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Abstract 

Fossil fuel resources are being used today for most of humankind’s energy and 

chemical/material needs. The inevitable demise of these resources has created significant 

interest in the field of biomass and particularly, lignin valorization. As the world’s second most 

abundant polymer, more than 98% of the annually produced lignin is under-utilized either as 

an on-site heat source or as landfill. Thus, finding practical approaches to modifying this 

inexpensive, sustainable resource into materials of high value can be the next leap in lessening 

the dependence on fossil fuel resources and thus, developing a sustainable future.  

In this thesis, kraft lignin is modified into methacrylated lignin (ML), lignin grafted with 

methacrylate functionalities at its hydroxyl sites. ML was incorporated at loading percentages 

of 10-31 wt.% into UV-cured coatings, and the developed coatings were characterized 

according to their different properties.  

The methacrylation process was optimized via response surface methodology using a central 

composite design to determine the effect of different reaction variables on the process’ 

recovered mass yield and to obtain the maximum possible recovered ML. The ML obtained 

from the optimized reaction conditions was then incorporated at 30 wt.% into a siloxane-based 

UV-cured coating as a proof of concept for the practicality of the optimization process.  

ML was afterwards converted into a primary polyphosphine (lignophine) by a phosphane-ene 

reaction. The primary lignophine was then capped into tertiary alkylated and fluorinated 

lignophines, respectively using corresponding alkenes. The ability of the tertiary alkylated 

lignophine to coordinate to transition metals and sequester transition metal-containing catalysts 

was determined using silver triflate a ring closing metathesis (RCM) reaction using Grubbs I 

(GI) catalyst, respectively.  

Finally, the tertiary alkylated lignophine was converted into a free-standing UV-cured 

polyphosphonium (lignophonium) network. The obtained films showed high cure percentages 

and water contact angles, along with a surface charge density value well over the necessary 

threshold for antimicrobial films and swelling degrees suitable for controlled drug release. The 
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films were probed for their controlled drug release ability using diclofenac as the loaded drug 

and examining the release in PBS and showed a promising release profile. 
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Chapter 1  

1 General Introduction 

1.1 Objective 

The overall objective of this PhD project was to synthesize and develop novel advanced 

functional materials from lignin, a byproduct of the pulp and paper milling industries and 

an industrial waste material. In this thesis, lignin was chemically modified using a 

methacrylation process to convert it into a more suitable material for post-modification 

processes. The methacrylation process was optimized using a response surface method, 

and the modified lignin was post-modified as part of three different classes of materials: 

UV-cured coatings, tertiary polyphosphines, and free-standing polyphosphonium films. 

The synthesized lignin-based tertiary polyphosphines reported in this thesis were probed 

for their metal-scavenging abilities, and the polyphosphonium films were probed as 

suitable materials for utilization as potential antimicrobial and controlled drug delivery 

vehicles.  

1.2    Background 

Almost all carbon-based products such as synthetic polymers currently used are derivatives 

of petroleum.1 This high demand for fossil fuel resources, as well as their high prices and 

their consequently inevitable depletion, along with their detrimental effects on climate 

change and the environment, have been the main driving points behind the pursuit of 

renewable, abundant, and comparably clean alternatives.2–4 Another critical issue these 

resources is that their products (e.g. synthetic polymers) are generally resistant to 

biodegradation, which has resulted in excessive increase of fossil fuel-based waste in the 

environment.5 Renewable resources on the other hand have various unique functions and 

are vastly available, which turn them into viable potential candidates for reducing the cost 

and improving the properties of existing products derived from non-renewable resources.6   

Biomass is organic matter available on a renewable basis7 and can be used to produce fuels, 

as well as chemicals that are currently being produced from fossil fuel sources.8 Biomass 
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also carries significant environmental advantages, such as being carbon neutral and 

abundant.9 More than 220 BT of biomass is produced worldwide each year10,11 from 

different sources such as grains, sugar and oilseed crops, agricultural residues, food 

processing wastes (liquid and solid), wood and wood chips, bark, mill residues, forestry 

residues and by-products (such as lignin), animal fats, manures, algae, and exotic crops 

(i.e. guayule, jojoba, and euphorbia).12,13 Each biomass resource, depending on its origin, 

has varying compositions of three main components: cellulose, hemicellulose, and lignin,14 

while lignocellulosic biomass (woody biomass and crop residues) containing a significant 

amount of lignin is of particular interest in this thesis work. 

Lignocellulosic biomass is the most readily available renewable source of carbon (next to 

CO2) and can be used to produce various chemicals.10,15,16 The term “lignocellulosic 

biomass”, otherwise known as lignocellulose, refers to biomass  that comes from plant dry 

matter (i.e. woody biomass and crop residues)17 and like any other form of biomass, 

consists of three major components: cellulose (30 – 50%), hemicellulose (20 – 35%), and 

lignin (15 – 30%).18,19  

Cellulose (Figure 1-1A) is perhaps the most well-known constituent of lignocellulose. It is 

the world’s most abundant biopolymer. It has two main structural parts including a 

crystalline (organized) component and an amorphous (unorganized) section. Strains of 

cellulose are linked to each other to form cellulose fibrils (bundles), which are usually 

independent and bound weakly via hydrogen bonding.20,21 

Hemicellulose (Figure 1-1B) is a complex carbohydrate made of different polymers (i.e. 

pentoses, hexoses, and sugar acids). While cellulose is made of long unbranched fibrils of 

glucose, the dominant component of each hemicellulose sample can vary depending on its 

source. For example, the hemicellulose from hardwoods and agricultural plants (e.g. grass 

and straw) consists mostly of xylan, whereas hemicellulose from softwood is mainly made 

of glucomannan.18,22 One function of hemicellulose is to act as a connection between the 

cellulose fibres and lignin that increase the rigidity of the cellulose-hemicellulose-lignin 

network in the plant cell walls.20 
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Figure 1-1 Representative chemical structures of cellulose and Galactomannan 

hemicellulose (typical of Fabaceae seeds).23 Copyright 2010, reproduced with permission 

from Annual Reviews. 

Last but not least, lignin is the world’s second most abundant biopolymer. It is a three-

dimensional heteropolymer that occurs naturally through an in vivo enzyme-mediated 

dehydrogenation polymerization process, otherwise known as “lignification”.24 Following 

the lignification process and during the cell differentiation of plants, lignin is deposited in 

the cell wall. Lignin is considered responsible for giving structural integrity to plant cells, 

as well as contributing to the total stiffness of the plants.25,26 Due to its hydrophobicity, 

lignin plays a crucial role in transporting water and other nutrients inside the plant while 

protecting it from insect- or pathogen-invasion.27,28 
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As a byproduct of the pulp and paper milling industry, lignin is today considered an 

industrial waste, meaning that of the sheer volume of lignin being produced each year, only 

a small portion (less than 2%) has defined industrial usage and the rest, is either burned as 

a source of heat or buried in landfill.29 Facile approaches to utilizing this natural polymer 

are of utmost importance and can play an important role in the future of sustainable 

development. 

Many reports are available on utilizing lignin as a filler or an additive (without chemical 

modification) in various systems such as rubber latexes, starch films, and sunscreens.30–32 

However, the main challenge in such incorporations is that valorization processes that don’t 

chemically modify lignin before utilizing it in a system, generally can incorporate limited 

amounts of the material in their respective systems and the reports on this class of 

incorporation generally utilize a low percentage of lignin in the final material. On the other 

hand, various studies have focused on adding value to lignin by chemically modifying the 

macromolecule to make it a better candidate for incorporation in different systems. Several 

reactions have been used in this research area such as phenolation,33,34 esterification,35–37 

and oxopropylation,38–40 all of which aim at replacing an existing component in a specific 

system with modified lignin and examining the effect of the replacement. Moreover, lignin 

has also been utilized in advanced functional materials, where many studies have focused 

on converting the macromolecule into an advanced system with unique and specific 

properties such as carbon fibres and nanofibers,41–44 nanocarriers,45 and hydrogels.46–48 

Despite the headway made in upconverting this natural polymer, the material is still 

woefully underutilized, which highlight the great need for more research in the area of 

lignin valorization and the development of facile processes capable of converting lignin 

into new and highly valuable advanced functional systems such as UV-curable coatings, 

bio-based metal-scavengers, and antimicrobial and controlled drug delivery vehicles, 

which are targeted in this PhD project. 
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1.3    Research Objectives 

The overall objective of this PhD project was to develop novel, facile processes for the 

conversion of lignin into high-value materials. This  overall objective was achieved by 

accomplishing the following tasks: 

Task 1: Developing a facile methacrylation process for lignin. 

Methacrylation was chosen as the desired chemical modification process for the purpose 

of introducing vinyl groups onto the chemical structure of lignin. Such modification has 

the ability to convert lignin into a material suitable for post-modification into various 

useful systems. 

Task 2: Optimizing the developed methacrylation process. 

Response surface methodology and central composite design were used to accomplish 

this task, which gave the ability to obtain the maximum possible yield of the desired 

product (methacrylated lignin) under the optimal process parameters, particularly the 

reaction time, temperature, and the catalyst/lignin molar ratio. 

Task 3: Incorporating the methacrylated lignin into UV-curable coatings. 

Introduction of the vinyl groups onto the chemical structure of lignin gave the ability to 

incorporate the macromolecule as a crosslinked moiety in UV-curable coatings at high 

percentages (31 wt%). 

Task 4: Synthesizing lignin-based polyphosphines. 

This task was achieved by performing a hydrophosphination reaction on lignin using 

phosphine gas, reported for the first time. Utilizing -C-P linkages within the chemical 

structure of lignin became the first step in synthesizing a new class of advanced 

functional materials with metal-scavenging abilities from lignin. 

Task 5: Synthesizing lignin-based polyphosphonium salts. 
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This task was achieved by further modifying the synthesized lignin-based 

polyphosphines. The synthesized polyphosphonium salts were crosslinked to obtain UV-

cured free-standing films, which showed promise in being used as antimicrobial surfaces 

and controlled drug delivery vehicles. 

1.4    Scope of Thesis 

This thesis focuses on developing strategies for converting lignin, a pulp and paper 

industry waste, into value-added materials. 

Chapter 1 provides a general introduction to bioresources, particularly lignin and the 

research motivation and objectives, as well as the scope of the thesis. 

Chapter 2 presents a detailed introduction of lignin, establishing the significant need for 

more research in lignin valorization, as well as a comprehensive literature review of the 

most common lignin valorization procedures and research themes in general, identifying 

knowledge gaps in this research field.  

Chapter 3 describes the synthesis of methacrylated lignin as an approach to introducing 

UV-curability into the structure of lignin, followed by the comprehensive 

characterization of the final products. This chapter then reports a modified method 

developed for the quantification of the hydroxyl functionalities within lignin using a halo-

phosphine. The methacrylated lignin preparation procedure, characterization, and 

analysis data for lignin-incorporated UV-cured coatings containing 10-31 wt.% 

methacrylated lignin are reported.             

Chapter 4 Reports a process optimization study for the synthesis of methacrylated lignin 

as reported in chapter 3, using response surface methodology, employing a central 

composite design. Three variables were examined and optimized via the CCD: reaction 

time, reaction temperature, and catalyst/lignin molar ratio, and their corresponding effects 

on the recovered mass yield were investigated. The mathematical model derived from the 

employed CCD was proved accurate in predicting the optimal reaction conditions and 

consequently, optimizing the recovered mass yield of the lignin methacrylation reaction. 

The methacrylated lignin synthesized under the optimal reaction conditions was 
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characterized and proved to be of great promise in a UV-curable coating system at 30 

wt.% loading.  

Chapter 5 describes the synthesis of primary and tertiary “lignophines”, lignin-based 

polyphosphines. Methacrylated lignin was reacted with phosphine gas to prepare a 

phosphorus-rich bio-based polymer containing PH/PH2 functional groups, which were 

converted to tertiary phosphine units via the phosphane-ene reaction. The synthesized 

tertiary alkylated lignophine was then probed for its ability to coordinate to transition 

metals using silver triflate and subsequently, analyzed for its effectiveness in metal 

sequestration, where it was shown to effectively sequester the Grubbs I catalyst from a 

ring closing metathesis reaction system under normal laboratory conditions.  

Chapter 6 reports the synthesis and characterization of “lignophoniums”, lignin-based 

polyphosphonium networks, from lignophines as synthesized in chapter 5. The 

lignophonium was then incorporated into siloxane-crosslinked UV-cured free-standing 

films at 15 wt.% and analyzed with regards to its surface-accessible charge density, water 

contact angle, cure percentage, and swelling degree and showed great potential as 

antimicrobial and controlled drug delivery vehicles. 

Chapter 7 presents the main conclusions obtained from the research presented in this 

thesis and suggests future research avenues. 
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Chapter 2  

2 Literature Review 

In this chapter, lignin is introduced regarding its origin, biosynthesis, chemical structure, 

isolation, and annual production and demand, highlighting the need for its valorization. 

Subsequently, current lignin valorization techniques are fundamentally categorized into 

techniques without and with chemical modification of lignin and are each discussed in 

depth. In accordance to the interest of this thesis, valorization techniques employing a 

chemical modification of lignin are categorized into fragmentation/depolymerization, 

addition of new chemical active sites, and hydroxyl group modification, and several 

notable reports for each category are introduced and discussed in detail. Finally, lignin-

based materials as the most promising lignin valorization avenue are introduced and 

knowledge gaps in the field of lignin valorization are discussed. 

2.1 Lignin 

Lignin is a complex, water-insoluble, amorphous, racemic,1 and aromatic heteropolymer 

that has higher carbon and a lower oxygen content compared to the holocellulose (cellulose 

and hemicellulose) fraction of lignocellulosic biomass and thus, can be an attractive 

candidate as the feedstock for the production of fuels and chemicals.2 Lignin is primarily 

derived from three hydroxycinnamyl alcohol monomers (monolignols): p-coumaryl (2-1), 

sinapyl (2-2), and coniferyl (2-3) alcohol,  which only differ in their degree of 

methoxylation (Figure 2-1).3  
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Figure 2-1 Three standard monolignols of p-coumaryl alcohol (2-1), coniferyl (2-2), and 

sinapyl alcohol (2-3) as the building blocks of lignin. 

2.1.1 Biosynthesis of Lignin 

As the monolignols are incorporated into lignin, they are turned into corresponding 

phenylpropanoid units (Figure 2-2) of p-hydroxyphenyl (H, from p-coumaryl alcohol), 

guaiacyl (G, from coniferyl alcohol), and syringyl (S, from sinapyl alcohol).  

 

Figure 2-2 Representative general chemical structures for p-hydroxyphenyl (H), guaiacyl 

(G), and syringyl (S) groups. 

Lignin is deposited in plants cell walls during the cell differentiation process. As a filler 

material in the cell walls, lignin is vital to plant life as it is responsible for the structural 

stiffness of the cells and subsequently, the stiffness of the plants.4,5  

Depending on the taxon, the cell type, and the individual cell wall layers, the volume, and 

composition of lignins in different plants can differ, as it can be profoundly affected by 

environmental and developmental cues.6 For example, dicotyledonous angiosperm 

(hardwood) lignins are composed mainly of G and S units and trace amounts of H units, 
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while gymnosperm (softwood) lignins mostly consist G units and low amounts of H units. 

On the other hand, monocot lignins (lignins from grasses) are composed of comparable 

amounts of G and S units and have generally higher levels of H units than the dicots. These 

differences in monomer contents lead to subsequent differences in the bonds that are 

formed during the formation of lignin,7 which make the task of determining the exact 

chemical structure of lignin an extremely difficult and maybe even impossible one.  

2.1.2 Chemical Structure of Lignin 

The in vivo enzyme-mediated dehydrogenation polymerization of monolignols to produce 

the cross-linked amorphous chemical structure of lignin is known as the lignification 

process.8 The final chemical structure of lignin as produced through lignification can be 

best described as a highly branched macromolecular one. This structure consists of phenyl 

propyl (C9) units that have different functional groups (aliphatic and phenolic hydroxyls, 

carboxylic, carbonyl, and methoxy) at different sites. The C9 units are connected to each 

other through various (primarily ether and carbon-carbon) linkages (Figure 2-3).9 The 

relative amounts of any linkage in any lignin sample are heavily dependent on each 

particular monomer’s contribution to the lignification process. For example, conifer lignins 

(mainly composed of G units) consist of more β-5, 5-5, and 4-O-5 linkages as compared 

to lignins that are composed primarily of S units, mainly because the C5 position is 

available for coupling in G units, whereas it is occupied by a methoxyl group in S building 

blocks. In general, the β-O-4 (ether) linkage is considered the most common within lignin 

and about 50% of the bonds formed during lignification are of this type.10,11  

Over the years, various characterization methods and spectroscopic techniques have been 

employed with the purpose of determining the chemical structures of different lignins. 

However, it is unlikely that the complete chemical structure of any lignin sample will ever 

be interpreted entirely, primarily due to the unrestrained nature of the lignification 

process.12,13 Nevertheless, it is widely accepted that the majority of linkages within the 

structure are formed through either the coupling of a monolignol to a growing oligomer, or 

the coupling of one oligomer to another.14 On the other hand, it is believed that monomer-

monomer coupling is a much rarer event than the other previously described couplings 
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during the lignification process due to the more challenging mechanism of monolignol 

dimerization.15,16 

 

Figure 2-3 Representative general chemical structure of lignin with the most common 

linkages of β-O-4 (A), α-O-4 (B), 5-5 (C), β-β (D), 4-O-5 (E), β-5 (F), and β-1 (I). 

Copyright 2014. Reproduced with permission from Elsevier Ltd. 

Different conformations can be used to include various structural characteristics of the 

material according to the purpose of each report. Figure 2-4 shows some of the most 

common representative structures of lignin proposed in the literature. 
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Figure 2-4 Most common representative chemical structures of lignin. 

2.1.3 Isolation of Lignin 

Lignin is a by-product of the pulp and paper milling industries and its isolation methods, 

although different in technical aspects, all aim to degrade the chemical structure into 

smaller fragments that can be dissolved in the pulping media. The chemical and physical 

properties of the obtained lignin depend on the method of isolation used, as changing the 

isolation method will lead to a change in properties. Some key factors in measuring the 

effectiveness of a particular isolation method include the pH of the pulping system, the 

extent of participation of the solvent and solute in the fragmentation of lignin, and the 

solubility of the lignin fragments in the solvent employed.17 Sulfur plays a vital role when 

it comes to categorizing isolated lignins, whereof the four most common isolation 

processes in use today, sulfite and kraft processes yield sulfur-containing lignins, while 

organosolv and soda processes lead to non-sulfur-containing lignins.18 The lignins obtained 

from any of the mentioned processes are commonly referred to as technical lignins 

(technicalignins) and differ in properties such as purity levels, chemical structure, and 

molecular weight.  

The sulfite process uses an aqueous solution of sulfite or bisulfite salts with ammonium, 

magnesium, calcium, or sodium countercations under heat. Approximately 1000 T of 
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sulfite lignin is currently being produced every year, worldwide.19 The obtained 

lignosulfonates (lignins obtained from the sulfite process) are water-soluble, a property that 

cannot be found in the other types of technical lignin. The soda process is mainly employed 

for the pulping of sugarcane bagasse, flax, and all types of non-woody biomass in general. 

During the soda process, the lignin in the lignocellulosic biomass is dissolved in sodium 

hydroxide and then recovered through precipitation in acid, maturation of the mixture, and 

filtration of the precipitate to obtain sulfur-free lignin.20 The third most common isolation 

process, the organosolv (Alcell) process, uses an aqueous-organic solvent mixture (e.g. 

ethanol, acetone, methanol, acetic acid, or formic acid) to simultaneously isolate 

hemicellulose, cellulose, and lignin in high purities (<1 wt.% carbohydrate content).21 

However, Alcell has not been successfully incorporated as a large-scale industrial process 

to this date, mainly due to the non-optimized recovery methods for the used materials (e.g. 

solvents), leading to relatively higher process costs when compared to the other isolation 

processes.22  

Finally, the kraft process (kraft pulping) uses an aqueous solution of sodium sulfide and 

sodium hydroxide (white liquor) to fragment the lignin. The fragmentation is 

conventionally followed by a three-phase delignification process (separation of the lignin 

fragments from the cellulose and hemicellulose) occurring in the initial (150 °C, diffusion-

controlled), bulk (150-170 °C, chemical reaction-controlled), and final/residual phases, 

with the most lignin removed during the bulk phase.23,24 Over the past decade, several 

improved separation processes have been reported for the kraft pulping which have 

significantly enhanced and optimized the global production of kraft lignin. Systems such 

as Westvaco, LignoBoost, and LignoForce are the major processes developed to improve 

the production of kraft lignin, among which the LignoBoost system is currently the one 

employed the most. The LignoBoost system can produce a high purity product through 

displacement washing. More precisely, in this system lignin is first precipitated in acidic 

media (CO2) and then filtered. Afterwards, the filtered cake is re-dispersed at pH = 2-4 to 

form a suspension, which is then filtered again and washed through displacement washing 

to obtain kraft lignin.25 On the other hand, The LignoForce system includes an oxidation 

stage, where the black liquor is oxidized under controlled conditions before acidification. 

