b, indicating strong crystallinity while increasing the lignin content. 
Benzoic acid ester (BAEP) showed an increase in Tg similar to HLE, reaching up to 70°C, 
while moderately increasing ∆Cp, indicating less crystalline or plasticization effect.   

The thermogravimetric analysis (TGA) (see Figure 28c) illustrated the thermal stability 
profile of PLA/lignin composites. A gradual mass loss is observed in all the samples with 
increasing temperature. The initial mass loss, occurring around 80°C, is attributed to the 
evaporation of moisture. At 245°C, significant thermal decomposition begins, accelerating 
at higher temperatures. PLA, BAP, and HLE exhibit a similar degradation pattern, whereas 
the OHLE sample displays the lowest thermal stability. Notably, BAP shows slightly higher 
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mass loss in the initial mass loss range. Differential thermogravimetric analysis (DTG) (see 
Figure 28d) highlights differences in thermal degradation behavior among the samples. 
BAP and HLE follow a similar DTG profile as PLA, whereas OHLE sample begins to degrade 
at lower temperatures, indicating early thermal breakdown. These findings suggest that 
OHLE is the least thermally stable, likely due to the absence of phenolic hydroxyl groups 
that can form hydrogen bonds. In contrast, esterification through chloromethylation 
retains free hydroxyl groups, which can engage in stronger intermolecular interactions, 
contributing to enhanced thermal stability in corresponding composites.  

 

 
Figure 28. Glass transition temperature (a), delta Cp (b), thermogravimetric (c), and differential 
thermogravimetric (d) studies for PLA/lignin film.  

3.6.2 Mechanical properties of esterified lignin and PLA composite 
The tensile properties of PLA/lignin composite are plotted in Figure 29. The neat PLA film 
exhibited superior load-bearing capacity (see Figure 29a) compared to other modified 
lignin/PLA films. Notably, the PLA+HLE showed a reduced maximum load but exhibited 
the highest tensile stress among all modified composites (see Figure 29b). This might be 
due to inhomogeneous sample preparation, leading to higher true tensile strength 
despite lower load. However, PLA composites with OHLE and BAEP demonstrated lower 
maximum load and tensile stress values, with BAP showing the lowest tensile stress, 
indicating loss of strength.  

Tensile extension at maximum load increased for all lignin ester samples (see Figure 
29c) compared to neat PLA, reflecting enhanced ductility in the composites. These results 
show that lignin ester incorporation reduces PLA’s brittleness and improves its flexibility.  

The modulus of elasticity (see Figure 29d), which reflects material stiffness, showed 
PLA+HLE showed the highest modulus, followed by neat PLA, OHLE, and BAEP, 
respectively, indicating that HLE addition enhances the composite stiffness. These results 
contradict our previous study on organosolv pine lignin (see Figure 24a). The more 
phenolic hydroxyl groups and crosslinked structure of hydrolysis lignin could be the 
reason for this observation. 
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Figure 29. (a) Maximum load, (b) tensile stress at maximum load, (c) tensile extension at maximum 
load, (d) Young’s modulus of PLA/lignin film. 

Among the different modifications, HLE and BAEP improve the thermal properties of 
PLA, while OHLE enhances flexibility through plasticizing effect. These findings highlight 
that the overall performance of PLA composite is influenced by the specific type of lignin 
ester incorporated. The results demonstrate how selectively esterifying lignin can tailor 
the thermal and mechanical properties of PLA, offering a promising approach to 
developing high-performance, eco-friendly bioplastics. 
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4 Conclusions 
This study has explored the potential of lignin as a versatile and sustainable material 
through various innovative approaches.  
• The investigation of chloromethylation reactions has expanded the chemical 

modification possibilities for lignin. The development of novel lignin-derived 
materials under environmentally friendly conditions, including mild temperatures 
and greener solvents, highlights the commitment to sustainable practices.  

• The use of sustainable copper nanoparticles supported on imidazolium lignin for 
catalytic applications, in comparison to traditional noble metals such as palladium, 
highlights the potential of lignin in green chemistry.  

• The preparation of lignin-based quaternary ammonium and phosphonium 
surfactants from different biomass sources further demonstrates lignin’s 
adaptability and functional diversity. The evaluation of antibacterial activity against 
both Gram-positive and Gram-negative clinical isolates underscores lignin’s potential 
in biomedical applications. The development of electrospun nanostructures of the 
highest performing QPL with cellulose acetate has been undertaken, and their 
antibacterial properties have been evaluated in a real-world scenario. 