As a result, the precipitated lignin in the acidic media has better filterability. The 
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LignoForce system has better potential in reducing the TRS (totally reduced sulfur) 

compounds in the obtained kraft lignin and can also reduce SO2 emissions as compared to 

the other systems, which has led to increased interest from the pulping industries towards 

this system in the past few years.26  

2.1.4 Annual Production and Demand 

It is estimated that approximately 56.8 BT of biomass is annually produced worldwide and 

while the primary target application for the produced biomass is the energy sector 

(biofuels), this production volume is deemed not enough to cover the entire energy needs 

for sustainable energy production. However, the produced biomass can perfectly cover the 

world’s chemical needs in terms of feedstocks and thus, developing methods for converting 

biomass and its resulting feedstocks into materials that are today produced from non-

renewable sources is believed to be a viable approach towards sustainability, potentially 

capable of completely relieving the materials production industries of their dependence on 

fossil-based resources.27–29 As one of the major constituents of biomass and simultaneously 

the least utilized, it is estimated that approximately 50-55 MT of technical lignin is 

produced worldwide, annually which highlights the role of lignin valorization (adding 

value) in sustainable development.30,31  

The major source of technical lignin in North America is kraft lignin. As the main internal 

source of energy, kraft pulp mills fire the black liquor into the recovery boiler to generate 

energy and recover the pulping chemicals, which has over the years helped them become 

completely independent and sustainable in terms of operational energy needs. However, 

over the past 30 years, the production at these mills have outgrown the increase in their 

need for energy, which has led to the recovery boiler becoming the production bottleneck 

and in constant need of offloading. Thus, these pulp mills have been removing tons of kraft 

lignin from the black liquor in their recovery boilers as means of offloading them. It has 

been determined that a typical kraft pulp mill can produce an additional ton of pulp for 

every ton of lignin that is removed from the recovery boiler26 and given that the kraft pulp 

mills around the globe are producing more than 130 MT kraft pulp annually32, kraft lignin 

has now become part of the product stream at many kraft pulp mills, especially in North 

America. This highlights the importance of discovering viable methods to convert kraft 
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lignin into materials of higher value (value-added materials). Valorizing lignin as a 

sustainable bio-based material will not only have significant environmental benefits; it will 

also add a new and valuable stream of income to the kraft pulp mills and can eventually be 

the potential next leap into a sustainable future. 

2.2    Valorization of Lignin 

The current strategies for valorizing lignin can be best categorized based on whether or not 

chemical modification (by using in a chemical reaction) is implemented. Scheme 2-1 

describes the general global algorithm for the valorization of lignin. 

 

Scheme 2-2-1 General scheme of current valorization processes employed for lignin.33 

Copyright 2014. Reproduced with permission from Elsevier Ltd. 

2.2.1 Valorization of Lignin Without Chemical Modification 

Historically, valorization strategies in which lignin did not undergo chemical modification 

have been around for much longer than their counterparts (strategies that included chemical 

modification). Because of the unique physical and chemical properties of lignin, the first 

attempts at adding value to it focused on physical-blending as a bulk material. Properties 

such as hydrophobicity, thermal stability, thermo-oxidation resistance, UV-absorption, and 

having a highly crosslinked structure were the major ones that made lignin a suitable 

component as a filler in such blends. 

Reports on utilizing lignin as a filler/additive material date back to mid-1900s, where in 

1948 Keilen and Pollak34 incorporated up to 38.5% lignin into natural and synthetic rubber 
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latexes via coprecipitation and reported that the resulting rubbers showed superior abrasion 

resistance, tensile strength, and tear resistance in comparison rubber made with 

conventional inorganic fillers. Years later, in 1998, Baumberger et al.35 used lignin as a 

filler in starch films to overcome the high swelling degrees and the partial dissolution of 

starch films in a moist environment, caused by the hydrophilicity of starch. As a naturally 

hydrophobic filler, up to 30 wt.% lignin was incorporated into the starch films through 

mixing with wheat starch by extrusion and subsequent thermal molding or casting of the 

films. They reported that incorporation of up to 20% lignin into starch films at 58% relative 

humidity had a negligible effect on film elongation and stress at break, whereas it reduced 

the water affinity of the prepared films noticeably. However, they also determined that at 

71% relative humidity and up to 30% incorporated lignin, the resistance to elongation 

decreased significantly in the prepared films, likely due to the incompatibility between the 

hydrophilic starch and the hydrophobic lignin components.  

Lignin has also been probed as an excellent antioxidant filler/additive. Kosikova et al.36 

reported that using up to 30 phr (parts per hundred parts of rubber) of lignin as a filler in 

natural rubber-based composites significantly improved their resistance to thermo-

oxidative degradation. Moreover, they reported that other physiochemical properties such 

as elongation, 100% modulus, and the tensile strength at break were improved in the 

prepared composites by the addition of lignin. Moreover, Sadeghifar and Argyropoulos37 

determined that the antioxidant properties of lignin are highly correlated with the number 

of phenolic hydroxyl groups on its chemical structure, due to the free radical-scavenging 

nature of these groups. They utilized lignin samples containing different amounts of 

phenolic hydroxyl functionalities as fillers in polyethylene blends to determine the effect 

of such combinations on the oxidation induction temperature (OITtemp) of the prepared 

blends. Consequently, they discovered that using acetone soluble softwood kraft lignin 

(ASKL) as the filler in the polyethylene blends increased their OITtemp by 50 C in 

comparison to when acetone insoluble kraft lignin (AIKL) was used and concluded that 

lignin samples with higher phenolic hydroxyl contents showed significantly improved 

antioxidant properties, as the ASKL contained 54% more phenolic units than the AIKL 

sample.  
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Lignin has also been utilized as an additive in sun blocker materials. With chromophores 

such as phenolic and ketone functionalities present in its chemical structure, lignin can act 

as a natural broad-spectrum sun blocker. Qian et al.38 reported that lignin could be utilized 

as an additive (2-10 wt%) suitable for commercial sunscreens. They blended dry, finely 

powdered lignin with pure creams (NIVEA Cream-N moisturizing cream and LIFE 

glycerin hand cream) at 1000 rpm for 24 h and measured the UV-transmittance and the sun 

protection factor (SPF) of the obtained lotions in comparison to commercial sunscreen 

(BIOTHERM and LIFE SPF 15, 30, and 50) lotions. They reported that while the blend of 

pure cream and 10 wt% lignin had higher UV-transmittance than that of LIFE SPF 15 

sunscreen, it showed lower transmittance in the UVA area (especially at 385-400 nm) 

which, along with the fact that the lignin sunscreen at 10 wt% lignin contained less active 

ingredient than the SPF 15 sunscreen, were taken as evidence towards the suitability of 

lignin as a natural candidate for broad-spectrum sunscreens. Furthermore, they reported 

that adding 2 wt% of lignin to SPF 15 commercial sunscreen lotions resulted in their 

sunscreen effect to increase to that of SPF 30 sunscreen lotions of the same brands. Finally, 

adding 10 wt% lignin to the SPF 15 lotions resulted in them out-performing the sunscreen 

effects of SPF 50 sunscreen lotions of the same brands. Thus, they concluded that lignin 

can be probed both as the sole active ingredient or in parallel with other active ingredients 

in commercial sunscreen lotions. However, lignin has a dark-brown color, which can 

potentially have an adverse effect on developing a commercial lignin-mixed sunscreen 

lotion, which might very well be the main reason why lignin has not yet been utilized in 

sunscreen lotions on a commercial level. 

Lignin has also been utilized as an additive to improve the flame retardance of target 

polymer networks. With an aromatic ring-rich chemical structure, lignin shows relatively 

high char formation and thus, has been utilized as an additive to promote char formation in 

different blends. De Chirico et al.39 examined the effect of using lignin as an additive in 

polypropylene blends on the final material’s flame retardancy. They used 

thermogravimetric analysis (TGA) to compare the char formation in polypropylene 

networks containing known flame retardants (melamine phosphate, ammonium 

polyphosphate, aluminum hydroxide, and poly(vinyl alcohol)) to the same values in 

polypropylene networks containing known mixtures of the mentioned flame retardants and 
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lignin. Thus, they discovered that adding up to 15 wt% lignin to polypropylene networks 

that already contain one of the mentioned flame retardants, improved the char formation in 

the resulting networks by up to 6 wt%. Furthermore, they reported that the networks that 

were only incorporated with lignin had higher char formations compared to when 

melamine phosphate, aluminum hydroxide, or poly(vinyl alcohol) was used, although they 

showed a lower char formation than when ammonium polyphosphate was used in the 

blends.  

Although promising, the utilization of lignin into existing systems as an additive, without 

any chemical modification, has been proved to be somewhat limited in terms of target 

applications and/or only applicable to blends with relatively low sensitivity (e.g. rubbers) 

and not capable of adding refined properties to the final products. These limitations amplify 

the need to modify lignin into a compound that can be incorporated into the backbone of 

various systems in large percentages and thus, take full advantage of the unique properties 

and the rich chemical structure of this natural polymer. 

2.2.2 Valorization of Lignin with Chemical Modification 

Given the interesting chemical structure of lignin and the abundance of different functional 

groups on its structure, many researchers have examined modifying such groups by 

chemical reactions. Overall, the examined approaches toward chemically modifying lignin 

can be divided into 3 main categories of fragmentation/depolymerization, synthesis of new 

chemically active sites, and hydroxyl group modification which are herewith discussed in 

detail. 

Fragmentation/Depolymerization 

Lignin has been the subject of several fragmentation/depolymerization processes, e.g., 

hydrolytic/reductive/oxidative de-polymerization and pyrolysis, mainly to produce lower 

molar mass chemicals and/or fuels. 

Among all the reported fragmentation processes for lignin, pyrolysis is the most studied. 

Generally, pyrolysis refers to the thermal treatment (thermolysis) of an organic compound 

in the absence of air, with or without a catalyst, to break down its molecular structure into 
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smaller substructures while disallowing further combustion to carbon dioxide. Depending 

on the pyrolysis conditions, the dominant product from pyrolyzing lignin can be a liquid 

(pyrolysis oil) or a gas and increasing the time and temperature of pyrolysis will typically 

cause lignin to fragment into components with lower molecular weights.40,41 Several 

factors such as feedstock’s origin42, reaction temperature43, heating rate, and the use of 

additives44 can affect the pyrolysis of lignin. Nonetheless, lignin pyrolysis produces 

gaseous hydrocarbons, carbon monoxide, carbon dioxide, volatile liquids (e.g. acetone, 

acetaldehyde, and methanol), monophenolic compounds (guaiacol, syringol, cathecol, and 

phenol) and several other polysubstituted phenols as its products.45 The liquid product of 

pyrolysis, i.e., pyrolysis oil, typically consists of about 20% aqueous compounds (acetone, 

acetic acid, methanol, and water) along with about 15% tar (condensed volatiles yielding 

phenolics, primarily).46 Figure 2-6 depicts the primary aromatic compounds that can be 

obtained from the pyrolysis of lignin. 
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Figure 2-5 Major products obtained from the pyrolysis of lignin: guaiacol (A), methyl 

guaiacol (B), syringol (C), methyl syringol (D), vanillin (E), syringaldehyde (F), vinyl 

syringol (G), vinyl guaiacol (I), and phenol (K).47 

In addition to the mentioned products, a group of thermally stable fractions, commonly 

known as char, can also be obtained from the pyrolysis of lignin, the yield of which has a 

reverse correlation with the pyrolysis temperature.48  

The pyrolysis of lignin happens over a wide range of temperatures (100-900 C)49 with 

different products being yielded at different temperature ranges. For instance, formic acid, 

formaldehyde, carbon dioxide, carbon monoxide, and water can be obtained at a relatively 

lower temperature range (120-300 C) as compared to the other pyrolysis products. The 

type of obtained products can be attributed to the type and subsequently the strength of the 

bonds being cleaved during the pyrolysis. For example, aryl ether linkages (e.g. β-O-4) are 
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relatively easier to break during thermal treatment than ether linkages at γ carbons, which 

are themselves more easily broken than methoxyl groups. While every lignin sample 

follows the same general trend in terms of the obtained pyrolysis products, the yield of 

each product and the specific temperature range for obtaining it differs depending on the 

type of lignin used.43,49–51 An excellent example for temperature-specific pyrolysis 

products was reported by Liu et al.52 where they used coupled TGA-FTIR to determine the 

temperature ranges of different pyrolysis products of birch and fir strong acid detergent 

fiber lignins. They reported that at around 100 C, carbon dioxide and water were obtained 

as the first products of the pyrolysis process for both samples, followed by the production 

of carbon monoxide, formic acid, aldehydes, and phenols, along with more water and 

carbon dioxide at around 225 C. The vast amounts of monomeric phenols obtained at 225 

°C were attributed to the breakage of ether linkages and although the same products were 

obtained for both samples at this temperature, they observed a more obvious peak for 

carbon monoxide in birch lignin compared to fir lignin, which they took as evidence toward 

the lateral chains being more easily broken in the birch lignin samples. Furthermore, they 

reported that hydrocarbons (primarily methane), methanol, carbon monoxide, and carbon 

dioxide were the major products at temperatures around 375 C for fir lignin and 425 C 

for birch lignin.  

Principally, pyrolysis can be categorized into conventional (slow) and flash pyrolysis in 

terms of the heating rate. In slow pyrolysis, such as the one reported by Liu et al.52 earlier, 

the heating process of lignin happens at a much lower rate than in flash pyrolysis, with a 

vapor residence time varying anywhere from 5 to 30 minutes and thus, the components in 

the vapor phase of slow pyrolysis will have more time to react with each other and 

subsequently, form more char and gaseous components. On the other hand, the higher 

heating rates of flash pyrolysis lead to vapor residence times of 2 seconds, which make it 

possible to produce a predominantly liquid product (bio-oil) with a yield of up to 75 wt%. 

The generated bio-oil and char can both be employed as fuels, and the produced gas can be 

recycled back into the process. However, despite the high interest in pyrolysis and 

especially flash pyrolysis over the past 20 years, it has yet to become a viable process for 

valorizing lignin, as the produced bio-oil contains significant amounts of oxygen-
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containing compounds that are corrosive, less stable, and contain a lower heating value. 

Thus, pyrolysis has yet to become a valorization process capable of taking full advantage 

of the complex chemical structure of lignin in its entirety.43,53–55 

Oxidation is another well-studied fragmentation method of lignin, primarily for obtaining 

phenolic compounds of lower molar masses, such as phenolic aldehydes (vanillin and 

syringic) and their acids (vanillic and syringic).56 Several oxidants have been reported to 

effectively oxidize lignin into such compounds, including oxygen, air, nitrobenzene, and 

metal oxides. Vanillin (4-hydroxy-3-methoxybenzaldehyde) is the most valuable product 

that has been obtained from the oxidation of lignin, and successful high-yield vanillin 

isolation has over the years been the primary goal of most lignin oxidation studies.57–61   

Villar et al.62 reported that the oxidation of lignin at 170, 180, and 190 C under oxygen 

pressures of 10, 12, and 15 atm yielded syringaldehyde, vanillin, syringic acid, and vanillic 

acid with the total yields ranging between 4-11%. They reported the maximum conversion 

of 11% at 190 C under 12 atm of oxygen. Furthermore, they examined the same oxidation 

processes in the presence of Co(II) salen (N,N’-bis(salicynidene)ethylenediamine 

monohydrate), CuSO4.5H2O, CoCl2, and two commercial platinum-alumina (referred to as 

A and B due to their proprietary compositions) catalysts and determined that the addition 

of catalysts did not have a positive effect on fragmentation into the mentioned products, 

particularly the aldehydes. Thus, they concluded that at the optimal oxidation conditions 

under oxygen, the maximum yield of aldehydes was approximately 4%. In a separate study, 

Villar et al.63 examined the oxidation behavior of kraft lignin using nitrobenzene and 

copper(II) oxide at 170, 180, and 190 C for 10-120 minutes. For nitrobenzene, 

oxidant/lignin ratios (v/w) of 6.3, 9.4, and 12.6 were examined, and CuO/lignin molar 

ratios of 1.33, 2.66, and 3.99 were chosen for oxidations using copper(II) oxide. They 

reported that at the optimal oxidation conditions, lignin conversion was 23% with 

nitrobenzene (14% aldehyde yield) and 13% with copper(II) oxide (8% aldehyde yield). 

Optimal oxidation conditions as reported in this study were 40 min, 190 C, and 6 (mL 

nitrobenzene/g lignin) for nitrobenzene and 70 min, 190 C, and 4 (mol CuO/mol lignin) 

with copper(II) oxide.  
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While the oxidation of lignin has proven to be especially viable for producing aldehydes, 

specifically vanillin and syringaldehyde, both the total conversion of lignin to fragmented 

molecules and the aldehyde yields remain at relatively low percentages to date, which 

means that most of the lignin incorporated in such oxidation processes will still be depleted 

as process waste. Thus, much like pyrolysis, oxidation is yet to become a viable process 

capable of converting lignin to positive-value products at high conversion percentages. 

More recently the Xu group developed highly efficient processes for depolymerization of 

kraft lignin based on hydrolytic reactions64 or reductive reactions.65 Kraft lignin was 

effectively depolymerized into polyols of moderately high hydroxyl number and yield with 

moderately low weight-average molecular weight (Mw) via direct hydrolysis using NaOH 

as a catalyst.64 The best operating condition was found to be at 250 °C, 1 h, and 

NaOH/lignin ratio ≈ 0.28 with 20 wt% substrate concentration, leading to <0.5% solid 

residues and ~ 92% yield of depolymerized lignin (aliphatic-hydroxyl number ≈ 352 

mgKOH/mg and Mw ≈ 3310 g/mole), suitable for replacing polyols in polyurethane foam 

synthesis. In the latter work, formic acid was employed as an in-situ hydrogen donor for 

the reductive de-polymerization of kraft lignin. Under the optimum operating conditions, 

i.e., 300 °C, 1 h, 18.6 wt.% substrate concentration, 50/50 (v/v) water-ethanol medium with 

formic acid at a formic acid-to-lignin mass ratio of 0.7, kraft lignin (Mw ~10,000 g/mol) 

was effectively de-polymerized, producing de-polymerized lignin (Mw 1270 g/mol) at a 

yield of ~90 wt.% and <1 wt.% yield of solid residue.65 

Addition of New Chemical Active Sites 

The generally high waste production and relatively low yield of the fragmentation 

processes, plus their inability to benefit from all that the chemical structure of lignin can 

offer, has led to much interest being placed on modifying the functional groups present on 

lignin, namely hydroxyl, methoxy, carbonyl, and carboxyl groups, with the purpose of 

increasing its reactivity. Adding/synthesizing new chemical active sites through modifying 

lignin can enhance its incorporation behavior in various systems. This section will address 

the studies on reactions employed for modifying the functional groups on the structure of 

lignin, namely alkylation/dealkylation, hydroxyalkylation, amination, and nitration. 
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Chemical modification of the hydroxyl groups of lignin will be discussed in a separate 

section, due to the relatively higher importance of this type of modification and its closer 

relevance to this thesis.  

Alkylation of lignin is an essential class of chemical modification employed for this 

material. Most alkylation processes include pre-treatment of the lignin samples to 

fractionate their structure and decrease their molecular weight to increase their solubility 

in common organic solvents.66,67 On the other hand, a lignin dealkylation process was 

developed by Gaylord Chemical (US)68, in which the demethylation of lignin is employed 

for producing dimethylsulfoxide (DMSO). During this process, lignin is reacted with 

molten sulfur in basic media, and dimethyl sulfide (DMS) is synthesized via the transfer of 

two methyl groups from lignin to sulfur, which is then oxidized using nitrogen dioxide to 

produce DMSO (Scheme 2-2).68 

 

Scheme 2-2 Synthesis of dimethylsulfide (DMS) from lignin and molten sulfur and 

subsequent oxidation to dimethylsulfoxide (DMSO).69 Copyright 2010, reproduced with 

permission from John Wiley and Sons. 

However, as shown in Scheme 2-2, the only remaining components of lignin in the final 

product of this process are the two methyl groups that were used in the synthesis of 

dimethylsulfide and DMSO, most of the lignin used in this process is still being disposed 

of as process waste. Other processes are today available that aim to utilize demethylated 

lignin in a less wasteful manner. For example, Liu et al.70 prepared a formaldehyde-free 

water-resistant wood adhesive, using alkaline demethylated kraft lignin (DKL) and 

polyethyleneimine (PEI), where the demethylated lignin was prepared by suspending DKL 
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in water, dissolving the suspension in sodium hydroxide, and freeze-drying the obtained 

solution. DKL-PEI wood adhesive samples were then prepared through mixing the DKL 

(14-25 wt%) and PEI in water for 2-120 minutes. It was reported that at DKL percentages 

higher than 25 wt%, the resulting adhesives became too viscous to be uniformly applied to 

the wood’s surface. Afterwards, the adhesive was applied to two layers of maple veneer 

boards, lapped together, and cured using a hot-press. It was reported that at the DKL 

percentage of 20 wt% and PEI samples with Mw = 750,000, with the hot-press duration of 

5 minutes at 120 C, the shear strength of the bonded lap-shear specimens (calculated using 

the maximum force at breakage for each bonded lap-shear sample) was the highest (7 

MPa). This report, despite the multi-step pre-treatment procedure for preparing the DKL 

and the relatively low weight percentages of the demethylated lignin in the adhesives, can 

be counted among the more viable approaches to valorizing lignin and can also highlight 

the potential benefit of chemically modifying lignin as the first step in incorporating it in 

different systems.  

Apart from the several reports available on incorporating dealkylated lignin in wood 

adhesives, such as the one discussed earlier by Liu and Li,70 the abundance of phenolic 

groups on lignin has made it a desirable substitute for the non-renewable phenol in phenol 

formaldehyde (PF) resins and other adhesives.71–73 Notably, the structural similarities 

between lignin and phenol, along with their comparable reactivities with formaldehyde, 

marks an interesting potential application for lignin in the production of lignin-phenol-

formaldehyde (LPF) resins. 

Alonso et al.74 hydroxymethylated (methylolated) softwood ammonium lignosulfonate by 

dissolution in an 8% NaOH solution at 80 C, followed by reaction with formaldehyde at 

room temperature (Scheme 2-3). They later probed the ability of this metholylated 

lignosulfonate to partially substitute the phenol in PF resins through a comparative study 

with a commercial resol phenolic resin. They determined that the maximum possible 

percentage of incorporated methylolated lignosulfonate in the PF resins that would keep 

different properties of the prepared LPFs (pH, free phenol, viscosity, and gelation time) 

comparable to the commercial PF resin, and in compliance with the requirements for 

utilization in plywood manufacture, was 35%.75 
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Scheme 2-3 Hydroxymethylation of lignin as reported by Alonso et al. 

Amination is another class of reactions performed on lignin to introduce new chemical 

active sites on its structure. Principally, the amination of lignin is carried out using the 

Mannich reaction.76 Matsushita and Yasuda77 used 1-guaiacyl-1-p-hydroxyphenylethane 

as a model compound in a reaction with dimethylamine and formaldehyde in acetic acid 

and dioxane and reported that as resulted by the Mannich reaction, the aminoethyl group 

was introduced onto the model compound at the ortho position to the phenolic hydroxyl 

groups, giving 4 different products (Scheme 2-4), proposing that the same procedure can 

be utilized for the amination of lignin itself.  

 

Scheme 2-4 Representation of the amination of the lignin model compound 1-guaiacyl-1-

p-hydroxyphenylethane with formaldehyde and dimethylamine as reported by Matsushita 

and Yasuda. 4 products were isolated from this reaction: R1 = -CH2N(CH3)2, R2,3 = H; R1,2 

= H, R3 = -CH2N(CH3)2; R1,3 = -CH2N(CH3)2, R2 = H; R1,2,3 = -CH2N(CH3)2.77 

Yue et al.78 reacted fractionated softwood soda lignin (SL) with diethylenetriamine 

(DETA) and formaldehyde at a controlled pH of 11.5 to obtain lignin amine. Afterwards, 
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they examined the effects of using the lignin amine in the surface treatment of wood flour 

by preparing similar PVC composites from untreated wood flour (PVC-UWF), lignin 

amine-treated wood flour (PVC-LWF), and aminosilane-treated wood flour (PVC-KWF). 

They reported that the optimal lignin amine loading percentage for the PVC-LWF 

composites was at 2%, where the tensile strength in the PVC-LWF composites increased 

from 35 MPa to 42.5 MPa and their impact strength increased from 27.5 kJ/m2 to 37.5 

kJ/m2. However, they determined that using aminosilane, the same increases can be 

achieved in the PVC-KWF composites at 1% loading. Furthermore, they evaluated the 

water absorption behaviors of the composites after 10 days immersion and determined that 

again, while both lignin amine and aminosilane decreased the weight gain of the 

composites by ca. 3%, similar decrease in weight gain was observed at 1% aminosilane 

loading and 2% lignin amine loading. Thus, based on the data reported by Yu et al. 

aminosilane outperforms lignin amine as the surface treatment agent. In addition to the low 

loading percentages generally reported for utilization of aminated lignin, to the best of our 

knowledge, no report is to date available on amination and utilization of non-fractionated 

lignin. 

The last major class of chemical active site synthesis reactions of lignin is nitration. 

However, fewer reports are available on this method compared to the previously discussed 

ones.79,80 Zhang and Huang81 synthesized nitrolignin (NL) in the form of a “reddish-brown 

powder” through reacting alkali lignin with nitric acid and acetic anhydride and determined 

the nitrogen content of the synthesized NL sample to be at 6.32% using elemental analysis. 

They subsequently incorporated the synthesized NL samples at weight percentages from 

1.4-6 wt% into polyurethane networks (PUNL) and determined that at 2.8% NL loading, 

both the tensile strength and the breaking elongation of the PUNL networks were 2 times 

higher than that of standard polyurethane (PU) networks. Loadings higher than 2.8% 

however, resulted in a decrease in the mentioned values. Much like amination, the product 

of the nitration of lignin is yet to be probed as a viable nitrogen-containing replacement 

with high loadings in materials. 

The route of synthesizing new chemical active sites on lignin poses the potential for 

producing chemically modified lignin with the ability to be utilized in some common 
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industrial materials, mainly through dealkylation and hydroxymethylation of lignin,70,75 as 

these two reactions have shown promising results with acceptable loading percentages, 

while the other reported chemical modifications either use lignin as a source for functional 

groups and treat the rest of the macromolecule as waste,68 or fractionate the structure and 

employ only a fraction of it,78 or are not yet able to utilize the chemically modified lignin 

in the target systems at appreciable loading percentages.79–81 However, when it comes to 

chemical modification, there is another functionality within the chemical structure of lignin 

with considerably higher reactivity than the other functional groups discussed, the hydroxyl 

groups.  

Hydroxyl Group Modification 

As the most reactive sites within the structure of lignin, the various types of hydroxyl 

groups have been the subject of numerous studies.82–86 With the densely crosslinked 

structure of lignin and its subsequent relatively limited solubility in common organic 

solvents, such modifications can positively affect the solubility and thus, the reactivity of 

lignin in these solvents and provide potential routes for incorporating this sustainable 

natural polymer, in its entirety, in different supramolecular systems.12,87,88 Processes such 

as esterification, phenolation, and etherification, and the corresponding incorporations of 

the modified lignins in materials (where applicable) are discussed in this section as the 

most promising approaches toward this goal.  

Esterification reactions are perhaps the most straightforward chemical modifications that 

can be employed for lignin, as these reactions often require relatively mild conditions to 

produce esterified lignin. Commonly, acyl anhydrides, acyl chlorides, and acidic 

compounds are used as the modifying reagents in these types of reaction, using a base (e.g. 

triethylamine, 1-methylimidazole, and potassium hydroxide) in catalytic amounts. As a 

result, numerous reports are available regarding the esterification of the hydroxyl 

functionalities within lignin.89–97 

Guo and Gandini98 esterified kraft lignin using two different diacyl chlorides, sebacoyl 

chloride (SC) and terphthaloyl chloride (TC), and triethylamine as the base, followed by 

copolymerization with polyethylene glycol (PEG) to obtain TC-based and SC-based lignin 
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copolyesters. They conducted the first step of the process (esterification) at 0 C for SC 

and 60 C for TC, followed by the second step (copolymerization) at 120-130 C for SC 

and 180-190 C for TC (9 h) to obtain the corresponding copolyesters with 15, 25, and 35 

% lignin loadings. They reported that a portion of the obtained products was pyridine-

soluble (used for extraction) and thus, that portion proved to be extremely difficult to 

remove and could not be included in the reported characterizations, as well as the reported 

yields. For the extracted portion, however, they reported that both the TC- and the SC-

based copolyesters containing 25 % lignin were stable at up to 300C, which was higher 

than the same values for the initial lignin and the lignin copolyesters without PEG (reported 

in a separate study by Guo et al.99). Furthermore, they reported that increasing the loading 

percentage of lignin in the initial reaction, increased the yield of the obtained copolyesters, 

whereas the yields for the TC-based copolyesters were 25, 45, and 60% using 15, 25, and 

35% lignin loadings, respectively. The same values were 45, 60, and 65% yield for SC-

based copolyester using 15, 25, and 35% lignin loadings, respectively. They also reported 

that increasing the lignin loadings increased the observed Tgs for both the TC- and the SC-

based copolyesters.  

In a report by Fang et al.,100 dimerized acid (DA, Scheme 2-5) was synthesized by 

dimerizing unsaturated fatty acids (derived from tall oil, cottonseed oil, and soybean oil). 

DA was then reacted at 50 C with enzymatically hydrolyzed lignin (EHL) using a cation 

exchange resin (CER) as the catalyst for 5 h to synthesize a graft copolymer, DA-g-EHL, 

through an esterification reaction between DA and EHL. 

 

Scheme 2-5 Esterification of EHL with DA as reported by Fang et al. 

Afterward, they employed the DA-g-EHL graft copolymer in the preparation of modified 

phenolic aldehyde amine (PAA) as a partial replacement for phenol. Specifically, they 
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replaced 25 wt% of the phenol in the PAA samples with either the DA-g-EHL or the EHL 

to obtain two samples and used a commercial PAA sample as the control. Subsequently, 

they used the three samples in 20% loadings as curing agents for epoxy resins. The epoxy 

resins were thereafter cured at 86 C for 3 h. They determined that the bending strength 

and the elongation at break were significantly higher in the epoxy resins cured by DA-g-

EHL modified PAA than in the ones cured with EHL modified PAA, which they attributed 

to the long aliphatic chain, and subsequently several possible conformations of the DA, 

which when grafted onto the EHL can improve the flexibility of the cured epoxy resins. 

The bending strength at break observed for the epoxy resins cured with DA-g-EHL 

modified PAA (89.18 MPa) was almost equal to that of the ones cured with the commercial 

PAA (90.46 MPa) and higher than that of the ones cured with EHL modified PAA (73.87 

MPa). The elongation at break, however, was higher in the case of DA-g-EHL modified 

PAA (7.75 %) than it was for the EHL modified PAA (5.77 %) and the commercial PAA 

(6.62 %). Moreover, they determined that, because of the long chains of DA reducing the 

rigidity of EA and the chain stiffness of the modified PAA, epoxy resins cured with DA-

g-EHL modified PAA had a higher tensile strength (36.22 MPa) than the ones cured with 

EHL modified PAA (34.41 MPa), yet still lower than that of the ones cured with the 

commercial PAA (39.55 MPa).  

Gordobil et al.101 esterified lignin with methacryloyl chloride (MC) using triethylamine as 

the catalyst at 14 C (Scheme 2-6). Acyl chlorides are highly susceptible to 

homopolymerization, and thus, they used hydroquinone as an inhibitor to prevent such a 

phenomenon. They used 4 different lignin samples of organosolv eucalyptus lignin, kraft 

eucalyptus lignin, organosolv spruce lignin, and kraft spruce lignin in the mentioned 

esterification process and reported recovered mass yields of 118, 131, and 165% for 

organosolv eucalyptus lignin, organosolv spruce lignin, and kraft spruce lignin, 

respectively. They reported that yield for kraft eucalyptus lignin was lower than the amount 

of starting material, which they attributed to the high ash content (22.4%) of this sample. 

However, the high amounts of obtained final products can also be attributed to incomplete 

removal of unreacted reaction elements, as they reported solely using distilled water for 

isolating the final products.  
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Scheme 2-6 Esterification of lignin with methacryloyl chloride.101 

Saito et al.102 reported an esterification reaction with dicarboxy-terminated polybutadiene 

(PBD-(COOH)2) with potassium hydroxide as the catalyst on three different lignin 

samples of hardwood kraft lignin (A-lignin), methanol extracted hardwood kraft lignin 

(W-lignin), and formaldehyde-crosslinked methanol extracted hardwood kraft lignin (F-

lignin). The reaction was carried for 24 h at 100 C to yield corresponding lignin-

polybutadiene copolymers, isolated through precipitation in methanol (Scheme 2-7). They 

determined that a mixture of three products were possibly obtained from this reaction as 

lignin bridged with telechelic butadiene via covalent bonding (Scheme 2-7A), lignin 

bridged with telechelic butadiene via ionic bonding (Scheme 2-7B), and formation of an 

interpenetrating network (Scheme 2-7C) due to the presence of K+ cations.  
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Scheme 2-7 Esterification of lignin with dicarboxy-terminated polybutadiene yielding 

products with ester linkages (A), ionic linkages (B), and interpenetrating network (C).102 

They reported that the products of the esterification reactions gave copolymers in the forms 

of a free-standing solid for F-lignin-PBD(COOH)2, a highly viscous liquid for W-lignin-

PBD(COOH)2, and a viscous liquid for A-lignin-PBD(COOH)2. Thus, the F-lignin-PBD 

copolymer was taken as the only product capable of being utilized as a coating. They 

attributed this property to the fact that due to the methanol washing and the reaction with 

formaldehyde, the F-lignin samples contained a higher portion of a high molecular weight 

lignin fraction (as methanol extraction removes the lower molecular weight fractions and 

the reaction with formaldehyde crosslinks the phenolic groups) and thus, the F-lignin 

sample facilitated the formation of a more continuous network with the PBD bridges, while 

the broad distribution of molecular weight in A-lignin resulted in the formation of a less 

continuous network structure.  
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Among the various esterification reactions reported for lignin, one reaction, reported by 

Thielemans and Wool,103 is of particular interest to this thesis. They esterified kraft lignin 

using 5 different anhydrides: acetic anhydride (AA), propionic anhydride (PA), n-butyric 

anhydride (BA), maleic anhydride (MA), and methacrylic anhydride (MethA) to obtain 

corresponding esterified lignins. More specifically, they performed the reactions between 

lignin and AA, PA, and BA without solvents and using lignin:anhydride molar ratio of 1:2 

with 1-methylimidazole (1MIM, 0.5 mL/g lignin). For MA and MethA however, they 

used 1,4-dioxane as the solvent. For MA, they used 1 mL of a 0.5 g of 1MIM in 10 mL 

solvent (per every gram of lignin), and for MethA, 6.1 mL of a 60-to-1 (MethA-1MIM by 

weight) mixture was used as a catalyst. lignin:solvent w/w ratios were 1:2 for MA and 1:4 

for MethA (Scheme 2-8). They reported that, except for MA, all the anhydrides were able 

to successfully cap both the aliphatic and the aromatic hydroxyl groups on lignin. In the 

case of esterification with MA, they determined, through 1H NMR, that only the aliphatic 

hydroxyls were selectively capped, and the aromatic hydroxyls remained unreacted. The 

broad range of anhydrides employed in this report, along with the relatively straightforward 

reaction conditions, make it one of the most interesting studies on lignin modification. 

However, no discussion was made on quantifying the extents of the esterifications, 

determining the optimal reaction conditions, or peak assignments (on cases such as the one 

with MA as mentioned before) in this report. 
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Scheme 2-8 Synthesis of acetylated (A), propionated (B), butyrated (C), maleated (D), and 

methacrylated (E) kraft lignin through esterification with corresponding anhydrides. 
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Esterification, as discussed earlier, is perhaps the most clear-cut chemical modification 

process available for the hydroxyl groups on lignin. However, other hydroxyl-

functionalization reactions are employed that aim to lead to new applications for lignin. 

Phenolation (phenolysis) is another hydroxyl functionalization reaction for lignin. 

Phenolation can be carried out in acidic media, where lignin is reacted with phenol to 

condensate the aromatic rings and the side chains on its structure. This process is 

particularly essential for lignosulfonates, as it can serve to increase the number of phenolic 

hydroxyl groups and thus, increase their susceptibility to chemical modification.104  

Tan105 used cardanol, a natural alkyl phenol derived from cashew nut shell liquid, as the 

phenol source in the phenolation of softwood kraft lignin to produce cardanol-lignin (CL) 

(Scheme 2-9). They then reacted the CL sample with 2,4-toluene diisocyanate (TDI) using 

stannous octoate as the catalyst to obtain cardanol-lignin-based polyurethane (CLPU) 

films. Furthermore, they determined that increasing the CL amount in the CLPU films (up 

to 30 wt%) increased the crosslinking density of the films, while loadings higher than 30 

wt.% had an adverse effect on the crosslink density. They attributed this observation to the 

increase in the functionality level of the film formulations with increasing the CL amount. 

The decrease in the crosslink density after 30 wt% CL incorporations, however, was 

attributed to the increased solvent compatibility, caused by the long alkyl chains (R) on the 

CL samples at loading percentages higher than 30 wt%. 

 

Scheme 2-9 Phenolation of kraft lignin using cardanol as reported by Tan.105 
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Etherification of the hydroxyl functionalities on lignin with alkylene oxides is another well-

studied modification process available. In the case the alkylene oxide in use is propylene 

oxide, the etherification of lignin is referred to as “oxypropylation,” which is the most well-

known lignin etherification reaction and one of the most extensively-studied chemical 

modification reactions for lignin overall.106 The importance of oxypropylation is 

highlighted in the case of incorporating lignin into polyurethane, as this reaction has the 

ability to convert lignin into a polyol that is soluble in most organic solvents and thus can 

be used in preparing polyurethane.107–110 Sadeghifar et al.111 oxypropylated kraft lignin 

through a reaction with propylene oxide (Scheme 2-10). They reported that using propylene 

oxide at milder conditions gave way to selectively masking the phenolic hydroxyls, while 

more extreme conditions would lead to simultaneous ring opening homopolymerization of 

the propylene oxide while masking both the aromatic and aliphatic hydroxyls. They further 

determined that 99% of the phenolic hydroxyl groups on kraft lignin were successfully 

oxypropylated when excess amounts of propylene oxide (2.5 eq.) were used under the mild 

conditions.  

 

Scheme 2-10 Oxypropylation of the phenolic hydroxyls on lignin with propylene oxide.111 

As discussed, modification of the hydroxyls on lignin poses excellent potential for 

valorizing lignin into materials used in various industries and substituting the fossil-based 

materials used in such industries with this abundant, renewable, bio-based resource. 
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2.2.3 Lignin-based Materials 

Several reports are available today with the potential of converting lignin into a compound 

with the ability to be incorporated into materials in substantial percentages and/or offering 

unique properties. With the variety of functional groups present on lignin, comes the 

possibility of using those groups with the aim of adding certain properties to lignin. 

Depending on the end goal, such modifications can be tailored to give desired behavior to 

the natural polymer in target systems.  