• The preparation of lignin-based esters for the development of 3D printing materials 
presents a greener and more sustainable alternative, showcasing lignin's promise in 
advanced manufacturing technologies.  

 
Overall, these findings contribute to the growing body of knowledge on lignin’s 

potential as a renewable and eco-friendly resource for various industrial applications. 
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5 Experimental Section 
A brief description of the synthetic methods is provided below. Further details on the 
synthesis, characterisation, and studies of the properties can be found in Publications I‒IV. 

Reagents and materials 
All reagents used were of analytical reagent grade and were purchased from  
Sigma-Aldrich, Merck, Alfa Aesar, or TCI Europe and were used without further 
purification. Deionized water from a Milli-Q water purification system (Millipore S.A., 
Molsheim, France) was used throughout the study. Aspen wood chips were supplied by 
Estonian Cell AS in Kunda, Estonia. Longitudinally sawn pine timber sawdust was 
provided by Prof. Jaan Kers from Tallinn University of Technology. Barley straw came 
from Prof. Timo Kikas at the Estonian University of Life Sciences in Tartu. All feedstocks 
were dried in a convection oven at 50°C until they reached 8% moisture, then ground 
into a fine powder, and stored in plastic bags at room temperature. 

Organosolv lignin extraction 
A 50 g sample of ground and dried aspen chips, pine sawdust, or barley straw was 
refluxed in a 2 L round-bottom flask equipped with a mechanical stirrer and a condenser. 
The reflux used 1.5 L of solvent for 6 hours. The solvent mixture comprised 0.28 M HCl 
(37% purity) dissolved in absolute ethanol. After refluxing, the mixture was filtered 
through Whatman filter paper to remove the solid residue. The collected filtrate was 
concentrated to approximately 100 mL using a rotary evaporator. The concentrated 
liquor was diluted in 100 mL of acetone and then introduced into a vigorously stirred 2 L 
volume of cold Milli-Q water, which reduced the solubility of lignin. The precipitated 
lignin was separated by centrifugation at 4200 rpm. The recovered lignin was washed 
three times with 1 L of ultrapure water, centrifuged, and then dried in a convection oven 
at 40°C for 24 hours. The dried organosolv lignin was weighed, yielding a 6% yield, and 
was then used for further analysis or subsequent procedures. 

Characterization of lignin and lignin materials 
NMR spectra of lignin samples were obtained using a Bruker Avance III 400MHz 
spectrometer (USA) and a Bruker Avance III 800 MHz spectrometer. Each sample, 
approximately 60 mg, was dissolved in DMSO-d6 or CDCl3 in a 5mm NMR tube.  
The spectra were plotted using MestReNova software.  

The FTIR spectra of lignin were obtained using a Shimadzu IR Tracer-100 spectrometer 
(Kyoto, Japan). Samples were prepared as KBr pellets with a 1:100 weight ratio.  
The spectra were recorded at a resolution of 2 cm−1 over 80 scans. Data analysis was 
performed with Shimadzu LabSolutions software.  

Elemental analysis was carried out using an Elementar Vario MICRO cube 
(Langenselbold, Germany) in CHNS mode. Organic chlorine in lignin was analyzed with a 
Bruker S4 Pioneer XRF spectrometer (USA) employing a pre-calibrated MultiRes 
measurement method. For this analysis, lignin samples were mixed with NaHCO3 at a 
1:10 ratio.  

The hydrodynamic diameter (Dh) and ζ-potential of the QALs were assessed using a 
Zeta sizer Nano ZSP (Malvern Panalytical, UK) from a lignin suspension at 1.5 mg/mL in 
1.5% DMSO in water. For each sample, three to five measurements were conducted, 
each consisting of 12–15 runs, depending on the sample’s homogeneity. 
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Differential scanning calorimetry (DSC) analysis was carried out with a PerkinElmer 
DSC 6000 calorimeter, equipped with an IntraCooler II cooling system, at a steady heating 
rate of 10°C/min in a pure nitrogen environment (purity 99.999%, purge flow of  
20 mL/min). A consistent sample weight of 5 mg ± 2 mg was used across all materials. 
The samples were pressed into aluminium crucibles and covered with aluminium lids to 
ensure good thermal contact. 