 

Scheme 2-11 Synthesis of lignin-Br ATRP macroinitiator and rosin polymer-grafted 

composites (lignin-g-(Rosin Polymer)): LGEMA (X = 2, Y = CH3) using MAEDA (m = 

2, Z = CH3), LGEA (X = 2, Y = H) using AEDA (m = 2, Z = H) , and LGBA (X = 4, Y = 
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H) using ABDA (m = 4, Z = H) as reported by Wang et al.112 Copyright 2011, reproduced 

with permission from John Wiley and Sons. 

Wang et al.112 examined the possibility of preparing highly hydrophobic composites using 

lignin and gum rosin as two renewable materials via ATRP polymerization. They esterified 

lignin with 2-bromoisobutyryl bromide (BiBB) using triethylamine as the catalyst to obtain 

lignin-Br. Afterward, they mixed tris[2-(dimethylamino)ethyl]amine (Me6-TREN), 2-

methacryloyloxyethyl dehydroabieticcarboxylate (MAEDA), and lignin-Br (as the ATRP 

macroinitiator) with Cu(I)Br at 65 C for 24 h to obtain the MAEDA polymer grafted 

lignin (LGEMA). They also prepared 2-acryloyloxyethyl dehydroabieticcarboxylate 

(AEDA) polymer grafted lignin (LGEA) and 4-acryloyloxybutyl 

dehydroabieticcarboxylate (ABDA) polymer grafted lignin (LGBA) samples using the 

same process, substituting the MAEDA with AEDA and ABDA, respectively (Scheme 2-

11).  

Separately,112 they synthesized dehydroabietic acid (DHA)-grafted lignin (Lignin-g-

DHA), also referred to as rosin acid-grafted lignin, by reacting oxalyl chloride with DHA 

to obtain OA-Cl, which was then added to lignin using catalytic amounts of triethylamine 

(Scheme 2-12). 
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Scheme 2-12 Synthesis of rosin acid-grafted lignin (lignin-g-DHA) as reported by Wang 

et al.112 

They reported that the length of the alkyl side groups in the acrylic rosin polymer-grafted 

lignin composites had a significant effect on the Tg values of the composites, as they 

reported Tg values of 20, 70, and 95 C for the LGBA, LGEA, and LGMA composites, 

due to the presence of butyl, ethyl, and methacrylic side chains, respectively. Furthermore, 

they examined the hydrophobicity of the unmodified lignin, lignin-Br, lignin-g-DHA, 

LGEMA, LGEA, and LGBA samples by spin-casting thin films of them on a glass 

substrate and measuring the water contact angles of the prepared films. Subsequently, they 

determined that while the water contact angles for lignin and lignin-Br spin-cast films were 

close (75° and 78°, respectively), the same values increased significantly in the spin-cast 

films of lignin-g-DHA (92°), LGEMA (91°), LGEA (89°), and LGBA (91°) because of 

incorporating hydrophobic rosin moieties into composites of the naturally hydrophobic 
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lignin. The reported values were close to that of hydrocarbon-based polystyrene (90°), 

which was taken as evidence towards the suitability of the prepared composites to act as 

bio-based substitutes for packaging materials made from hydrocarbon-based polystyrene.  

Ismail et al.113 modified and incorporated sodium lignosulfonate (LS) in two series of bio-

based epoxy resins (Scheme 2-13). The first resin (Ser1LSGLYPA) was prepared through 

esterification of equal amounts of LS and ethylene glycol (EG), and LS and glycerol 

(GLY) with excess succinic acid anhydride (SAH) using dimethylbenzylamine (DMBA) 

as the catalyst to synthesize corresponding ester carboxylic acid derivatives of LSEGPA 

and LSGLYPA, respectively, which were then used to crosslink glycerol diglycidyl ether 

(GLYDGE). The LSGLYPA percentages reported were at 0, 20, 40, 60, and 80%. The 

second resin (Ser2GLYDGE) was prepared by esterifying equal amounts of LS and GLY 

with excess SAH using DMBA as the catalyst to synthesize LSGYPA and subsequent 

crosslinking with a mixture of GLYDGE and ethylene glycol diglycidyl ether (EGDGE), 

where the GLYDGE/EGDGE mixture was varied at 0, 20, 40, 60, 80, and 100% (Scheme 

2-13). They reported that the Tg values for both epoxy resins were dependent on the GLY 

content in them, as the values increased with increasing the GLY content in the epoxy 

resins. They also determined that increasing the amount of LSGLYPA in Ser1LSGLYPA 

and the amount of GLYDGE in Ser2GLYDGE did not affect the thermal decomposition 

temperature (Td) and the mass residue at 500 C (MR500) of the prepared epoxy resins, as 

they both showed Td values around 275 C and MR500 values of around 22%. Such epoxy 

resins, prepared using chemically modified lignin, can have applications as crosslinking 

agents for PF resins.  
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Scheme 2-13 Preparation scheme for Ser1LSGLYPA and Ser2GLYDGE epoxy resins as 

reported by Ismail et al.113 Copyright 2009, reproduced with permission from John Wiley 

and Sons. 

Feng et al.114 prepared acetic acid functionalized lignin-based hydrogels (LGA1, LGA2, 

and LGA3) by reacting acetic acid lignin (AAL) with acrylamide (AAm) and 

ethyleneglycol dimethacrylate (EGDMA) as the crosslinker, using hydrogen peroxide as 

the initiator (Scheme 2-14), alongside control hydrogels of AAm and EDGMA with 2,2-

azobisisobutyronitrile (AIBN) as the initiator (PAAm). The AAL:AAM weight ratios used 

in the preparation of the AAL-incorporated hydrogels were 0.5:2.5, 0.5:3.5, and 0.5:4.5 for 

the LGA1, LGA2, and LGA3 hydrogels, respectively.  
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Scheme 2-14 Preparation of AAL-incorporated hydrogels (LGA) as reported by Feng et 

al.114 

They reported that the incorporation of AAL into the hydrogels had minimal effect on their 

decomposition temperatures, as the 5% weight loss temperature remained at around 250 

C for the AAL, LGA2, and PAAm samples. However, the LGA2 hydrogels showed 

higher char formation at 700 C (24 wt%) than the PAAm hydrogels (21 wt%) as a result 

of the incorporation of lignin as a char formation-promoting material. Moreover, they 

determined that decreasing the amount of incorporated AAL in the hydrogels increased 

their swelling degrees noticeably while increasing the amount of the hydrophobic AAL 

would cause slower diffusion of water in the hydrogels. Consequently, they reported that 

the LGA3 hydrogel reached the swelling ratio of 930% within 420 min, while the same 

value was approximately 700% and 820% for the LGA1 and LGA2 hydrogels, 

respectively within the same time frame. Finally, they determined that increasing the lignin 

content in the LGA hydrogels improved the dye-adsorption in them, as the LGA1 hydrogel 

was able to adsorb 29.65 mg of methylene blue per every gram of hydrogel. Such hydrogels 

have the potential to be utilized as a flocculent in waste-water treatment, an unconventional 

potential application of lignin considering its inherent hydrophobicity.114 

Jawerth et al.115 reported the first thiol-ene click reaction on fractionated kraft lignin, by 

allylating the ethanol-soluble fraction of the kraft lignin with allyl chloride in the presence 

of sodium hydroxide to selectively allylate the phenolic hydroxyl groups. They 
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subsequently synthesized lignin-thiol resins by adding the allylated fractionated kraft lignin 

to trimethylpropane tris(3-mercaptopropionate) at different thiol/allyl ether molar ratios in 

silicone molds, followed by heating at 120 °C for 24 h (Scheme 2-15). They reported 

unsuccessful attempts at UV-curing the lignin-thiol resins due to the strong UV absorbance 

of the allylated lignin sample and utilizing non-depolymerized karft lignin in the same 

reaction was not discussed in the report. 

 

Scheme 2-15 Synthesis of lignin-thiol resins from ethanol-soluble fractionated kraft 

lignin as reported by Jawerth et al.115 

2.3    Summary and Knowledge Gaps 

Despite the aforementioned valorization techniques available for lignin today, it is evident 

by the large number of studies in this field and the sheer volume of yet underutilized lignin 

that is being disposed of as waste every day, that the knowledge gap in the area of lignin 

valorization still exists, which amplifies the need for novel, optimized, and target-specific 

approaches to the task of utilizing lignin or modified lignin, a relatively untapped, 

renewable, sustainable, and abundant natural polymer for high-value bio-based materials. 

As the most promising studies in this research area either employ multi-step reactions with 

harsh reaction conditions, seek to depolymerize or fractionate lignin prior to utilization 
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dispose of a portion of the material, or have only been successful at utilizing low 

percentages of lignin (chemically modified or not) in the reported systems, finding simple, 

straightforward approaches with more gentle reaction conditions, capable of incorporating 

appreciable percentages of lignin in its entirety in the target systems can have a detrimental 

effect on enhancing the scientific discoveries in this field and play a crucial role in 

developing a sustainable future for many classes of materials that are currently developed 

from non-renewable fossil fuel-based sources. 
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Chapter 3  

3 UV-Curable Coatings of Modified Lignin 

3.1 Introduction 

“Lignocellulose” is the biomass derived from dry plant matter,1 which consists of three 

major components: cellulose, hemicellulose, and lignin. The importance of lignocellulose 

as a source of energy and commodity chemicals is hallmarked by the availability of this 

renewable, carbon-based resource to produce fuels and chemicals that currently, are 

obtained from petroleum-based sources.2 Among the main constituents of lignocellulose, 

lignin is considered the least utilized component. As a complex cross-linked, racemic3, 

amorphous heteropolymer that is primarily generated as a by-product of the pulp and 

paper industry, lignin is utilized on-site as a fuel for recovery boilers in the form of black 

liquor. However, given the large production volume of 50-55 million tons (and growing) 

per year, a great amount of the material is under-utilized, with only about 2% of the 

lignin by-product being utilized for onwards product development.4,5 

This natural polymer is can be best described as several phenylpropanoid (C9) units that 

are linked together via different linkages (mainly ether and carbon-carbon),6 leading to a 

macromolecular structure that is rich in functional group chemistry (e.g. -OH, -C=O, and 

-OMe),7 which can undergo a variety of chemical reactions aimed at converting this 

industrial by-product into a value-added one. Several processes have been reported in the 

past with the sole purpose of creating higher value products from this untapped resource 

such as fragmentation/depolymerization by thermal conversion,8–14with the purpose of 

breaking down the chemical structure of lignin to obtain commodity reagents (e.g. 

phenolic monomers). On the other hand, processes such as alkylation/de-alkylation,15–

1714–16 hydroxyalkylation,18–20 amination,21,22 and nitration23 focus on chemically 

modifying lignin in order to increase its reactivity towards post-modification through the 

introduction/addition of functional groups. Nevertheless, considering the abundance and 

diversity of hydroxyl groups within lignin’s structure24, chemical modification of the bulk 

material through conversion of the hydroxyl groups is considered a highly viable, if not 

the best, approach to converting lignin into a value-added material. Such modified lignin 
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will have the ability (depending on the type of modification) to undergo various post-

modification processes specifically targeting value-addition. Chemical methods such as 

esterification,25–31 phenolation,32–36 etherification,37–40 and urethanization41 are among the 

commonly used processes reported for modification of lignin via the hydroxyl functional 

groups (Scheme 3-1). 

 

 

Scheme 3-1 Examples of compounds and materials produced by different lignin 

modification processes such as amination,21 fragmentation/depolymerization,42 and 

esterification.26 

Lignin has a significant Ultraviolet- (UV)-absorbing property and therefore, has been 

incorporated into formulations to impart this property into various systems,43,44 and 

therefore, the focus on lignin based coatings has centered on thermally-crosslinked thiol-

ene networks45,46, coatings47–49, or polyurethane thermosets.50–53 Nevertheless, utilizing 

un-purified commercial lignin as a monomer into UV/eb-crosslinkable systems and 

determining the properties of the coatings remain rare and require the use of 

photosensitive moieties as grafted co-monomers, multi-step syntheses, or other additives 

to overcome the inherently UV-absorbing nature of lignin.54,55 Curing coatings by UV 

light is widely accepted as the most efficient method for the rapid generation of highly-

crosslinked, polymer networks from liquid formulations at ambient temperature.56  In 
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comparison to other types of photopolymerization and thermally initiated polymerization, 

UV-curing has several significant advantages that include lower equipment costs, much 

lower energy consumption, rapid curing times, and a imparts a substantial improvement 

on workplace safety as light cured coatings are far less hazardous to manufacture.56,57 

In this context, kraft lignin (KL) was methacrylated using methacrylic anhydride to 

obtain methacrylated lignin (ML). The obtained ML was then incorporated into UV-

curable formulations (up to 31 wt.% ML). The resulting formulations were cured on 

glass substrates as 15 µm thick coatings. Extent and efficiency of chemical modification 

of lignin were analyzed using multinuclear magnetic resonance (NMR) and Fourier 

transform-infrared (FT-IR) spectroscopies. The UV-cured coatings were also 

characterized and analyzed using FT-IR spectroscopy (Attenuated Total Reflectance; 

ATR), Thermogravimetric analysis (TGA), and Drop shape analysis (DSA); Pull-off 

strengths and cohesive/adhesive failures of the prepared coatings were obtained following 

ASTM D4541-09 standard test.  

3.2 Experimental Section 

3.2.1 Materials 

Kraft lignin (KL) was provided by FPInnovations-Thunder Bay Bio-Economy 

Technology Centre. KL samples were crushed into powder using a mortar and pestle and 

heated at 45ºC for 48 hours in vacuo (762 mmHg; C9=180 g). Methacrylic anhydride 

(MethA; 94%, stabilized with 0.2% 2,4-dimethyl-6-tert-butylphenol), 1-methylimidazole 

(1MIM; 99%), and triphenylphosphine (Ph3P; 99%) were purchased from Alfa Aesar and 

used as received. 2,2-Dimethoxy-2-phenylacetophenone (DMPA; 99%), tetra(ethylene 

glycol)diacrylate (TEGDA; technical grade, contains 150-200 ppm monomethyl ether 

hydroquinone (MEHQ) as inhibitor; 100-150 ppm hydroquinone as inhibitor), 

methacrylic acid (MA; 99%, contains 250 ppm MEHQ as inhibitor), 2,2’-biphenol 

(99%), 4-methoxyphenol (99%),  4-(benzyloxy)phenol (98%), benzyl alcohol 

(anhydrous, 99.8%), 3-phenyl-1-propanol (98%), 1,2-phenylenediacetic acid (99%), 

biphenyl-4,4’-dicarboxylic (97%), triethylamine (NEt3; ≥ 99.5%, and 

chlorodi(isopropyl)phosphine ([CH(CH3)2]2PCl, 96%) were obtained from Sigma-
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Aldrich Co. and used as received. 6,6’-methylenebis(2-methoxy-4-methylphenol) was 

prepared using a literature procedure.58 Tetrahydrofuran (THF) was purchased from 

Caledon and dried using an MBraun Solvent Purification System (SPS) for the 

methacrylation process. The same solvent was stored in the drybox over 4Å molecular 

sieves for the reaction with chlorodi(isopropyl)phosphine. Dichloromethane (CH2Cl2) 

and hexanes were purchased from Caledon Laboratories and used without further 

purification. Dimethylsulfoxide-d6 (DMSO-d6) was purchased from Cambridge Isotope 

Laboratories and used without any further purification. 2-[bis(4-

hydroxyphenyl)methyl]benzyl alcohol was purchased from Tokyo Chemical Industry 

Co., Ltd. (TCI America) and used as received.  

3.2.2 Methacrylation of KL 

KL (1.00 g, 5.50 mmol) was added to THF (10 mL) in a round-bottom flask under 

vigorous stirring. The mixture was stirred for 5 min to obtain a homogeneous dark-brown 

solution. A mixture of 1-methylimidazole (1MIM, 0.10 mL, 0.10 mg, 1.25 mmol) and 

methacrylic anhydride (MethA, 0.82 mL, 0.84 g, 5.50 mmol) were then added to the KL 

solution and stirred at 60 ˚C for 60 minutes under an N2 atmosphere. The brown mixture 

was then added dropwise into hexanes (100 mL) while stirring to precipitate a light 

brown powder. The obtained powder was dissolved in CH2Cl2 (10 mL) and washed with 

deionized water (30 mL) to remove the catalyst and any unreacted reagents. The organic 

phase was then precipitated in hexanes (100 mL) and dried in vacuo to give 1.46 g (146 

wt% recovered product yield) ML. 1H NMR (DMSO-d6 , 600 MHz): δH 1.89 (br, 3H, 

CH3), 5.82 (br, 1H, vinyl), 6.14 (br, 1H, vinyl).  

3.2.3 Product Characterization 

Proton NMR spectra were recorded using a Varian INOVA 600 MHz spectrometer on 

solutions of ca. 5 mg of sample dissolved in 1 g of DMSO-d6. 
31P{1H} NMR spectra 

were recorded using a Varian INOVA 400 MHz spectrometer on solutions of 50 mg 

sample, dissolved in 1 g of THF (256 scans, relaxation delay = 5s). All 31P{1H} NMR 

spectra were referenced using 85% phosphoric acid as an external standard (δP = 0.0). 

FT-IR spectra of samples were performed on a PerkinElmer FT-IR Spectrometer using 
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the universal attenuated total reflectance mode (UATR), a diamond crystal, as well as the 

UATR sampling accessory (part number: L1050231). Thermogravimetric analyses 

(TGA) were carried out on samples weighing 5-6 mg, using the Ramp mode at 

temperatures increasing from 25 ºC to 600 ºC at the rate of 10 ºC/min on a Q600 SDT TA 

Instrument and analyzed using TA Universal Analysis. Water contact angles (WCA) 

were measured placing the coatings on the stage of a Kruss DSA100 Drop Shape 

Analyzer (KRUSS GmbH, Hamburg, Germany). A static drop shape analyzer was used 

to determine the water contact angle on the surface. 

A modified version of the method reported by Argyropoulos24,59 was employed for 

quantitative 31P{1H} NMR analysis of KL compared with ML to quantify the OH groups 

on the KL sample, quantitatively determined the extent to which the hydroxyl groups 

were successfully converted during the methacrylation process. KL (0.05 g, 0.28 mmol) 

was added to THF (2 mL) in a round-bottom flask under vigorous stirring in the dry-box. 

The mixture was stirred for 5 min. to obtain a dark brown solution. NEt3 (0.19 g, 261 µl, 

1.88 mmol) was added to the mixture under stirring and stirred for 1 min. and then 

chlorodiisopropylphosphine ([CH(CH3)2]2PCl; 0.085 g, 90 µl, 0.56 mmol) was added and 

the reaction mixture was stirred for 10 min at ambient temperature. The reaction mixture 

was then precipitated in n-pentane (10 mL) and dried in vacuo to obtain a light brown 

powder. The dried powder was swelled in THF (1.7 mL) and inserted into an NMR tube. 

50 µL of a 0.05 molar solution of Ph3P (2.5×10-6 mols) in THF was transferred into a 

capillary tube, flame-sealed, and inserted into the NMR tube containing the product and 

31P{1H} NMR spectra were collected. The same procedure was carried out on the 

obtained ML sample and the extent of methacrylation was determined by comparing the 

integrations of the observed peaks in relative to the external standard. Different regions of 

the obtained 31P{1H} NMR spectrum were identified using small molecule, model 

reactions of corresponding hydroxyl-containing substrates with [CH(CH3)2]2PCl. 

3.2.4 Small Molecule Reactions 

A general procedure was employed for model the reactions of [CH(CH3)2]2PCl with 

hydroxyl-containing small molecules. Briefly, one molar equivalent of each small 

molecule was dissolved in THF (5 mL) in the dry-box. Excess NEt3 was added to the 
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stirred solution, followed by addition of 1 molar equivalent [CH(CH3)2]2PCl. A sample of 

the reaction mixture was transferred to an NMR tube, and 31P{1H} NMR spectra were 

obtained.  

2,2’-biphenol, 4-methoxyphenol, and 4-(benzyloxy)phenol were used as model small 

molecules containing uncondensed phenolic hydroxyl groups. 31P{1H} NMR (400 MHz): 

δP = 148.3, [C6H4OP(C3H7)2]2; 149.4, CH3O(C6H4)OP(C3H7)2; 149.5, 

(C6H5)CH2O(C6H4)OP(C3H7)2. 