Thermogravimetric analysis (TGA) was conducted using a NETZSCH STA 449 F3 
Jupiter® instrument. Samples, weighing 4.8 ± 0.9 mg, were heated in a pure nitrogen 
atmosphere (99.999% purity, flow rate of 40 mL/min) from 25°C to 400°C at a steady rate 
of 10°C/min. Aluminium crucibles were employed for the measurements. 

Mechanical testing involved evaluating specimens produced via solvent casting (film) 
and 3D printing extrusion (filament). An Instron 5866 machine (US) was used following 
ASTM D638 standards, equipped with a 2.5 kN load cell for tensile tests. Five specimens 
from each series were tested. The testing parameters included a speed of 20 mm/min 
and a grip distance of 30 mm for the 10 mm wide films, and 50 mm/min with a 30 mm 
grip distance for the extruded filaments. 

3D-Printing Capability—The bone-shaped test specimen, measuring 30 × 4.96 × 0.94 mm, 
was printed using the respective extruded materials on a Wanhao Duplicator 4s dual-
extruder 3D printer (China) equipped with a 0.4 mm nozzle. The print bed was heated to 
70°C, and the extruder temperature was varied from 210 to 230 °C for all compositions. 

Synthesis of Chloromethylated Lignin 
One gram of organosolv lignin and one gram of paraformaldehyde (PFA) were dissolved 
in 10 mL of glacial acetic acid (AcOH). The solution was then bubbled with hydrochloric 
acid (HCl) gas for 2 hours. The reaction was halted by adding 30 mL of water. The crude 
CML product was subsequently filtered, washed with water, and dried under vacuum, 
yielding 1.2 grams. 

Synthesis of Iml-lignin  
1 g of 1-methylimidazole was added dropwise to a solution containing 1 g of CML in  
20 mL of acetone. The reaction mixture was heated while stirring at 56°C. After 48 hours, 
the precipitate was filtered, washed with 10 mL of a 70% ethanol/water mixture, and 
then dried under vacuum. The precipitated and washed product, yielding 350 mg, was 
selected for characterization and further functionalization. 

Preparation of Lignin@Pd/CuO−NPs 
A solution of 20 mg of Imidazolium lignin (ImL) was dissolved in 2 mL of ethanol at 70°C 
for 10 to 20 minutes. Once the solution became transparent, 2 mL of a mixture containing 
0.9 mM CuCl2 and 0.1 mM PdCl2 was added, and the entire reaction mixture was stirred 
for 30 minutes at 70°C. Next, 2 mM NaBH4 was added, and the reaction mixture was kept 
stirring at ambient temperature for 12 hours. As the nanoparticles formed, the color of 
the reaction mixture changed from brown to black. The mixture was then centrifuged at 
7000 rpm for 30 minutes, washed three times with water and ethanol, and dried. 

Synthesis of QHLs 
To prepare QHLs, a solution of a CML lignin (1g in 20 mL of acetonitrile), 1 g of one of the 
following ternary amines or phosphines (ternarydimethyl amines, trihexylamine, 
trioctylamine, trihexylphosphine, and trioctylphosphine) was added. The mixtures were 
heated at 80°C for 24h, after which the resulting QHLs were filtered, washed with 
hexane, and dried under vacuum. 
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Synthesis of lignin esters 
For the esterification of chloromethylated lignin, 1 g (1 equivalent) of acids—such as 
decanoic, tetradecanoic, stearic, or benzoic acid—and 1.2 equivalents of Na2CO3 were 
added to 10 mL of 2-MeTHF. The mixture was heated to 70°C and kept at this 
temperature for 30 minutes. Next, 1 g of chloromethylated lignin, dissolved in 10 mL of 
2-MeTHF, was added to the reaction mixture, which was stirred overnight at 70°C. After 
the reaction was complete, the mixture was poured into cold brine, yielding a brown 
precipitate. The precipitate was then filtered and washed with water to remove any 
remaining salts. Finally, the brown precipitate was dried under vacuum for further 
processing. 

Preparation of PLA Lignin composites  
PLA was separately dissolved in DCM within a 15 mL glass vial at 45°C. Lignin was 
dissolved in THF at room temperature and then mixed to obtain a content of 10−40% 
w/w. The dissolved solutions were combined in a Petri dish and left to dry overnight. 
After this initial drying, the composite material was further dried in a vacuum oven at  
40 °C for 12 hours. 