Benzyl alcohol and 3-phenyl-1-propanol were used to represent aliphatic hydroxyl 

groups. 31P{1H} NMR (400 MHz): δP = 154.6, (C6H5)CH2OP(C3H7)2; 151.5, 

(C6H5)C3H6OP(C3H7)2. 

2-[bis(4-hydroxyphenyl)methyl]benzyl alcohol was used as a small molecule comprising 

both aliphatic and uncondensed phenolic hydroxyl groups on its structure. 31P{1H} NMR 

(400 MHz): δP = 154.9, [(C6H4)OP(C3H7)2]2CH[(C6H4)CH2OP(C3H7)2]; 148.1, 

[(C6H4)OP(C3H7)2]2CH[(C6H4)CH2OP(C3H7)2]. 

To assign where the chemical shifts for the product of the reaction of COOH groups with 

[CH(CH3)2]2PCl would be observed, biphenyl-4,4’-dicarboxylic acid was used. 31P{1H} 

NMR (400 MHz): δP = 144.4, [(C3H7)2POC(O)C6H4]2. 

Finally, 6,6’-methylenebis(2-methoxy-4-methylphenol) was reacted with 

[CH(CH3)2]2PCl to assign the peak region of the product of condensed aromatic hydroxyl 

groups. 31P{1H} NMR (400 MHz): δP = 162.1, [CH3(C6H5)(OCH3)(OP(C3H7)2)]2.  

3.2.5 UV-Cured Coatings of Methacrylate Lignin (ML) and 
Characterization 

Mixtures, containing different weight percentages of ML (0, 10, 20, and 31 wt.%), equal 

amounts of photoinitiator (2,2-Dimethoxy-2-phenylacetophenone; DMPA; 5 wt.%), 

reactive diluent (methacrylic acid; MA 38 wt.%, incorporated into the coating after 

curing) and corresponding amounts of crosslinker (tetra(ethyleneglycol)diacrylate; 

TEGDA) were weighed and combined in screw top vials and sonicated at room 

temperature for 20 min to obtain particulate- and haze-free formulations, which were then 
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cast on clean glass slides (or stainless steel sheets in case of the coating-to-surface 

adhesion tests) using a 12-inch meyer rod (AP-JR10, Jr. rod, 12 inch OA, 3/8 inch DIA, 

8-1/2 inch EP, #10 wire). Photopolymerization was then performed using a modified UV-

curing conveyor system, purchased from UV Process and Supply Inc. with a mercury 

bulb (UVA: 154 mW/cm2, 189 mJ/cm2, UVB: 74 mW/cm2, 90 mJ/cm2; as determined by 

a PP2-H-U Power Puck II purchased from EIT Instrument Markets) by placing the 

formulation cast surfaces on a conveyor (5.8 cm/s speed) for 25 s and irradiating with UV 

light to give coatings of 15 µm thickness as measured by a micrometer. Coating-to-

surface adhesion for pull-off strengths and cohesive/adhesive failures of the prepared 

coatings were performed were obtained following ASTM D4541-09ε1 standard test, using 

a PostiTest pull-off adhesion tester (type V, self-aligning), purchased from Defelsko 

Corporation USA on coatings of 15 µm thickness, applied and cured on 20×15 cm 

stainless steel sheets. The procedures for determining the coating properties were all 

carried out in triplicates to ensure reproducibility and the results are reported as mean ± 

standard deviation.  

3.3 Results and Discussion 

3.3.1 Methacrylation of KL 

Methacrylic anhydride (MethA) and 1-methylimidazole (1MIM) were used as the 

methacrylating reagent and the catalyst, respectively (Figure 3-1a). Samples of the 

reaction mixture were evaluated by 1H NMR spectroscopy and showed three new signals 

for the ML sample as compared to the KL sample. The broad signal at δH = 1.89 was 

assigned to the methyl functionality and the signals at δH = 5.82 and 6.14 were attributed 

to the olefinic protons of the methacrylate group and gave strong evidence for grafted 

methacrylate groups onto lignin (Figure 3-1b). 

FT-IR spectroscopy was performed on KL and the prepared ML samples (Figure 3-1c). 

Spectra of ML repeatedly showed significantly decreased signals at 3200-3500 cm-1 (s, 

br; O-H) relative to KL along with a corresponding increase in in the signal at 1735-1750 

cm-1 (C=O), providing corroborating evidence for the methacrylation of lignin and the 

transformation of hydroxyl to acrylate. After methacrylation, IR signals increased in the 



63 

 

ML product at 1000-1320 cm-1 and 650-1000 cm-1 corresponding to stretching vibrations 

of C‒O (ester) and bending vibrations of the unsaturated C=C groups, respectively. 

Taken together, these spectroscopic signatures provide strong evidence for the successful 

grafting of lignin. 



64 

 

 

Figure 3-1 Reaction scheme for methacrylation of lignin using methacrylic anhydride 

(MethA) and 1-methylimidazole (1MIM) (a), along with 1H NMR (b) and FTIR (c) 

spectra of KL (A) and ML (B). 
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3.3.2 Quantification of the Hydroxyl Functionalities of KL 

Other studies have utilized 31P{1H} NMR spectroscopy for quantifying the hydroxyl-

based functional groups in lignin. Such work used 4,4,5,5-tetramethyl-1,2,3-

dioxophospholane, in the presence of chromium(III) acetylacetonate (relaxation reagent) 

to probe a native lignin sample and the modified lignin.24,59,60 In this current work, 

chlorodi(isopropyl)phosphine ([CH(CH3)2]2PCl) was used to install a phosphine 

functional group that aided in the identification and quantification of the hydroxyl 

environments within the structure of lignin.  This is a good mimic for the phospholene 

employed by Argyropoulos, given the comparable steric and electronic demand. After 

dehydrohalogen coupling, the various locations of P throughout lignin gave separate 

signals for the different O-P functional group environments (aliphatic, δP = 160-170; 

uncondensed aromatic, δP = 147-150; condensed aromatic, δP = 150-160; and carboxyl, 

δP = 136-147). After the lignin has undergone methacrylation (i.e. to form ML), the 

chlorophosphine was again utilized as a probe for residual OH groups that remained 

unfunctionalized. To correlate 31P{1H} signals arising from the dehydrocoupling reaction 

promoting the P-O linkage to lignin, benchmark reactions with small molecule models 

were completed. The stoichiometry of OH groups within lignin was correlated by 

referencing the signal integrations with a known internal standard, Ph3P. In a typical 

reaction of either small molecule or lignin itself (Scheme 3-2), corresponding signals 

appear in the 31P{1H} spectra that resulted from the dehydrohalogen coupling.  
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Scheme 3-2 Reaction scheme of kraft lignin and small molecules representing different 

hydroxyl functionalities with chlorodi(isopropyl)phosphine along with the corresponding 

chemical shifts of the products. Chemical shifts of the structural motifs were in good 

agreement with related molecular architectures.61,62,63  

Spectroscopic signals ranging from δP = 136-170 were observed and the obtained signals 

were used to identify four regions corresponding to different types of O-P environments 

and by extension we identified the -OH functionalities within the KL sample (Figure 3-

2). The signal range was then integrated in comparison with the external standard (Ph3P, 

2.5 × 10-6 mols, δP = -4) to determine the amount of -OP functionalities within 0.05 g of 

the sample.  
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2.5 × 10−6𝑚𝑜𝑙 𝑃ℎ3𝑃 ×
 𝑖𝑛𝑡. 𝑲𝑳 − 𝑷𝒊

1.00 𝑖𝑛𝑡. 𝑃ℎ3𝑃
×

180𝑔 𝑲𝑳

0.05 𝑔 𝑲𝑳 × 𝐶9
×

1𝑚𝑜𝑙 𝑂𝐻

1𝑚𝑜𝑙 𝑲𝑳 − 𝑷𝒊
 

            ≅ 1.5 ± 0.2 
𝑚𝑜𝑙 𝑂𝐻

𝐶9
        Equation S-1 

Thus, it was determined that each C9 unit within the KL sample, contained an average of 

1.5 ± 0.2 mol hydroxyl functionalities. This process was carried out in triplicate to 

confirm its reproducibility. The breakdown of each of the regions gave the corresponding 

amounts of each type of hydroxyl functionality Once the corresponding regions were 

identified, this information was used along with the Ph3P standard to identify and 

quantify the number and type of O-P functionalities within KL and ML samples per 

gram of sample (Figure 3-3). The KL sample contained 0.86 mmolg-1 aliphatic hydroxyl 

groups, 0.70 mmolg-1 uncondensed phenolic hydroxyl groups, 1.76 mmolg-1 condensed 

phenolic groups, and 0.85 mmol.g-1 carboxylic groups, on average. Furthermore, we 

determined that on average, every C9 unit on lignin contains 1.5 ± 0.2 molar equivalents 

of hydroxyl functionalities. The 31P{1H} NMR spectroscopic analyses were performed in 

triplicate. 
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Figure 3-2 31P{1H} NMR spectra of products (Scheme 3-2) obtained from reaction of 

chlorodi(isopropyl)phosphine with kraft lignin (A), biphenyl-4,4’-dicarboxylic acid (B; 

δp = 144.4), 6,6’-methylenebis(2-methoxy-4-methylphenol) (C; δp = 162.1), 2-[bis(4-

hydroxyphenyl)methyl]benzyl alcohol (D; δp = 154.9, uncondensed aromatic, δp = 148.1, 

aliphatic), 4-(benzyloxy)phenol (E; δp = 149.5), 2,2’-biphenol (F; δp = 148.3), 4-

methoxyphenol (G; δp = 149.4), benzyl alcohol (H; δp = 154.6), and 3-phenyl-1-propanol 

(I; δp = 151.5). 

3.3.3 Extent of Methacrylation 

To determine the EOM, ML was reacted with [CH(CH3)2]2PCl using the same reaction 

conditions and parameters as previously described for reacting the KL sample with 

[CH(CH3)2]2PCl. Using the same amount of Ph3P as the external standard while obtaining 

the 31P{1H} spectrum of the product of reacting ML with [CH(CH3)2]2PCl (Figure 3-3), 

we were able to quantify residual hydroxyl functionalities on the ML sample that were 

not converted in the methacrylation process. Using this approach, the EOM was found to 

be 70 ± 1.7%, where all carboxylic and uncondensed aromatic hydroxyls, as well as 
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72.27% and 44.48% of the aliphatic and the condensed aromatic hydroxyls were 

respectively determined to be completely converted through this process. 

 

Figure 3-3 31P{1H} NMR spectra of products obtained from the reaction of KL (A) and 

ML (B) with [CH(CH3)2]2PCl. 

3.3.4 Preparation and Characterization of UV-Cured Coatings Using 
ML 

While the KL sample had a naturally dark brown color and limited solubility in common 

organic solvents, the ML sample had a much better solubility profile, making UV-curing 

more facile. ML-based UV-cured coatings were prepared using formulations consisting 

of ML, photoinitiator (DMPA; 5 wt.%), reactive diluent (MethAcid, 38 wt.%), and 

corresponding amounts of crosslinker (TEGDA) as described in Table 3-1. The cast 

formulations were applied onto the corresponding surfaces (glass or stainless steel) using 

a Meyer rod, and cured on a UV-curing conveyor (Scheme 3-3). Coatings containing 

more than 31 wt.% ML were not curable under UV-light, likely due to the decreased 

transparency of the formulations at higher ML loadings, preventing effective penetration 

of the coatings by UV light. 
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Scheme 3-3 Process description for incorporating lignin into UV-cured coatings 

(TEGDA = tetraethyleneglycoldiacrylate; MA = methacrylic acid; DMPA 

(photoinitiator) = 2,2-Dimethoxy-2-phenylacetophenone.  

ATR-FTIR spectra were obtained before curing and for freshly prepared coatings after 

removing from the surface with a scalpel and grinding into powder form using a mortar 

and pestel. The peak corresponding to C=O (1720 cm-1) was used as an internal standard 

as its intensity does not change upon curing. The C=C (1620-1680 cm-1) peak was 

devoncoluted from the adjacent C=O peak in each spectra, the corresponding intensity 

was compared to the intensity of the internal standard peak before and after curing and 

the cure percentage was calculated as the percent decrease in the relative intensity of the 

C=C peak (Figure 3-4, 100% corresponding to zero C=C functionality remaining). Figure 

3-5a shows the cure percentages corresponding to the wt.% of ML in each coating. It was 

determined that more of the liquid formulation was cured as the amount of ML was 

increased in the formulation (Table 3-1), which was attributed to the inherently high 

cross-link density provided by the ML 
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Figure 3-4 ATR-FTIR spectra of the prepared liquid formulations and cured coatings, 

highlighting the reduction in the intensity of the C=C peak (corresponding to the cure 

percentage). Values shown on the deconvoluted peaks represent the peak intensities used 

for determining corresponding cure percentages.  

Drop shape analysis was used to determine the effect of the ML-incorporation on the 

hydrophobicity of the prepared UV-cured coatings (Figure 3-5b). It was determined that 

the incorporation of ML into the prepared coatings increased their hydrophobicity, with 

the measured water contact angle of the ML0 and the ML31 being 43.1 ± 0.3 and 51.2 ± 

0.6 degrees, respectively (Table 3-1). The obtained values are in-line with the 

hydrophobic nature of lignin or lignin derivatives27,64,65 and comparable to the same 

values reported for thermally cured lignin-based coatings.66 

Pull-off adhesion tests were performed on the prepared coatings to determine the actual 

pull-off force (F) required to detach a steel dolly (14 mm diameter) that was affixed to 

coatings cured on stainless steel substrates (Figure 3-5c). Liquid formulations containing 

known amounts of ML (0, 10, 20, and 31 wt.%) were applied to clean steel plates 

(approximately 12 cm by 24 cm) and cured under UV-light. Coated surfaces were 

degreased using acetone to remove any oil, moisture, or dust. the surfaces were then 
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abraded using a 3M abrasive pad to promote adhesion between the surface and the 

dollies. A mixture of Loctite 907 Hysol adhesive was prepared according to the standard 

procedure and applied on the bases of 14mm dollies (approximately 50-100 microns 

thick); Dollies were then placed on the coated surfaces and pushed carefully to avoid any 

sliding. Any excess adhesive around the edges of the dolly was removed with cotton 

swabs. The dollies were then left for 3 days to let the adhesive cure completely. After 3 

days, the dollies were connected to the tester using the provided actuator assembly. 

Following the manufacturer’s instructions, tests were carried out at MPa rates of 0.40, 

0.70, 1.40, 2.00, and 2.50 to obtain the pressure required for pulling the attached dolly off 

the coated surface. Each coating was tested in triplicate and the results were reported as 

mean ± standard deviation. The required force for each coating was calculated according 

to the equation provided in the standard test procedure: 𝑋 =  
4𝐹

𝜋𝑑2; where X represents 

greatest mean pull-off stress applied during a pass/fail test, or the pull-off strength 

achieved at failure (both have units of MPa); F represents the actual force applied to the 

test surface (N); and d stands for the equivalent diameter of the original surface area 

stressed (mm). It was determined that increasing the amount of ML in the coating 

formulation up to 31 wt.%, increased the force required for pulling the corresponding 

coating off the surface by 278 N (Table 3-1). 
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Figure 3-5 Determined cure percentages (a), water contact angles (b), actual pull-off 

forces (c), and adhesive/cohesive failures (d) of the ML-based UV-cured coatings. 

Percentages of adhesive and cohesive failures were calculated by determining the 

respective areas on the dollies representing adhesive (area of the coating attached to the 

dolly after pull-off) and cohesive failures (area of the coating with visibly lost 

cohesiveness; Figure 3-5d). During the pull-off adhesion test, each tested surface was 

monitored to measure the cohesive and adhesive failures. Adhesive failure refers to the 

percentage of the coating which fails to stick on the surface, whereas the cohesive failure 

refers to the percentage of the coating that fails to keep its entirety and is divided into two 

layers (i.e. one sticking to the dolly and one to the surface). The area of the dolly was 

measured prior to the test (b). The area of coating attached to the dolly after the pull-off 

test was measured as well (a). Comparing these two recorded values gave the adhesive 
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failures as: 𝐴. 𝐹. =  
𝑎

𝑏
× 100. If the coatings were to detach from the surface in a non-

cohesive manner (losing its entirety), the area of non-cohesive coating left on the dolly 

would be recorded (c). Comparing this area with the total surface of the dolly (b) would 

then give the cohesive failure as: 𝐶. 𝐹. =  
𝑐

𝑏
× 100. Each measurement was carried out in 

triplicate to ensure its reproducibility. As no cohesive failure was observed for any of the 

coatings, no mean and standard deviation was reported for the cohesive failures. While 

none of the coatings showed any signs of cohesive failure, the percentage of adhesive 

failure decreased as the amount of ML was increased in the coating formulation (Table 3-

1). 

Table 3-1 Formulation details for ML-based UV-cured coatings. 

Composition or property ML0 ML10 ML20 ML31 

ML (wt.%) 0 10 20 31 

DMPA (wt.%) 5 5 5 5 

MA (wt.%) 38 38 38 38 

TEGDA (wt.%) 57 47 37 27 

Cure percentage (%) 43.4 ± 1.7 47.7 ± 2.3 66.2 ± 1.2 69.2 ± 1.1 

Water contact angle (°) 43.1 ± 0.3 45.2 ± 0.6 48.2 ± 0.5 51.2 ± 0.6 

Pull-off force (N) 407.7 ± 7.8 498.5 ± 8.7 607.2 ± 6.1 685.7 ± 5.1 

Adhesive failure (%) 20.6 ± 3.1 20.6 ± 3.1 16.5 ± 2.6 7.0 ± 1.6 

Cohesive failure (%) 0 0 0 0 

Td onset (°C) 86.2 ± 1.7 140.5 ± 1.0 160.9 ± 0.8 165.3 ± 0.9 

Wt.% at 600 °C 3.7 ± 1.3 13.3 ± 1.8 15.9 ± 1.5 21.9 ± 1.0 
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After casting and curing the formulations on glass slides, each coating was scraped off 

the glass surface using a scalpel and crushed using a mortar and pestle. Each crushed 

sample was heated at 40 C in vacuo for 24 h before measuring its thermal properties. 

Thermogravimetric analyses were then performed on the crushed coating samples to 

examine the effect of ML-incorporation on the thermal stability of the coatings at high 

temperatures (Figure 5). It was observed that the methacrylation of lignin, along with the 

incorporation of ML into the prepared coatings, impacted the Td onset temperatures of 

the coatings. The Td onset values of the KL sample (99.2 ± 0.9 C) increased by 60.6 C 

upon methacrylation (159.8 ± 1.7 ℃ for ML). While increasing the amount of ML in the 

UV-cured coatings the Td onset temperatures increased to 86.2 ± 1.7, 140.5 ± 1.0, 160.9 ± 

0.8, and 165.3 ± 0.9C for the ML0, ML10, ML20, and ML31 coatings, respectively. 

Similarly increasing ML amounts in the coatings increased the retained weight at 600 ℃, 

i.e., increased char formation, resulting from the presence of lignin with inherently 

crosslinked structure that promotes char formation.10,66 

 

Figure 3-6 Thermogravimetric analysis of the KL(A) and ML(B) samples, along with 

the ML0 (C), ML10 (D), ML20 (E), and ML31 (F) coatings, representing the obtained 
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thermograms under N2, as well as the onset decomposition temperatures (Td onset) and 

the retained weights (char) at 600 ℃ (wt.%) for each sample. 
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Chapter 4 

4 Methacrylation of Kraft Lignin for UV-Curable Coatings: 
Process Optimization Using Response Surface 
Methodology 

4.1    Introduction 

Lignin is a complex, racemic,1 and aromatic heteropolymer, composed of mainly three 

phenylpropanoid (C9) units: p-coumaryl alcohol, coniferyl alcohol, and synapyl alcohol 

containing zero, one, and two methoxy functionalities, respectively, linked mainly by ether 

bonds (β-O-4 or α-O-4) and C-C (5-5) linkages.2,3 Lignin as the main component in 

lignocellulosic biomass is an abundant natural polymer second only to cellulose. It is 

currently produced in large quantities as technical lignin, such as kraft lignin (KL), 

byproduct from the pulping processes, which is however utilized mainly as low-value solid 

fuel for heat production and for regeneration of pulping chemicals in recovery boilers.4 As 

such, lignin is an under-utilized sustainable resource. 