Electrospinning of CA-Lignin nanofibers 
A solution comprising 15 wt.% cellulose acetate (CA) was formulated through the 
combination of acetone and dimethylacetamide in a volume ratio of 2:1 (v/v), with 
continuous stirring at ambient temperature until a homogeneous and transparent 
solution was obtained. Subsequently, P6 was incorporated into the CA solution to 
achieve a final concentration of 10% (v/v) of P6, and the mixture was stirred once more 
at ambient temperature to ensure homogeneity.  

Cellulose acetate (CA) solutions, both with and without Lignin_P6 (10%), were 
electrospun at room temperature using a horizontal electrospinning setup. Each  
polymer solution was placed in a 5 ml syringe fitted with a 0.6 mm diameter needle.  
The electrospinning process was carried out at a voltage of 20–25 kV using a power 
supply (Gamma High Voltage Research, ES 40R-20W/DM/M1127, Ormond Beach, FL), 
with the distance between the needle and the collector set between 8 and 10 cm.  
The feed rate was maintained at 0.8 ml/h, controlled by a syringe pump (NE-1010 
Programmable Single Syringe Pump, New Era Pump Systems, Inc.). The electrospun 
nanofibers were collected on a cylindrical rotary drum covered with non-woven fabric. 
The CA and CA-Lignin_P6 membranes were then removed from the fabric and dried at 
room temperature for 24 hours. Scanning electron microscopy (SEM, Zeiss FEG-SEM 
Ultra-55) was used to evaluate the morphology and average diameter of the nanofibers. 

Antibacterial Activity Assessment 
Growth Inhibition Assay: A single colony was picked from overnight plates and inoculated 
into 5 mL of LB broth. The culture was then grown for 16 hours at 37°C with shaking at 
150 rpm. Next, the bacterial culture was diluted 1:50 with fresh medium and incubated 
for 2 hours to reach the exponential growth phase. The OD at 600 nm was measured, 
and the culture was diluted to a target OD of 0.1. Then, 100 μL of this bacterial suspension 
was evenly spread on TSA agar plates using sterile glass beads. After allowing the plates 
to dry for 5 minutes, 3 μL drops of test compounds at 100 mg/mL in DMSO were pipetted 
onto the inoculated plates, with 3 μL of DMSO serving as a control. The plates were 
incubated at 37°C for 24 hours to ensure optimal growth. Following incubation, the zone 
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of growth inhibition around the compound droplets was measured in millimeters using 
a caliper. The experiment was performed in three biological replicates. 

Minimal Bactericidal Concentration (MBC). A single colony from the LB agar plate was 
inoculated into LB broth and grown for 16 hours at 150 rpm and 37°C. The bacterial 
culture was then diluted 1:50 with fresh media and incubated at 37 °C and 150 rpm  
until reaching exponential growth phase (OD 0.6 at 600 nm). Cells were pelleted by 
centrifugation at 5000 g for 10 minutes at 4°C, resuspended in an equal volume of sterile 
water, and washed twice more. The final pellet was suspended in water to achieve a 
target optical density (OD600) of 0.2. Compounds were diluted to the specified 
concentrations in 3% DMSO, based on pre-experiments showing that a 1:1 dilution of 3% 
DMSO (final concentration, 1.5%) had no significant effect on the viability of S. aureus 
and K. pneumoniae after 24 hours. Consequently, the highest lignin concentration tested 
was 1.5 mg/mL or 6mg/mL, always in a 1.5% DMSO-water solution. Then, 100 μL of 
bacterial suspension was mixed with 100 μL of lignin solution and incubated at 37°C for 
24 hours. After 1 and 24 hours of exposure, 3 μL of the cell suspension was drop-plated 
onto LB agar and incubated at 37°C for 24 hours. The MBC was defined as the lowest 
concentration of the compound that resulted in no visible colonies on the agar spot. All 
MBC tests were performed with three biological replicates. 

Biofilm formation 
To assess the antimicrobial and biofilm-inhibitory effects of the tested materials, 
monospecies biofilms of Staphylococcus aureus HUMB 19594 and Klebsiella pneumoniae 
HUMB 01336 were developed. Experiments utilized sterile 6-well plates (Nunc) with 
coated samples that were UV-sterilized for 15 minutes beforehand. Each well received  
2 mL of nutrient broth inoculated with approximately 10⁶ CFU/mL bacterial suspension 
prepared in sterile saline. The coated samples were placed into the wells and incubated 
at 37°C for 24 hours to promote bacterial adhesion, colonization, and biofilm formation 
on the surfaces. After incubation, the samples were gently rinsed with 1 mL of sterile 
saline to remove planktonic (non-adherent) cells. To extract biofilm-associated bacteria, 
samples were transferred into 1 mL of sterile saline and mechanically homogenized by 
vigorous vortexing and pipetting. The suspensions containing detached biofilm cells were 
serially diluted, and 100 µL of each dilution was spread on nutrient agar plates. After 
incubation at 37°C for 24 hours, CFU/mL counts were performed to determine the 
number of viable bacteria on each sample. 

Statistical analysis 
Statistical analysis of the data was conducted using GraphPad Prism 8 (GraphPad 
Software, San Diego, USA). The methods included correlation analysis, multiple linear 
regression, and analysis of variance (ANOVA), with post hoc tests for multiple 
comparisons when appropriate, all at a significance level of α = 0.05. 
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Abstract 

Lignin Valorization via Chloromethylation as a Versatile 
Approach Towards Sustainable Materials 
Lignin, a highly abundant biopolymer with a high carbon content and significant 
aromaticity, holds considerable potential as a resource for fuel production and the 
synthesis of platform chemicals. Despite its promising attributes, lignin remains 
underutilized compared to other lignocellulosic biopolymers. However, its inherent 
versatility can be unlocked through various chemical modifications applied at both 
“upstream” and “downstream” stages after extraction. 

Efforts to enhance lignin’s utility have primarily focused on “upstream” chemical 
modifications, targeting the hydroxyl groups for alteration or introducing new reactive 
sites to broaden its applications. However, the search for versatile and environmentally 
friendly methods for these modifications is ongoing. In this context, the concept of a 
greener chloromethylation process, which is gaining renewed interest for its potential in 
sustainable applications, remains largely unexplored in lignin chemistry. 

This study presents a novel chloromethylation technique for lignin, enabling the 
production of diverse lignin-based materials from chloromethylated lignin. These materials 
include (i) catalysts, (ii) antibacterial surface agents, and (iii) thermoplastic additives. 
Lignin-based catalyst (Lignin@Pd/CuO-NPs) offers benefits such as simple synthesis, 
heterogeneity, recoverability, and recyclability. Demonstrated its effectiveness in 
multiple carbon-carbon bond-forming reactions, including Suzuki-Miyaura, Sonogashira, 
Heck, and azide-alkyne cycloaddition (click) reactions. The heterogeneous catalyst 
demonstrated excellent recyclability, allowing for reuse in at least 10 consecutive cycles 
while maintaining yields between 42% and 84%. Furthermore, a continuous flow reactor 
cartridge prototype using Lignin@Pd/CuO-NPs was developed, producing results 
comparable to batch reactions. This highlights its potential to facilitate diverse  
carbon-carbon bond formations and emphasizes its recyclability, supporting green 
chemistry and sustainability efforts. 

The introduction of various quaternary amines with differing chain lengths (C6–C18) 
to chloromethylated lignin derived from hardwood (aspen), softwood (pine), and grass 
(barley straw) led to the development of innovative surface-active materials (QALs) with 
enhanced antibacterial activity against both Gram-negative (Klebsiella pneumoniae) and 
Gram-positive (methicillin-resistant Staphylococcus aureus) clinical bacterial isolates.  
The antibacterial performance of QALs was superior to that of unmodified lignin, with 
QALs featuring longer alkyl chains demonstrating an MBC of 0.012 mg/L against  
K. pneumoniae after just 1 hour of exposure. A similar effect was observed after 24 hours 
for S. aureus. For all lignin samples, an increase in alkyl chain length resulted in enhanced 
bactericidal activity. The MBC values of C14–C18 QALs were consistently lower than 
those of QALs with shorter alkyl chains. The agar-based zone of inhibition (ZOI) test 
indicated an antibacterial optimum for QALs at C12–C14, likely due to the limited 
diffusion of longer alkyl chain QALs in the semi-solid medium. This understanding was 
further explored by comparing quaternary ammonium (QALs) and phosphonium (QPLs) 
lignin for their activity against ESKAPE pathogens (E. faecium, S. aureus, K. pneumoniae, 
A. baumannii, P. aeruginosa, E. cloacae). MBC and ZOI results of all tested samples, N6, 
N8, P6, and P8, corresponding to the amines [Trihexylamine and Trioctylamine], and 
phosphines [Trihexylphosphine and Trioctylphosphine], respectively, P6 stands out as 
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the most promising candidate due to its consistent and high-level activity across a  
broad spectrum of clinically relevant pathogens. The development of an electrospun 
nanostructured film made from the top-performing QPL with cellulose acetate has been 
carried out, characterized morphologically using scanning electron microscopy, and 
tested for its biofilm inhibitory properties against both Gram-positive and Gram-negative 
bacteria for practical applications.  