Lignin’s chemical structure, particularly the relative abundance of hydroxyl 

functionalities,5 provides the potential for the macromolecule to undergo various chemical 

modification processes for the production of high-value bio-based products.6–8 The 

chemical modification of hydroxyl functionalities has been the subject of many studies, 

aiming to convert lignin into a material that is suitable for post-modification and 

subsequent incorporation into various products that are currently produced from fossil-

resources. Such chemical modifications have also proved to improve lignin’s limited 

solubility in common organic solvents and subsequently, increase the possibility of 

incorporating lignin into different supramolecular systems.8–10 Tan11 reported that 

phenolation of the aliphatic hydroxyl functionalities within lignin with excess amounts of 

cardanol, a natural alkyl phenol, for 6 h at 60 °C, resulting in the addition of phenolic 

hydroxyls in lignin and making it a more suitable polyol for the preparation of bio-based 

polyurethane coatings. Sadeghifar et al.12 reported oxypropylation (i.e., etherification of 

phenolic hydroxyl functionalities with propylene oxide) of kraft lignin at 40 °C for 18 h, 

using excess amounts of propylene oxide. Wang et al.13 reported that esterification of 
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lignin’s hydroxyl functionalities with 2-boromoisobutyryl bromide (BiBB). They 

subsequently employed the synthesized lignin-Br material as an atom transfer radical 

polymerization (ATRP) macroinitiator with 2-methacryloxyethyl 

dehydroabieticcarboxylate (MAEDA), 2-acryloyloxyethyl dehydroabieticcarboxylate 

(AEDA), and 4-acryloxybutyl dehydroabieticcarboxylate (ABDA), respectively, to 

prepare corresponding MAEDA-, AEDA-, and ABDA-polymer grafted lignin materials 

with increased water contact angles as spin-cast films.13 In a separate study, Wang et al.14 

reported conversion of lignin to lignin-Br, using excess amounts of BiBB for 25 h at 0 °C, 

which yielded ca. 65% lignin-Br material as an ATRP macroinitiator to synthesize lignin-

graft-polystyrene (lignin-g-PS) and lignin-graft-poly(styrene-co-acryloyl benzophenone) 

(lignin-g-poly(styrene-co-ABP) co-polymers. Thielemans and Wool15 reported that 

esterifying lignin with excess amounts of methacrylic anhydride for 18 h at 50 °C resulted 

in metacrylation of both the aliphatic and the phenolic hydroxyl functionalities within its 

chemical structure, yielding 55% of esterified lignin products as a suitable candidate for 

incorporation into unsaturated thermoset systems. 

Although the reported studies on the chemical modification of lignin present very 

interesting chemistry, some major setbacks of the reported process of lignin modification 

are: (1) all were on a lab-scale; (2) the majority of the reported processes do not operate 

under optimized conditions; and (3) to the best of our knowledge, most chemical 

modification processes for lignin generally need excess amounts of reagents, as well as 

relatively long reaction times, yielding relatively low amounts of final products.15–17 While 

a shorter reaction time is always desirable for industrially-feasible processes, the use of 

excess reagent amounts can harm the process’s feasibility both in terms of its upfront costs, 

and the work-up costs of the process to recycle the unreacted reagent. Although lignin’s 

low cost and renewability make it an appealing starting material to produce high-value 

bioproducts, an expensive, complicated, and low-yield process would lead to expensive 

final products, regardless of the price of the starting material. To take full advantage of the 

sustainability that lignin offers, processes aiming at converting lignin into value-added 

products must be optimized, to achieve the highest possible efficiency for up-scale 

production. 
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Response surface methodology (RSM) comprises a set of mathematical and statistical 

techniques capable of obtaining an adequate functional relationship between a response 

and several associated input variables. Although unknown, this relationship can be 

approximately depicted depending on the complexity of the system. Among the available 

RSM designs, central composite design (CCD) is the most commonly employed. CCD 

starts with a first order design (fitting a first-degree model) and uses additional points to fit 

the second-degree model, which can be depicted by the following equation.18,19 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖

𝐾

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑋𝑖
2 +

𝐾

𝑖=1

∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

𝐾

𝑗=𝑖+1

𝐾=1

𝑖=1

+ 𝜀 

Equation 4-1 

Where 𝑌  is the response in the study and 𝑋𝑖  and 𝑋𝑗  are independent variables, 𝜀 

corresponds to the noise/error component in the response and 𝛽0, 𝛽𝑖, 𝛽𝑖𝑖, and 𝛽𝑖𝑗 represent 

the regression coefficients of the intercept, linear, quadratic and interaction parameters, 

respectively.19 

The present work aimed at transforming lignin - the under-utilized sustainable resource 

into a methacrylated lignin (ML) for UV-curable coatings. The process parameters (i.e. 

reaction time, reaction temperature, and the reagent/lignin molar ratio) for the 

methacrylation of kraft lignin (KL) were optimized using response surface methodology 

with a central composite design to maximize the mass yield of the synthesized 

methacrylated lignin (ML). The obtained ML material was then incorporated into a UV-

curable formulation at 30 wt.% and cast as a 25 µm thick coating film on a glass slide 

subject to UV-curing. The obtained coating was then characterized with respect to its 

thermal stability, water contact angle, and crosslinking percentage. 

4.2    Materials and Methods 

4.2.1 Materials 

Kraft lignin (KL) was provided by FPInnovations, produced by FPInnovations-Thunder 

Bay Bio-Economy Technology Centre (Mw ~10,000 g/mol, based on GPC-UV analysis; 



84 

 

0.57 wt.% ash; and 5.2 wt.% sulfur on a dry ash free basis). The KL samples were 

crushed into powder using a mortar and pestle and heated at 45ºC for 48 hours under 

vacuum (-762 mmHg; C9=180 g). Methacrylic anhydride (MethA; 94%, stabilized with 

ca. 0.2% 2,4-dimethyl-6-tert-butylphenol) and 1-methylimidazole (1MIM; 99%) were 

purchased from Alfa Aesar and used as received. Chlorodi(isopropyl)phosphine  

([CH(CH3)2]2PCl, 96%) and 2-hydroxy-2-methylpropiophenone (HDMAP; 97%) were 

obtained from Sigma-Aldrich Co. and used as recieved. EBERCYL® 1360 (EB-1360, a 

hexafunctional silicone hexaacrylate resin from Allnex company) as a crosslinker for UV 

curing was purchased from Allnex Belgium SA. and used as received. Tetrahydrofuran 

(THF) was purchased from Caledon and dried using an MBraun Solvent Purification 

System (SPS) for the methacrylation process. The same solvent was stored in the drybox 

over 4 Å molecular sieves for the reaction with chlorodi(isopropyl) phosphine. 

Dichloromethane and hexanes were purchased from Caledon Laboratories and used 

without further purification. Dimethylsulfoxide-d6 (DMSO-d6) was purchased from 

Cambridge Isotope Laboratories and was used without any further purification. 

4.2.2 Characterization Methods 

1H NMR spectra were recorded using a Varian INOVA 600 MHz spectrometer (1H, 599.5 

MHz; 13C, 150.8 MHz; 31P, 242.6 MHz) and referenced to residual DMSO (2.5 ppm). 

31P{1H} NMR spectra were recorded using a Varian INOVA 400 MHz spectrometer (1H, 

400 MHz; 13C, 158 MHz; and 31P{1H}, 162 MHz) and referenced using an external 

standard (85% H3PO4; δP = 0). FT-IR spectra of samples were performed on a PerkinElmer 

FT-IR Spectrometer using the universal attenuated total reflectance mode (UATR), a 

diamond crystal, as well as the UATR sampling accessory (part number: L1050231). 

Thermogravimetric analyses were carried out on samples weighing ca. 5-6 mg, using the 

Ramp mode at temperatures increasing from 25 ºC to 800 ºC at the rate of 10 ºC/min on a 

Q600 SDT TA Instrument and analyzed using TA Universal Analysis. Crosslinking 

percentages were calculated by comparing the signal intensity at 800 cm-1, corresponding 

to the C=C bending vibrations in the FTIR spectra of the liquid UV-curable formulation 

(before curing) and the solid UV-cured coating samples. Water contact angles (WCA) were 

measured using a Kruss DSA100 Drop Shape Analyzer. UV-curing was performed using 



85 

 

a modified UV-curing conveyor system, purchased from UV Process and Supply Inc. with 

a mercury bulb (UVA: 154 mW/cm2, 189 mJ/cm2, UVB: 74 mW/cm2, 90 mJ/cm2; as 

determined by a PP2-H-U Power Puck II purchased from EIT Instrument Markets). 

4.2.3 Methacrylation of KL 

The methacrylation processes were carried out in 10 mL round-bottom flasks by reacting 

KL with MethA in THF sovlent in the presence of 1MIM as catalyst at 40-80C for 20-

100 min. In a typical run (the center point of the CCD as shown in Table 1: 60 C, 60 min 

and 1MIM/KL = 0.22), dried KL (200 mg, 1.1 mmol) was added to 2 mL THF in the 

round-bottom flask under vigorous stirring. The mixture was stirred for ca. 5 min to obtain 

a homogeneous dark-brown solution. A mixture of 1MIM (19 µL, 19 mg, 0.24 mmol) and 

MethA (165 µL, 171 mg, 1.1 mmol) was then added to the previous solution and stirred at 

60 ˚C for 1 h under N2 atmosphere. The brown mixture was then added dropwise to 20 mL 

hexanes under stirring to precipitate a light brown powder. The obtained powder was 

dissolved in DCM and washed with water to remove the catalyst and any unreacted reagent. 

The organic phase was then precipitated in 20 mL hexanes and dried under vacuum to give 

ML. 1H NMR (DMSO-d6 , 600 MHz): δH 1.89 (br, 3H, CH3), 5.82 (br, 1H, vinyl), 6.14 (br, 

1H, vinyl). The obtained powder was then weighed to determine the reaction yield. The 

recovered mass yield was calculated as follows: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑀𝑎𝑠𝑠 𝑌𝑖𝑒𝑙𝑑 (𝑤𝑡. %) =
𝑚𝑀𝐿

𝑚𝐾𝐿
× 100 Equation 4-2 

Where 𝒎𝑲𝑳 is the weight of KL as starting material and 𝒎𝑴𝑳 is the weight of the final 

product. 

4.2.4 Experiment Design 

A central composite design (CCD), incorporating 3 independent variables (i.e., reaction 

time (min), reaction temperature (℃), and KL/1MIM molar ratio) was used to optimize 

the KL methacrylation process. The design contained 8 cube points, 6 axial points, and 1 

center point and consisted of 20 runs, including 6 replicate runs to examine the 

reproducibility of the center point conditions. Ranges for the three variables in this design 
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were chosen based on our preliminary experiments and the literature.15,20 The variables and 

their corresponding levels are detailed in Table 4-1. Response surface methodology was 

implemented, and the results were interpereted using MiniTab 17. The response surface 

design was analyzed to optimize the synthesis condition of ML and probe the relative or 

interactive effects of KL/1MIM molar ratio, reaction temperature, and reaction time on 

the amount of obtained product from the methacrylation reaction. 

Table 4-1 Independent variables and their levels in the central composite design. 

 Coded level of variables 

Variables Unit Term -1.682 -1 0 1 1.682 

Reaction temperature ℃ X1 43 50 60 70 77 

Reaction time min X2 26 40 60 80 94 

1MIM/KL mol/mol X3 0.186 0.200 0.220 0.240 0.253 

 

4.2.5 Preparation of ML-based UV-Cured Coatings 

In 2 separate vials, two mixtures containing 0 and 30 wt.% ML, equal amounts of 

photoinitiator (5 wt.% HDMAP), corresponding amounts of the crosslinker (95 and 65 

wt.% EB-1360), and 100 mg CH2Cl2 were mixed and sonicated for ca. 15 min to obtain 

particulate- and haze-free solutions. The obtained formulations were then cast on clean 

glass slides, using a 12-inch meyer rod (AP-JR30, 12-inch OA, 3/8-inch DIA, 8-1/2-inch 

EP, #30 wire) and placed on the UV-curing conveyor system and irradiated with UV-light 

to give coatings of ca. 76 µm thickness. 

4.3    Results and Discussion 

4.3.1 Modelling and Analysis of Variance 

Detailed values of the performed reactions and their corresponding mass yields are reported 

in Table 4-2. The obtained results show that the amount of obtained product is dependent 
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on the amount of catalyst in use, reaction time, and reaction temperature. To find the best 

fitting model to the experimental responses, various functions such as linear, quadratic and 

cubic models were developed. A quadratic equation based on the coded values of the 

variables was determined to have the best fit to the experimental responses. Coefficient 

significances were evaluated according to a 95% confidence interval (P-value > α=0.05). 

Any coefficient with P-value < 0.05 has a statistically significant effect on the responses 

and vice versa. The final model to predict the methacrylation recovered mass yield is as 

follows: 

 

𝑌𝑖𝑒𝑙𝑑 (𝑤𝑡. %) = 141.16 − 14.34𝑋1 − 12.37𝑋2 + 3.62𝑋3 − 12.30𝑋1
2

− 8.76𝑋2
2 − 9.12𝑋3

2 − 4.81𝑋1𝑋2 − 8.56𝑋1𝑋3

+ 12.06𝑋2𝑋3 

Equation 4-3 

Where 𝑋1, 𝑋2, and 𝑋3 represent the coded values for reaction temperature, reaction time 

and 1MIM/KL molar ratio, respectively. A positive term is indicative of a synergistic 

effect on the response and a negative term indicates an antagonistic effect on the response. 

The complex model for the methacrylation mass yield shows that all the terms including 

linear, square and interaction factors are significant. The model also depicts that the linear 

factor of 1MIM/KL molar ratio (𝑋3) and the interaction term of reaction time and the 

1MIM/KL molar ratio (𝑋2𝑋3) are the only two coefficients that have a positive effect on 

the response, while all other coefficients have negative effects on it. Thus, lower reaction 

times and reaction temperature, along with employment of more catalyst will lead to a 

higher mass yield for the methacrylation process of KL. However, the model predicts that 

decreasing the reaction temperature and reaction time will have a greater effect on the mass 

yield than increasing the catalyst amount, which can be worth considering in an industrial 

setting. 
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Table 4-2 The central composite matrix and output responses for methacrylation of KL. 

 Parameters and levels    

 Coded values  Real-time value  Output responses 

Std. Run 

# 

X1 X2 X3  Temp. 

(℃) 

Time 

(min) 

1MIM/KL 

(mol/mol) 

 Product 

mass 

Mass 

yield 

(wt.%) 

1 18 -1 -1 -1  50 40 0.200  0.262 131 

2 8 1 -1 -1  70 40 0.200  0.26 130 

3 9 -1 1 -1  50 80 0.200  0.18 90 

4 3 1 1 -1  70 80 0.200  0.143 71.5 

5 6 -1 -1 1  50 40 0.240  0.268 134 

6 10 1 -1 1  70 40 0.240  0.201 100.5 

7 12 -1 1 1  50 80 0.240  0.286 143 

8 5 1 1 1  70 80 0.240  0.177 88.5 

9 13 -1.682 0 0  43 60 0.220  0.265 132.5 

10 4 1.682 0 0  77 60 0.220  0.16 80 

11 7 0 -1.682 0  60 26 0.220  0.272 136 

12 1 0 1.682 0  60 94 0.220  0.193 96.5 

13 20 0 0 -1.682  60 60 0.186  0.227 113.5 

14 2 0 0 1.682  60 60 0.253  0.234 117 



89 

 

15 15 0 0 0  60 60 0.220  0.286 143 

16 16 0 0 0  60 60 0.220  0.278 139 

17 11 0 0 0  60 60 0.220  0.284 142 

18 19 0 0 0  60 60 0.220  0.288 144 

19 14 0 0 0  60 60 0.220  0.27 135 

20 17 0 0 0  60 60 0.220  0.288 144 

 

Analysis of variance (ANOVA) and F-test were carried out on the regression model to 

evaluate its suitability and precision (Table 4-3).  

Table 4-3 ANOVA results of the quadratic model for methacrylation of KLa 

 

The P-value < 0.05 for the regression model was taken as evidence for the significance and 

appropriateness of it for accurately predicting the reaction yields according to its 

Source Deg. of 

freedom 

Sum of 

squares 

   Mean squares F-value P-value 

(prob > F) 

Model 9 10783.5 1198.16 80.97 0.000 

Lack of fit 5 85.1 17.03 1.36 0.373 

Pure error 5 62.8 1.00 ─ ─ 

Total 19 10931.5               ─ ─ ─ 

a 𝑅2 = 0.9865; 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑅2 = 0.9743; 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑅2 = 0.9323 
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parameters. Moreover, The F-value of 1.36 and P-value of 0.373 (larger than confidence 

interval) for the “lack of fit” confirmed its insignificance in the developed model, further 

proving its good fitting. As well, the coefficient of determination (𝑅2) for the mass yield 

of methacrylation was 0.9865, meaning 98.65% of the mass yield variations can be 

explained by the independent variables based on the developed model, while the adjusted 

𝑅2  value was 0.9743, confirming that the model was not over-fitted. Additionally, the 

predicted 𝑅2 value of 0.9323 showed a good agreement between the values predicted by 

the model and the real-time experimental responses. Moreover, the normal probability plot 

(Figure 4-1a) showed a normal distribution of errors, indicating a good prediction of the 

responses by the model, while the residual plot (Figure 4-1b), depicting the relationship 

between the residual values and the fitted values for each response, showed random 

scattering of the residuals around the zero line, further demonstrating the competence of 

the developed model. 
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Figure 4-1 The normal probability plot (a) and residual plot (b) of the obtained model. 
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4.3.2 Response Surface Plot and Optimization of Variables 

The response surface plots (Figure 4-2a-c) and contour plots (Figure 4-2d-f) of the 

methacrylation of KL show a good agreement with the developed regression model. The 

developed plots and regression model were then employed to determine the maximum 

possible response of the reaction (recovered mass yield) obtainable from the minimum 

possible amounts of the reaction parameters. Following the predictions of the regression 

model and the depictions of the developed plots, it was determined that the response (mass 

yield) can reach values higher than 140 wt.% by keeping the reaction temperature between 

50 °C and 60 °C, while having a 1MIM/KL molar ratio between 0.22 and 0.25 (Figure 4-

2a and 4-2d). Moreover, Figures 4-2b and 4-2e suggest that for the same response value 

range, the reaction time must be under 60 min, while Figures 4-2c and 4-2e give predictions 

in-line with the mentioned observations. On the other hand, the circular shape of the center 

of the contour plot, corresponding to mass yield (wt.%) > 140%, suggested that changes in 

each variable must be in a certain range and moving past said range will have a negative 

effect on the reaction mass yield (Figure 4-2d, 4-2e, and 4-2f). Thus, the process 

optimization was carried out via the response surface methodology to maximize the 

methacrylation mass yield, while minimizing the reaction parameters without negatively 

affecting the mass yield. The result suggested a methacrylation reaction run at 54 ℃ for 54 

minutes, with 1MIM/KL molar ratio of 0.225. The predicted mass yield for such reaction 

was 148.13 wt.%. Given the recommended reaction conditions, a new reaction was carried 

out, which yielded 146.5 wt.% ML and thus, the predicted values and experimental results 

were proven to be in a very good agreement. Considering the maximum theoretical yield 

of 150.25 such a high product mass yield is significant. 
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Figure 4-2 Response surface plots and contour plots of different variable values vs. 

recovered mass yield: effects of 1MIM/KL molar ratio and reaction temperature (a, d); 

effects of 1MIM/KL molar ratio and reaction time (b, e); and effects of reaction time and 

reaction temperature (c, f). 
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4.3.3 Optimized Product Characterization 

The ML obtained via the optimized reaction conditions (Figure 4-3-I) was characterized 

in comparison with KL by 1H NMR and FTIR (Figure 4-3-II). Three new broad signals 

were observed in the 1H NMR spectrum of ML as compared to KL, with chemical shifts 

of δH = 1.89, 5.82, and 6.14 which were attributed to the methyl functionalities and the 

methacrylate group’s two olefinic groups. Moreover, the FTIR spectrum of ML showed a 

decrease at 3200-3500 cm-1 (s, br) relative to KL, corresponding to significant removal of 

hydroxyl groups, as well as increases in the esters’ C=O stretching vibrations (1735-1750 

cm-1), C-O stretching vibrations (1000-1320 cm-1) and C=C bending vibration regions 

(650-1000 cm-1), suggesting successful grafting of methacrylate groups on lignin’s 

structure. Finally, the extent of methacrylation was determined by a modified version of 

the method reported by Argyropolous22 in 1994 for the quantification of lignin’s hydroxyl 

groups. The most significant alterations were the change in the halo-phosphine reagent 

([CH(CH3)2]2PCl), the base (N(Et)3), and the use of an external standard (PPh3) for 

quantification purposes. Equal amounts of KL and ML were reacted with [CH(CH3)2]2PCl 

separately in presence of excess amounts of N(Et)3 at room temperature. The extent of 

methacrylation was then determined by comparing the integrations of resulting -OP regions 

in 31P{1H} NMR spectra to an external standard solution of PPh3 (Figure 4). Based on the 

obtained results, we determined that on average ca. 70% of the hydroxyl groups on KL 

were converted to methacrylate groups in ML.  
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Figure 4-3 I) The methacrylation scheme under optimized reaction conditions and II) 1H 

NMR and FTIR spectra of (A) KL and (B) ML synthesized under the optimized reaction 

conditions. 
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Figure 4-4 31P{1H} NMR spectra of products obtained from the reaction of (A) KL and 

(B) ML with [CH(CH3)2]2PCl. All peak regions were integrated according to peak at -4.6 

ppm, corresponding to the external standard used in this procedure (PPh3). 