Chloromethylated lignin (CML) was esterified with decanoic acid (C10), tetradecanoic 
acid (C14), and stearic acid (C18). Esterified lignin was incorporated into polylactic acid 
(PLA) at varying proportions (10%, 20%, 30%, and 40%) using the solvent casting 
technique. The thermal and mechanical properties of the solvent-casted films were 
analyzed, with lignin-loaded PLA composites showing the highest enhancement in glass 
transition temperature (Tg), reaching 72.12°C for 30% loading of tetradecanoic acid 
(C14). This composition exhibited a tensile strength of 18.9 ± 4.7 MPa and a maximum 
load of 5.5 ± 1 N, compared to the stiffer and more rigid native PLA, which had values of 
10.2 ± 1 MPa and 4.6 ± 0.3 N, respectively. The unmodified lignin-PLA composite showed 
intermediate properties. The optimal composition was selected for producing 3D printing 
filament, with three extrusion temperatures evaluated. The advanced mechanical 
properties and surface morphology of the 3D-printed filament were then analyzed. 
Further studies were conducted on organosolv pine and hydrolysis birch lignin, which 
were chemically modified through esterification at hydroxyl groups using palmitoyl  
(C16) chlorides, and through chloromethylation and subsequent esterification using 
tetradecanoic acid (C14) and benzoic acid. Esterified lignin was incorporated into PLA at 
varying proportions (10%, 20%, and 30%) using the solvent casting technique. These 
results showed that 30% of hydrolysis lignin ester (HLE) and benzoic acid ester (BAEP) 
enhanced the heat stability of PLA, while esterification by palmitoyl chloride (OHLE) 
made it more elastic through plasticization. 

This research, in conjunction with the greener chloromethylation approach for lignin, 
provides new insights into lignin valorization, making it both sustainable and economically 
attractive.  
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Lühikokkuvõte 

Ligniini väärindamine klorometüleerimise teel kui 
mitmekülgne lähenemisviis jätkusuutlike materjalide 
loomisele 

Ligniin on laialdaselt esinev kõrge süsinikusisaldusega aromaatne biopolümeer, mis 
omab toorainena märkimisväärset potentsiaali kütuse tootmisel ja platvormkemikaalide 
sünteesimisel. Hoolimata sellest on ligniin, võrreldes teiste lignotselluloosset päritolu 
biopolümeeridega, endiselt alakasutatud. Ligniini mitmekülgsus tuleneb keemilistest 
modifikatsioonidest, mida teostatakse ekstraheerimise käigus nii eel- kui ka järeltöötluse 
etappides. 

Ligniini kasutusvõimaluste laiendamiseks on seni keskendutud peamiselt eeltöötlusel 
tehtavatele keemilistele modifikatsioonidele, mille käigus muudetakse hüdroksüülrühmi 
või lisatakse uusi reaktiivseid rühmasid. Siiski otsitakse jätkuvalt uusi töötlusmeetodeid, 
mis oleksid ühtlasi nii universaalsed kui ka keskkonnasõbralikud. Selles kontekstis on taas 
hakatud huvi tundma rohelisema klorometüleerimise protsessi vastu, mida on 
ligniinikeemias seni vähe uuritud, kuid millel võiks olla potentsiaali jätkusuutlike 
rakenduste jaoks. 

Käesolev uurimus tutvustab uut ligniini modifitseerimise tehnikat, mis võimaldab 
klorometüleeritud ligniinist toota mitmesuguseid ligniinipõhiseid materjale.  
Nendeks materjalideks on (i) katalüsaatorid, (ii) antibakteriaalsed pinnakaitsevahendid, 
(iii) termoplastsed lisaained. 