4.3.4 Characterization of the ML-based UV-Cured Coatings 

ML (30 wt.%) was incorporated into a UV-cured coating sample as discussed before, 

containing EB-1360, a hexafunctional siloxane-based crosslinker (65 wt.%), HDMAP (5 

wt.%) as the photoinitiator. To determine the effect of such incorporation, a UV-cured 

coating sample containing no ML was prepared as a reference through the same process 

(with 95 wt.% EB-1360 and 5 wt.% HDMAP) and the coatings were characterized in 

conjugate with each other. 

Drop shape analysis was employed to evaluate the effect of introducing ML as a 

hydrophobic component into the coating system, as siloxane-based systems are known for 

their relatively low hydrophobicity and lignin was known to reduce the wettability of the 

system in which it is incorporated.16,23,24 It was determined that while the ML-free coating 

sample had a water contact angle of 60.4 ± 1.8 degrees, such value was increased to 82.6 
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± 1.9 degrees in the ML-based coating. This increase in the hydrophobicity of the coating 

was attributed to the incorporation of ML into the coating system as a hydrophobic moiety. 

To determine the crosslinking percentages of the coating, the FTIR spectrum of each cured 

coating sample was compared to that of the corresponding liquid formulation of the said 

coating before UV-curing, particularly with regards to the signal intensity at ca. 800 cm-1 

(C=C bending vibrations). It was determined that while the crosslinking percentage of the 

ML-free coating was ca. 35.8%, the same value for the ML-based coatings as ca. 64.1%, 

suggesting better crosslinking in the coating system with the incorporation of the ML 

moiety. Finally, to compare the thermal stabilities of the prepared coatings, each cured 

coating sample was scraped off the glass surface using a surgical-grade scalpel and fully 

crushed by a mortar and a pestle. The obtained crushed coatings were then heated in vacuo 

at 40 °C for 24 h, at which point, thermogravimetric analyses were performed on the 

samples. Moreover, the thermal stability of the KL and ML samples were also evaluated 

for references. It was determined that KL had an onset decomposition temperature of 200 

°C, and it was lowered to 189 °C in ML and similarly, ML’s residual weight percent at 

800 °C was ca. 36.7 wt.%, slightly lower than that of KL (40.1 wt.%). Consequently, it 

was determined that the ML-free and the ML-based coatings decomposed at 239 and 246 

°C, respectively, while the residual weight percentage at 800 °C was 3.3 wt.% and 13.8 

wt.% for the ML-free and the ML-based coatings, respectively. The above results suggest 

that the introduction of ML into the UV coating system had a positive effect on the 

coating’s thermal stability (Figure 4-5), likely attributed to the improved crosslinking 

percentages of the coating by the ML, which aligns well with the resulted reported in many 

literature studies on the positive effects of lignin on char formation.25–27 
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Figure 4-5 Thermogravimetric analysis of KL (A), ML (B), plus ML-free (C) and ML-

based (D) UV-cured coatings. 

4.4    Conclusions 

Kraft lignin was chemically modified via a methacrylation process. The process parameters 

(reaction time, reaction temperature, and 1MIM/KL molar ratio) for the lignin 

methacrylation were optimized through central composite design and response surface 

methodology to maximize the methacrylated lignin (ML) product yield. The optimum 

conditions for the lignin methacrylation, determined from the study, are as follows: 54 

minutes at 54 ℃ with 0.225 1MIM/KL molar ratio, resulting in an ML mass yield of 146.5 

wt.%. The obtained ML demonstrated to be curable in a UV-cured coating system, with 

positive effects on the hydrophobicity, crosslinking percentage, and thermal stability of the 

coating system in which it was incorporated. Thus, this work realized optimized chemical 

modification of lignin by methacrylation, demonstrated promising application of the 

methacrylated lignin as an environmentally friendly UV-curable material for UV-cured 

coatings. 
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Chapter 5   

5 “Lignophines”: Lignin-based Tertiary Phosphines with 
Metal-Scavenging Ability 

Lignin is a biopolymer that is a natural component of wood and a by-product from the pulp 

and paper industry. This material is naturally present in the secondary cell walls of plants, 

resulting from an in vivo enzyme-mediated dehydrogenation polymerization (lignification) 

of three hydroxycinnamyl alcohol monomers that include p-coumaryl, sinapyl, and 

coniferyl alcohol units (monolignols; Scheme 5-1a).1,2 Of the almost 50 million tons per 

year of lignin produced globally, only 2% is utilized for conversion to specialty products, 

while the rest is used either as low value heating fuel at the site of manufacture or it is 

disposed of as waste (published data from 2010).3 New outlets for up conversion and 

repurposing of this biopolymer need to be established.  Lignin is a renewable resource that 

could be leveraged for a broad range of materials applications given the rich functional 

group chemistry present within the biopolymer, including hydroxyl, ether, carbonyl, and 

carboxylic acids, that can be accessed and transformed into value-added products.4,5   

Both the aromatic and aliphatic hydroxyl groups on lignin have been utilized as key 

reactivity outlets for valorization. For example, lignin’s phenolic hydroxyl groups have 

been selectively methylated using dimethyl sulfide or oxypropylated with propylene 

oxide6, while acyl anhydrides and acyl chlorides have been employed to cap both aliphatic 

and aromatic hydroxyl groups.7,8 The key outlets of modified lignins include bio-based 

epoxy resins9–11, thermo- and UV-cured graft copolymers12–15, and flexible and rigid 

polyurethanes.16–19 However, the strategies for up-converting lignin have shifted towards 

developing novel materials with specific applications in recent years, such as cathode-

active materials in primary lithium batteries20,21 and non-toxic bio-degradable 

nanoparticles with potential applications in drug delivery and pharmaceuticals.22–25  
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Scheme 5-1 a) The three standard monolignols of p-coumaryl (A), coniferyl (B), and 

sinapyl (C) alcohol as the building blocks of lignin (KL, representative structure of lignin) 

and b) the reaction scheme for grafting lignin with hydrolysed MMA/MAPC1 copolymer 

P(MMA-co-MAPC1(OH)2) as reported by Ferry et al. 

Despite the headway made in upconverting lignin, the elemental diversity installed into the 

material is woefully narrow and therefore, limits other potential outlets for an inexpensive, 

sustainable, and abundant biopolymer.  

Polymerizable fragments (e.g. olefins,7 amides,26 and carboxyls9), which contain 

unsaturated functional groups have been installed into lignin’s structure and they can be 

exploited to build elemental diversity into the material, offering further opportunity in 

creating a usable, value-added product. Because olefins are easily modified via E-H bond 

addition, impressive opportunities exist for adding B-H, Si-H, S-H, and P-H across the 

double bond, creating Lewis acidic or basic bio-based polymers. 

Our group has been particularly interested in utilizing transformations of P-H bonds to 

prepare highly functional phosphorus-based polymeric materials, including self-healing 
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polyphosphonium ionic networks,27 P-based interpenetrated polymer networks (IPNs),28 

and highly crosslinked phosphorus photopolymer networks, which have been applied as 

effective antimicrobial agents,29 targeted anion self-assembly,30 and in metal scavenging 

applications.31   

Reported procedures on grafting phosphorus-containing compounds onto lignin’s 

structure, to this date, have solely focused on exploiting the hydroxyl functionalities on 

lignin for the formation of P-O functionalities along the macromolecule’s structure. 

Argyropolous et al. have studied such exploitation in detail to develop a procedure capable 

of quantifying lignin’s hydroxyl functionalitites through grafting these P-O 

functionalities.32 Ferry et al. reported a graft co-polymer of lignin using hydrolyzed 

methylmethacrylate/dimethyl(methacryloxy)-methyl phosphonate (MMA/MAPC1) 

copolymer (Scheme 1b), which introduced phosphorus atoms onto lignin via P-O linkages. 

They then blended the synthesized copolymer with polybutylene succinate (PBS) pellets 

using compression molding to improve the fire behavior of PBS.33 However, there have 

been no reports on the preparation of polymer networks that contain lignin as the backbone 

and phosphorus as a substituent bound to the network via P-C linkages, which can expand 

lignin’s utility by exploiting the diverse chemistry of phosphorus in derivatizing the 

network after polymerization.34 In this context, we have utilized methacrylated lignin in a 

phosphane-ene click reaction with PH3(g). The resulting product is rich in P-H bonds, 

which can be used in subsequent phosphane-ene chemistry with substituted olefins. This 

creates an array of tertiary alkyl phosphines on the lignin scaffold, which behaves as a 

polyphosphine and is amenable to metal coordination and metal scavenging. These results 

represent a major shift in the immense, unlocked potential for lignin as a commodity 

chemical, rather than negative value waste.33,35 

Methacrylated lignin (ML, 200 mg, synthesized and quantified following the same 

prcedure as reported in chapter 4) was swelled in CH3CN (100 mL). 

Azobis(isobutyronitrile) (AIBN; 6 mg, 3 wt.%) was added to the swelled ML and the 

mixture was transferred to a 300 mL autoclave reactor. The autoclave was then degassed 

by purging N2 for ca. 10 min and pressurized with phosphine gas (PH3, 80 psi). The vessel 

was then stirred for 1 h, at which point it was re-pressurized with PH3 and heated to 50 ℃ 
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under stirring for 24 h. Afterward, the pressurized PH3 was released in a controlled 

environment, where it was ignited and burned. Subsequently, the vessel was brought into 

the glovebox, opened, and the mixture (swelled light-brown substance in solvent) was 

centrifuged and dried in vacuo to obtain MLPH2 in the form of a light-brown powder 

(112.5 % recovered mass yield). A sample of the product was re-swelled in CH3CN and 

the 31P{1H} NMR spectrum of the sample (Figure 5-1) showed a signal at δP = -148 

consistent with molecular primary phosphines and the FT-IR spectrum of the same sample 

showed the clear presence of P-H functional groups (2300 cm-1; P-H stretch; Figure 5-1) 

and therefore the product was assigned asassigned as the primary phosphine (MLPH2), 

with 66% of the acrylate groups on ML successfully functionalized. 

The hydrophosphination percentage (EOHP) was calculated using a modified version of 

the quantification process as reported by Argyropoulos.36 MLPH2 (20 mg) was swelled in 

CH3CN (2 mL) and transferred into an NMR tube. Separately, 40 µl of a 0.025 mol/L 

solution of PPh3 in CH3CN was transferred to a capillary tube, which was then flame sealed 

Figure 5-1 31P{1H} NMR and FTIR spectra of MLPH2 (A), MLPHex (B), MLPRFn (C), 

and the 31P{1H} NMR spectrum of MLPAg. 
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and inserted into the NMR tube containing the MLPH2 sample and the 31P{1H} NMR 

spectrum of the mentioned tube was recorded (Figure 5-2).   

 

Figure 5-2 31P{1H} NMR spectrum of MLPH2 in comparison with PPh3P as external 

standard (δP = -4 ppm). 

Another peak was observed at δP = -82 ppm, consistent with molecular secondary 

phosphines, which was attributed to the result of two methacrylate groups linking to one 

phosphorus atom and forming a secondary lignophine (MLPH1). The amount of the 

MLPH1 formed was determined to be ca. 3%, which was considered negligible in 
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determining the obtained material as primary lignophine (MLPH2). The EOHP was 

determined as described below: 

Considering ca. 70% of the -OH functionalities were methacrylated in ML: 

1𝑚𝑜𝑙 𝑲𝑳 × 1.5
𝑚𝑜𝑙 𝑂𝐻

𝑚𝑜𝑙 𝟏
× 70% = 1.05 𝑚𝑜𝑙 𝑚𝑒𝑡ℎ𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒 𝑜𝑛 𝑜𝑛𝑒 𝐶9 

𝑚𝑜𝑑. 𝐶9 = 180𝑔 + (1.05 𝑚𝑜𝑙 𝑚𝑒𝑡ℎ.× 85.03
𝑔

𝑚𝑜𝑙
) − (1.05 𝑚𝑜𝑙 𝐻 × 1.008 

𝑔

𝑚𝑜𝑙
)

= 268.24 𝑔 

Considering the integration of the peak at δP = -148 ppm: 

10−3𝑚𝑚𝑜𝑙 𝑃𝑃ℎ3 ×
3.01

0.06
×

268.24

20
= 0.6727 𝑚𝑜𝑙 

Thus, approximately 0.6727 mol of the methacrylate groups on ML were capped. 

Considering the integration of the peak at δP = -82 ppm: 

10−3𝑚𝑚𝑜𝑙 𝑃𝑃ℎ3 ×
0.05

0.06
×

268.24

20
×

2 𝑚𝑜𝑙 𝑚𝑒𝑡ℎ.

1𝑚𝑜𝑙 𝑴𝑳𝑷𝑯𝟏
= 0.0222 

Thus, approximately 0.0222 mol of the methacrylate groups on the ML were capped. 

Finally, to determine the EOHP: 

𝐸𝑂𝐻𝑃(%) =
0.6727 + 0.222

1.05
× 100 = 66% 

The resulting MLPH2 was then heated with excess 1-hexene or 1H,1H,2H-perfluoro-1-

hexene in the presence of AIBN at 40 ℃ to obtain tertiary alkyl or fluoroalkyl lignophine 

(Scheme 5-2), respectively (MLPHex; MLPRF4). Both reaction mixtures were filtered, the 

precipitates washed and then dried in vacuo to give light brown solids in all cases. 31P{1H} 

NMR spectra of the swelled isolated materials each showed one signal at δP = -33 and -29, 

respectively and consistent with the preparation of tertiary phosphines. Moreover, the FT-
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IR spectra of the isolated material showed no P-H vibration confirming the absence of P-

H functional groups (Figure 5-1).  

 

Scheme 5-2 Reaction schemes for the synthesis of MLPH2, MLPRFn, MLPHex, and 

coordination of MLPHex to AgOTf. 
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Thermal gravimetric analysis of ML, MLPH2, MLPHex, and MLPRFn showed that the 

MLPH2 and MLPHex samples retained more of their respective weights at high 

temperatures in comparison with the ML sample (43 wt.% for MLPHex, 40 wt.% for 

MLPH2, and 34 wt.% retained weight at 900 ℃ for ML), whereas the retained weight for 

the MLPRFn sample was almost equal to that of the ML sample (Figure 5-3).  

 

Figure 5-3 TGA thermograms of ML (A), MLPH2 (B), MLPHex (C), and MLPRFn (D). 

To ascertain whether or not the Lignophine materials are amenable for metal coordination, 

a sample of MLPHex was then added to a solution of AgOTf in CH3CN (Scheme 2). The 

resulting mixture was then filtered, washed with CH3CN and dried in vacuo to obtain a 

light brown powder. A swelled sample of the isolated material showed a new signal at δP 

= -4 in the 31P{1H} NMR spectrum, a P of 31 downfield from MLPHex that was 

consistent with metal coordination at phosphorus, giving MLPAg (Figure 5-1). The 19F{1H} 

NMR spectrum of MLPAg was considerably broadened at F = -77.5 and is consistent with 

an associated triflate ion (Figure 5-4). 
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Figure 5-4 31F{1H} NMR spectra of AgOTf (A) and MLPAg (B). 

Given the ability of the lignophine to bind Ag+, we considered that the material could be 

readily utilized as a metal-scavenger in catalytic reactions to sequester homogeneous 

catalysts from solution. As a proof of principle and using the methodology reported by 

Cuthbert et al.,31 scavenging of the homogeneous metathesis catalyst Grubbs I (GI) was 

carried out (Figure 5-5a). Under the standard ring closing metathesis (RCM) conditions37 

GI converts 76% of diethyl diallylmalonate (2) to product 3 within 35 min (Figure 5-5b, 

Trace A). In separate reaction vessels, GI was first stirred with excess MLPHex (5 mg/0.5 

mg GI and 10 mg/0.5 mg GI) for the incubation periods of 1 h and 24 h. These suspensions 

were then treated with RCM substrate 2, where conversions of 11% and 8% were observed 

for the 5 mg/0.5 mg (MLPHex/GI) incubations for 1 h and 24 h, respectively, while the 

same values for the 10 mg/0.5 mg (MLPHex/GI) incubations of 1 h and 24 h were 5% and 

0%, respectively (Figure 5-5b). The arrested catalytic conversion shows that GI is 

successfully sequestered from solution by MLPHex
 and that maximum sequestration of GI 

can be achieved by pre-incubation with MLPHex (10 mg/0.5 mg GI) for 24 h. In a separate 

experiment, MLPHex was pre-functionalized with GI and the resulting solid was isolated 

and used as the catalyst in the RCM of 2. No RCM product was observed, which indicates 
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both that the sequestered metal is not catalytically active and that the GI is not released 

into the solution in appreciable amounts to intitiate catalysis. This also confirms that the 

minor RCM conversions at short incubation times and less MLPHex amounts (B-D, Figure 

5-5b) were due to incompletely sequestered GI. 

 

Figure 5-5 Reaction scheme of the RCM of 2 with GI without metal-scavenger (A) and 

with pre-incubated GI with MLPHex (B-E) and b) conversion (%) of 2 in the RCM reaction 

in the presence of GI without metal-scavenger (A), GI pre-incubated with 5 mg MLPHex 

for 1 h (B) and 24 h (C), and GI pre-incubated with 10 mg 1PHex for 1 h (D) and 24 h (E). 

 

In conclusion, tertiary lignophine was successfully synthesized through the reaction of 

methacrylated lignin (ML) with phosphine gas and subsequent reaction with 1-hexene 
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(resulting in MLPHex) and 1H,1H,2H-perfluoro-1-hexene (resulting in MLPRFn). The 

obtained primary and tertiary lignophines were characterized by 31P{1H}, 19F{1H} (for 

MLPRFn), and FT-IR spectroscopy. Thermal gravimetric analysis was then performed on 

ML, MLPH2, and MLPHex and it was concluded that the lignophines exhibited higher 

retained weight and more char formation at 900 ℃ in comparison with the ML sample. 

The ability of the obtained MLPHex sample to coordinate to transition metals was probed 

using AgOTf and it was concluded (via 31P{1H} 19F{1H} NMR spectroscopy) that the 

synthesized tertiary lignophine has the ability to coordinate to the silver atom in AgOTf. 