Ligniinipõhisel katalüsaatoril (Lignin@Pd/CuO‑NPs) on mitmeid eeliseid, see on 
lihtsasti sünteesitav, heterogeenne, reaktsioonikeskkonnast kergesti eraldatav ja 
taaskasutatav. Nimetatud katalüsaator on näidanud head efektiivsust mitmesugustes 
süsinik‑süsinik sidemeid moodustavates reaktsioonides, sealhulgas Suzuki–Miyaura, 
Sonogashira, Heck ja asiidi-alküüni tsükliseerumisreaktsioonides (nn click‑reaktsioonid). 
Lisaks osutus see heterogeenne katalüsaator väga hästi taaskasutatavaks, nimelt jäid 
vähemalt kümnes järjestikuses reaktsioonis saavutatud reaktsiooni saagised vahemikku 
42–84%. Lisaks töötati Lignin@Pd/CuO‑NPs katalüsaatorit kasutades välja 
läbivoolureaktori kolonni prototüüp, millega saadud tulemused olid võrreldavad nendega, 
mis saadi partiireaktsioonidega. Saadud tulemused näitavad Lignin@Pd/CuO‑NPs 
katalüsaatori potentsiaali erinevate C–C sidemete moodustamisel, rõhutavad 
taaskasutatavust ning toetavad rohelise keemia ja jätkusuutlikkuse kontseptsiooni. 

Uudsete pindaktiivsete materjalide (QAL-ide) väljatöötamiseks lisati klorometüleeritud 
lehtpuu (harilik haab), okaspuu (mänd) ja rohttaime (odrapõhk) ligniinidele erineva 
ahelapikkusega (C6–C18) kvaternaarseid amiine. Saadud materjalid näitasid tugevat 
antibakteriaalset toimet nii Gram-negatiivsete (Klebsiella pneumoniae) kui ka Gram-
positiivsete (metitsilliinresistentne Staphylococcus aureus) kliiniliste tüvede vastu. 
QAL‑ide antibakteriaane toime oli oluliselt tõhusam kui töötlemata ligniinil. Pikema 
alküülahelaga QAL‑ide korral oli minimaalseks bakteritsiidseks kontsentratsiooniks 
(MBC) 0,012 mg/L, mis toimis K. pneumonia puhul juba pärast ühetunnist kokkupuudet. 
Sarnane mõju oli 24 tunni järel nähtav ka S.aureuse puhul. Kõigi modifitseeritud ligniinide 
korral täheldati, et mida pikem on alküülahel, seda suurem on ka selle bakteritsiidne 
aktiivsus. C14–C18 ahelapikkusega QAL‑ide puhul olid MBC väärtused järjepidevalt 
madalamad, kui lühema ahelaga QAL-ide korral. Agarplaatidel läbi viidud 
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inhibeerimistsooni (ZOI) test näitas optimaalset antibakteriaalset toimet C12–C14 
ahelapikkusega QAL-ide puhul, mida saab selgitada pikema ahelaga QAL-ide piiratud 
difusiooniga pooltahkes keskkonnas. Selle nähtuse paremaks mõistmiseks võrreldi 
omavahel QAL‑de ja fosfoonium‑liigendatud ligniinide (QPL‑ide) toimet ESKAPE  
(E. faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, E. cloacae) 
patogeenidele. Kõigi testitud proovide N6, N8, P6 ja P8 (vastavad amiinidele 
triheksüülamiin ja trioktüülamiin ning fosfiinidele triheksüülfosfiin ja trioktüülfosfiin) 
puhul eristus MBC- ja ZOI-tulemuste põhjal silmatorkavalt P6, näidates kõrget 
antibakteriaalset aktiivsust nimetatud patogeenide vastu.  

Järgnevalt töötati välja QPL-il ja atsetüültselluloosil põhinev elektrokedratud 
nanostruktureeritud kile, mille mikrostruktuuri iseloomustati skaneeriva 
elektronmikroskoopia abil ning mille biofilmi inhibeerivaid omadusi testiti praktiliste 
rakenduste tarbeks nii Gram-positiivsete kui ka Gram-negatiivsete bakterite peal. 
Klorometüülitud ligniin (CML) esterdati dekaan- (C10), tetradekaan- (C14) ja 
steariinhappega (C18). Kasutades lahustipõhist valamistehnikat segati saadud 
esterifitseeritud ligniin polüpiimhappega (PLA) erinevates kontsetratsioonides (10%, 
20%, 30%, 40%). Saadud kilede termiliste ja mehaaniliste omaduste analüüs näitas, et 
kõige suurem klaasistumistemperatuur (Tg) (kuni 72,12°C‑ni) oli täheldatav 
PLA‑komposiidi puhul, mis sisaldasid 30% C14–esterifitseeritud ligniini. Selle 
esterifitseeritud ligniin-PLA komposiidi venitustugevuseks oli 18,9 ± 4,7 MPa ja 
maksimaalseks koormustaluvuseks 5,5 ± 1 N. Võrreldes tavalise PLA‑ga (10,2 ± 1 MPa ja 
4,6 ± 0,3 N) oli saadud filament elastsem ja tugevam. Muundamata ligniin-PLA komposiit 
jäi omaduste poolest vahepealseks. 3D-prinditud filamendi valmistamiseks sobiv 
optimaalne koostis valiti testides kolme erinevat ekstrusioonitemperatuuri. Seejärel 
analüüsiti 3D-prinditud filamendi mehaanilisi omadusi ja pinna mikrostruktuuri. 
Täiendavad uuringud viidi läbi organosolv männiligniini ja hüdrolüüsi kaseligniiniga, mida 
oli keemiliselt hüdroksüülrühmade esterifitseerimisega muudetud, kasutades 
palmitoüülkloriide (C16); ning modifitseeritud klorometüülimise ja järgneva 
esterifitseerimisega, kasutades tetradekaanhapet (C14) ja bensoehapet. Esterifitseeritud 
ligniin segati PLA‑ga (10%, 20%, 30%) lahustipõhise valamistehnika teel. Saadud tulemused 
näitasid, et 30%-ne hüdrolüüsiligniiniestri (HLE) ja bensoehappeestri (BAEP) sisaldus 
tõstis PLA kuumakindlust, samas kui palmitoüül-kloriidiga esterifitseerimine (OHLE) 
muutis PLA elastsemaks. 

Antud töös kasutatud rohelisema klorometüülimise metoodika pakub ligniini 
väärindamiseks uusi teadmisi ning on ühtlasi ka majanduslikult atraktiivne ning 
jätkusuutlik lähenemisviis. 
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Publication I 
Mohan, M. K.; Silenko, O.; Krasnou, I.; Volobujeva, O.; Kulp, M.; Ošeka, M.; Lukk, T.; 
Karpichev, Y. Chloromethylation of Lignin as a Route to Functional Material with Catalytic 
Properties in Cross‐Coupling and Click Reactions. ChemSusChem 2024. 
https://doi.org/10.1002/cssc.202301588.  

 

Reprinted with permission from John Wiley and Sons. 
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Appendix 2 

Publication II 
Mohan, M. K.; Kaur, H.; Rosenberg, M.; Duvanova, E.; Lukk, T.; Ivask, A.; Karpichev, Y. 
Synthesis and Antibacterial Properties of Novel Quaternary Ammonium Lignins. ACS 
Omega 2024. https://doi.org/10.1021/acsomega.4c06000.  

Reprinted with permission from American Chemical Society. 

https://doi.org/10.1021/acsomega.4c06000
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	�	�	�()!��������
��	��zt{@xv|}@~ux�U\_�

mF�¢rLSH GKK«¬­­«ªnTDHJTDOIS­®OªIPHo­HJTŌQ °±²³́µ¶
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Appendix 3 

Publication III 
Mohan, M. K.; Krasnou, I.; Lukk, T.; Karpichev, Y. Novel Softwood Lignin Esters as 
Advanced Filler to PLA for 3D Printing. ACS Omega 2024, 9 (44), 44559–44567. 
https://doi.org/10.1021/acsomega.4c06680.  

Reprinted with permission from American Chemical Society. 

https://doi.org/10.1021/acsomega.4c06680
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Appendix 4 

Publication IV 
Mohan, M. K.; Ho, T. T.; Köster, C.; Järvik, O.; Kulp, M.; Karpichev, Y. Tuning Ester 
Derivatives of Organosolv vs Technical Lignin for Improved Thermoplastic Materials. 
Faraday Discuss 2025. https://doi.org/10.1039/D5FD00068H.  

Reprinted with permission from Royal Society of Chemistry 

https://doi.org/10.1039/D5FD00068H
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Publication V  
Mohan, M.K.; Bragina, O.; Mosjakina, S.; Raimundo, J.-M.; Karpichev, Y. Antibacterial 
Properties of Heteronium Lignin Containing Materials Against ESKAPE Pathogens. 
ChemRxiv. 2025; https://doi.org/10.26434/chemrxiv-2025-zmlgw-v2   

  
This content is a preprint and has not been peer-reviewed  
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