The addition of lignophine to RCM reactions catalyzed by GI shows nearly complete 

catalyst quenching. This indicates that the polymer is an effective metal scavenger and 

opens a new door for opportunities with lignin a renewable bioresource.  
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Chapter 6  

6 “Lignophoniums”: Stimuli-Responsive Lignin-based 
Polyphopshonium Networks for Controlled Drug 
Delivery 

6.1    Introduction 

Lignin is the world’s second most abundant polymer, after cellulose. Residing mainly in 

the secondary cell wall, lignin acts as a filler vital to plant life, as it is responsible for giving 

stiffness, as well as facilitating the transport of water and other nutrients throughout the 

plants.1,2 This complex natural polymer originates from the connection of three 

phenylpropanoid (C9) units (p-hydroxyphenyl, H; guaiacyl, G; and syringyl, S) through 

various, primarily arylglycerol ether, linkages.3 The C9 units and their respective linkages 

are resulted from an in vivo enzyme-mediated dehydrogenation polymerization 

(lignification) of three hydroxycinnamyl (p-coumaryl, sinapyl, and coniferyl) alcohol 

monomers called monolignols (Figure 6-1a).4–6 

As a sustainable resource with the annual global production of 50-55 MT, more than 98% 

of the produced lignin is used at its manufacturing plants as a fuel for heat or buried in 

landfills as waste.7 Such under-utilization, along with a functional group-rich chemical 

structure has turned the research field of lignin valorization into a highly attractive area for 

many researchers.8,9 The up-conversion of lignin has been widely targeted by chemically 

modifying and incorporating it into different materials such as epoxy resins,10–13 

coatings,14–16 polyurethanes,17–20 and adhesives.21–24 Approaches to lignin valorization 

strategies have gained substantial interest over the past few years, which aim at converting 

lignin into materials with more unique applications. For example, lignin has been 

chemically modified to produce carbon fibers, nanofibers, and highly hydrophobic ATRP-

polymerized graft copolymers,25–33 all hallmarks of the immense potential lignin has in 

areas such as biomedicine and medicinal chemistry. Lignin has been probed as a 

component in systems capable of controlled drug release, mainly in the form of 

nanocarriers34–37 and hydrogels.38,39 Such new streams of up-conversion strategies can play 
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an important role in the future of lignin valorization and become the next step in turning 

lignin from a negative-value material to a positive-value one. 

 

Figure 6-1 The three standard monolignols of p-coumaryl (A), coniferyl (B), and sinapyl 

(C) alcohol and their corresponding p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) 

C9 units as the building blocks of lignin (KL, representative structure of lignin. 

Phosphorus chemistry has yet to find its own stream in lignin valorization. While chemical 

modification of lignin with phosphorus-containing compounds, particularly 

halophospholanes, has been used extensively since mid-1990s for the purpose of 

quantifying lignin’s hydroxyl functionalities,40–42 reports on utilizing lignin-based 

phosphorus containing materials remain rare and generally focus on using phosphates in 

conjunction with lignin for improved surface area or flame retardancy in the prepared 

materials.43–46 Regardless of aiming at valorizing lignin or not, these reports focus on 

utilizing -O-P functional groups within the structure of lignin, where our group remains the 

only one examining lignin modification processes through the introduction of -C-P 

functionalities. A general research stream of our group relies in P-H bond addition 

reactions to olefinic groups to synthesize highly functional phosphorus-rich materials via 

phosphane-ene chemistry that have metal and oxygen scavenging abilities,47,48 self-healing 

networks,49 antimicrobial properties,50–52 and act as ceramic precursors.53 Recently, we 
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have synthesized lignophines, lignin-based tertiary polyphosphines, that show effective 

metal-scavenging ability. 

In this context, we have synthesized lignophonium, a lignin-based polyphosphonium salt, 

from tertiary alkylated lignophine, MLPHex. The isolated lignophonium was then 

incorporated into siloxane-crosslinked UV-cured thin films, which showed high cure 

percentages, water contact angles and  surface charge density value well over the necessary 

threshold for antimicrobial films. The swelling degrees were also determined to be suitable 

for sustained drug release. 

6.2    Experimental 

6.2.1 Materials and Methods 

Lignophine (MLPHex) was synthesized according to the procedure reported in chapter 5 of 

this thesis. Solvents were purchased from Caledon and dried using an MBraun Solvent 

Purification System (SPS). EBERCYL 1360 (EB-1360; hexafunctional siloxane-based 

crosslinker) was purchased from Allnex Belgium SA and used as received. 2-hydroxy-2-

methylpropiophenone (HDMAP, 97%), 4-vinylbenzyl chloride (90%), 

cetyltrimethylammonium chloride (CTAC; 25 wt.% in H2O), and fluorescein (sodium salt) 

were purchased from Sigma-Aldrich Co. and used as received. Phosphate buffered saline 

(PBS) (0.15 M) was prepared following a previously reported procedure.54 

31P{1H} NMR spectra were recorded using a Varian INOVA 600 MHz spectrometer (1H, 

599.5 MHz; 13C, 150.8 MHz; 31P, 242.6 MHz) and referenced using an external standard 

(85% H3PO4; δP = 0). FT-IR spectra were recorded using a PerkinElmer FT-IR 

spectrometer using the universal attenuated total reflectance mode (UATR), a diamond 

crystal, as well as the UATR sampling accessory (part number: L1050231).  

6.2.2 Synthesis of Lignophonium Salt (MLP+) 

MLPHex (0.600 g) was added to MeCN (30 mL) under stirring in a 100 mL pressure round-

bottom flask in the dry-box and swelled for 10 min. 4-vinylbenzyl chloride (0.300 g, 1.965 

mmol) was added to the mixture, the flask was sealed, moved out of the dry-box, and heated 

in an oil bath at 45 °C for 18 h. The pressure flask was cooled, brought back into the glove 
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box, and the mixture was centrifuged to obtain a dark brown swelled powder at the bottom 

of the centrifuge tube. The swelled powder was then washed three times with MeCN (20 

mL), centrifuged after each wash, and the solvent was disposed of. Afterward, the swelled 

powder was transferred into a 50 ml Schlenk round-bottom flask and dried in vacuo at 

room temperature to obtain a light brown powder (109 wt% recovered mass yield). 

6.2.3 Preparation of MLP+ UV-Cured Films 

MLP+ (15 wt.%), EBERCYL 1360 (EB-1360, hexafunctional siloxane-based crosslinker, 

80 wt.%), and 2-hydroxy-2-methylpropiophenone (HDMAP, 5 wt.%) were combined and 

diluted to 50% in N,N-dimethylformamide (DMF). 50 µL of the resulting mixture was then 

deposited on a clean glass slide. A second glass slide, using ~ 170 µm thick electrical tape 

as a spacer to define the film’s thickness, was then placed on top. The slides were passed 

5 times at the speed of ~ 0.06 m•s-1 through a modified UV-curing system purchased from 

UV Process Supply Inc. (Chicago, IL, USA) with a mercury bulb (UVA: 154 mW•cm2, 

189 mJ•cm2, UVB: 74 mW•cm2, 90 mJ•cm2; as determined by a PP2-H-U Power Puck II 

purchased from EIT Instrument Markets). After irradiation, the glass slides were separated, 

and the resulting film was dried in vacuo overnight at 40 °C, resulting in an MLP+ UV-

cured film of ~ 150 µm thickness as measured by a micrometer.  

6.2.4 Measurement of Cure Percentage 

ATR-FTIR spectra were obtained from the liquid formulation before curing and the MLP+ 

UV-cured film after drying overnight in vacuo at 40 °C. The signal corresponding to C=O 

(~ 1720 cm-1) was used as an internal standard to normalize the obtained spectra, as its 

intensity does not change after curing. The intensity of the signal corresponding to C=C (~ 

810 cm-1) was then compared between the liquid formulation and the UV-cured film. The 

cure percentage was calculated as the decrease (%) in the relative intensity of the C=C 

signal (100% corresponding to no C=C functionality remaining in the film’s ATR-FTIR 

spectra). The cure percentage was measured in triplicate and the results are reported as the 

mean ± standard deviation. 
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6.2.5 Measurement of Gel Content 

The MLP+ UV-cured film from the cure percentage analysis were used to calculate the gel 

content. The MLP+ UV-cured film was accurately weighed and immersed in excess MeCN 

(10 mL) for 18 h. The solvent was removed, and the film was dried in vacuo at 40 °C for 

18 h and re-weighed. Gel content was then calculated as the percentage of mass (%) 

remaining relative to the initial mass of the film. The gel content was calculated in triplicate 

and the results are reported as the mean ± standard deviation. 

6.2.6 Measurement of water contact angle 

The MLP+ UV-cured film from the cure percentage analysis were used to measure the 

water contact angle. The MLP+ UV-cured film was placed on a glass slide and placed on 

the stage of a Kruss DSA100 Drop Shape Analyzer (KRUSS GmbH, Hamburg, Germany). 

Afterward, a 5 µL drop of deionized water was placed on the surface and a static drop 

shape analyzer was used to measure the water contact angle on the film’s surface. Water 

contact angle was measured in triplicate and the result is reported as the mean ± standard 

deviation.  

6.2.7 Charge density determination 

The charge density was determined following a previously reported procedure.55 After 

incubating the MLP+ UV-cured film in MeCN (as described above for the measurement of 

gel content) and drying the film in vacuo at 40 °C for 18 h, the MLP+ UV-cured film (0.28 

cm2) was immersed in 10 mL of a 1% w/v aqueous sodium fluorescein solution for 18 h. 

The film was then immersed in 10 mL deionized water for 4 h and immersed in 10 mL of 

a 0.1% v/v aqueous cetyltrimethylammonium chloride (CTAC) solution. At different time 

points, the film was transferred to a fresh CTAC solution, while 10 mM, pH 8 phosphate 

buffer (100 µL) was added to the previous CTAC solution and its absorbance at 501 nm 

was measured. The concentration of accessible charges on the surface was then determined 

according to the extinction coefficient of fluorescein (ɛ = 54,760 M-1•cm-1), assuming that 

each fluorescein molecule binds to one accessible cation. The charge density was measured 

in triplicate and the result is reported as the mean ± standard deviation. 
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6.2.8 Measurement of Mass Swelling Ratio in Water 

The MLP+ UV-cured film from the cure percentage analysis were used to measure the mass 

swelling ratio in water by immersing the film in 10 mL deionized water for 24 h. Afterward, 

the film was removed from the water, the excess water on the film was removed with 

Kimwipe, and the film was weighed. The value of (
𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠−𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
× 100%) was 

calculated and reported as the mass swelling %. Mass swelling ratio in water was 

determined in triplicate and the value was reported as the mean ± standard deviation. 

6.1 Results and Discussion 

Tertiary alkylated lignophine (MLPHex, 0.60 g) was synthesized and isolated (See chapter 

5), swelled in CH3CN (100 mL), and heated with excess 4-vinylbenzyl chloride at 45 °C 

for 18 h (Figure 6-2a). The mixture was filtered, the precipitate was washed and dried in 

vacuo to give a light brown powder (109 wt% recovered mass yield). The 31P{1H} NMR 

spectrum of the swelled, isolated material showed one signal at δP = 32, consistent with the 

preparation of a phosphonium cation (Figure 6-2b) and the product was assigned as the 

“lignophonium” (MLP+; lignin-based phosphonium salt). A mixture of MLP+ (15 wt.%), 

EB-1360 (crosslinker, 80 wt.%), 2-hydroxy-2-methylpropiophenone (HDMAP, 

photoinitiator, 5 wt.%) was diluted 2-fold with N,N-dimethylformamide (DMF), cast on a 

glass slide, and cured using a UV-curing conveyor, producing MLP+-incorporated cured 

networks as free-standing films (MLP+N) that were ca. 150 µm thick, with a surface area 

of 0.28 cm2 (Figure 6-2c). 
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Figure 6-2 a) Reaction scheme for the synthesis of MLP+ from MLPHex and b) 31P{1H} 

NMR spectrum of MLP+, and c) process scheme for the preparation of MLP+N UV-cured 

films. 

Surface-accessible charge density was calculated using a procedure reported by Murata et 

al.55 through immersing the dried MLP+N film in a 1% w/v aqueous fluorescein sodium 

solution (Fl.; 5 mL) to allow for the replacement of the chloride anions with fluorescein 

via anion exchange. The film was then washed with water to remove any unbound 

fluorescein, then placed in a 0.1% v/v aqueous cetyl trimethyl ammonium chloride (CTAC, 

5 mL) solution to release the surface-bound fluorescein into the solution. Phosphate buffer 

(10 mM; pH = 8) was then added to the CTAC solution and the absorbance at 501 nm was 
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measured (Figure 6-3a), which corresponds to the absorption of the conjugated  system 

in fluorescein. The concentration of accessible charges on the surface was then determined 

according to the extinction coefficient of fluorescein (ɛ = 54,760 M-1•cm-1), with the 

assumption that each fluorescein molecule binds to one accessible cation and it was 

determined that the MLP+N film has 5.33 ± 0.38×1018 cations per cm2 (Figure 6-3b), a 

value well above the suggested minimum surface accessible charges required for 

antimicrobial activity.56 

 

Figure 6-3 a) Process scheme for the measurement of surface charge density and b) UV-

Vis of the CTAC solution containing the MLP+N at12 h (A), 60 h (B), and 180 h (C). 
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Drop shape analysis was used to measure the water contact angle (WCA) and it was 

determined that the MLP+N film had a WCA value of 88 ± 1.2°, which was more than 

twice the same value for standard siloxane-based UV-cured films prepared without MLP+ 

in the formulation (Figure 6-4a). ATR-FTIR was used to determine the cure percentage for 

the MLP+N film, which was calculated at 84.7 ± 0.3%. The same value for the standard 

film was calculated at 36.1 ± 0.2%, showing improved crosslinking within the network 

because of the MLP+-incorporation (Figure 6-4b). Moreover, it was determined that the 

MLP+N film swelled to 55.5 ± 3.8% its original weight after immersion in water for 24 h. 

The hydrophobicity of the film, along the degree of swelling make the films potential 

candidates for slow, controlled release of ionic molecules in aqueous media. 

 

Figure 6-4 a) Drop shape images for standard siloxane-based films and the MLP+N film 

and b) ATR-FTIR spectra for both the liquid formulations and cured films of standard 

siloxane-based films and the MLP+N film showing the intensity reduction for the C=C 

signal. 

The controlled drug release ability of the MLP+N films was probed by incubating the film 

in a solution containing 1 wt% diclofenac sodium salt (10 mL) for 24 h, followed by 

washing with deionized water to remove any unbound molecules and submerging into a 

PBS solution (10 mL) to release diclofenac. The concentration of released diclofenac into 
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the PBS solution from the film was then determined according to the extinction coefficient 

of diclofenac in PBS (ɛ = 4245.8 M-1•cm-1), assuming that each diclofenac molecule binds 

to one accessible cation and it was determined that the MLP+N film released 6.23 ± 

0.19×1018 diclofenac molecules per cm2 over the timespan of 173 h, while complete release 

was observed at 157 h timepoint (Figure 6-5), which was in close agreement with the 

surface charge density as measured earlier. 

 

Figure 6-5 Release profile of the MLP+N film. 

6.2 Conclusion 

Lignin-based polyphosphonium salt (Lignophonium; MLP+) was successfully synthesized 

through the reaction of lignin-based tertiary alkylated polyphosphine (tertiary alkylated 

lignophine; MLPHex) with 4-vinylbenzyl chloride and characterized by 31P{1H} NMR 

spectroscopy. The lignophonium was then incorporated into a UV-crosslinked free-

standing film (MLP+N) using a siloxane-based crosslinker. The obtained films showed 

high cure percentages and water contact angles, along with a surface charge density value 

well over the necessary threshold for antimicrobial films and swelling degrees suitable for 

controlled drug release. The films were probed for their controlled drug release ability 
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using diclofenac as the loaded drug and examining the release in PBS and showed a 

promising release profile. 
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Chapter 7  

7 Conclusions and Recommendations for Future Work 

7.1 General Conclusions 

The goal of this thesis was to conduct novel research on lignin valorization using the 

chemical modification of the hydroxyl functionalities of lignin. These groups are the most 

reactive sites within the macromolecule, and the most practical in terms of susceptibility 

to chemical modification. The chemical modification of these groups provides several 

possibilities regarding post modification processes. To graft onto the macromolecule, vinyl 

groups were chosen, primarily because of their crucial role in materials science, 

particularly in free radical polymerization. This thesis aimed at finding a chemical 

modification capable of grafting kraft lignin with vinyl-containing functionalities in the 

most facile fashion, using mild reaction conditions contrary to the other processes typically 

used for modifying lignin modification. The grafted macromolecule was probed with 

regards to its ability to be used in applications such as UV-curable coatings, and advanced 

materials with more complex and higher-value applications such as metal-scavengers and 

drug release vehicles. 

7.2 Detailed Conclusions 

Despite the inherently UV-absorbing nature of lignin, grafting of methacrylate groups in 

place of its hydroxyl functionalities successfully modified lignin into a UV-curable 

material. The modified lignin was quantitatively analyzed using a more readily available 

quantification reagent than the ones reported in literature. The modified lignin was 

crosslinkable in UV-cured coating samples at percentages up to 31 wt.%. The effect of 

crosslinking the modified lignin in the coating systems was evaluated regarding different 

characteristics of the UV-cured samples, particularly crosslinking percentage, 

hydrophobicity, surface adhesion, thermal stability, and retained weight at high 

temperatures. The chemical modification process developed for lignin (methacrylation) 

was then optimized using response surface methodology and central composite design. The 

developed mathematical model for the methacrylation process optimized reaction 

parameters to obtain the highest possible yield of modified lignin, while minimizing the 
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reaction temperature, time, and lignin/catalyst ratio. The optimized modified lignin was 

then examined at 30 wt.% in a siloxane-based UV-cured coating system as a proof of 

concept to determine the practicality of the developed optimization process.  

The methacrylated lignin was utilized in a hydrophosphination reaction to report the first 

ever grafting of -C-P functionalities onto lignin, yielding lignin-based primary 

polyphosphines, referred to in this thesis as “primary lignophines”, which were then 

converted into lignin-based tertiary polyphosphines, referred to in this thesis as “tertiary 

lignophines,” before examining them in metal-scavenging settings. It was determined that 

the tertiary lignophine can coordinate to transition metals (e.g. silver). The tertiary 

lignophine was also probed as an effective transition-metal scavenger in lab-scale settings. 

It was determined that the tertiary lignophine had the ability to effectively sequester a 

catalyst (Grubbs I) in a ring closing metathesis reaction of diethyl diallylmalonates. This 

is the first report of lignin being used as a catalyst scavenger under normal catalytic 

conditions and an interesting potential new application for lignin. 

Once the lignophines were synthesized and fully characterized, they were utilized in a 

quarternization process to yield lignin-based polyphosphonium salts, referred to in this 

thesis as “lignophoniums,” which were then crosslinked with a siloxane-based crosslinker 

to give free-standing lignophonium films. Moreover, the films were examined with regards 

to their surface accessible charge density, hydrophobicity, swelling degree, and cure 

percentage, showing excellent surface charge density values, well over the threshold 

required to create antimicrobial films. The films were also probed as effective controlled 

drug release materials by examining the release profile of diclofenac-loaded films in PBS.  

7.3 Contributions and Novelty 

The main novelties and contributions of the research reported in this thesis can be 

summarized as follows: 

▪ First report of crosslinked UV-cured networks made from modified lignin (31 wt.%). 

▪ First report on the optimization of lignin’s methacrylation process, capable of being 

utilized in scale-up production. 
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▪ First report of hdyrophosphination of a lignin derivative and subsequent utilization in 

phosphane-ene chemistry. 

▪ First report of developing a lignin-based metal/catalyst scavenger. 

▪ First report of synthesis and preparation of polyphosphonium salts and subsequent 

networks (free-standing films) from lignin, with potential applications as antimicrobial 

films and effective controlled drug delivery vehicles. 

7.4 Recommendations for Future Work 

7.4.1 Tunable Lignin-based UV-cured Coatings and Up-scale 
Production 

Although the effect of incorporating chemically modified lignin into UV-curable lignin-

based coatings was determined in this thesis, the effect of different crosslinkers in such 

systems remains unexamined. Utilizing different crosslinkers can give the ability to tune 

the coatings’ properties and their behavior on different substrates according to the end-use 

in mind and be an important step towards possible commercialization of the lignin-based 

UV-curable coatings. Moreover, while scaled up methacrylation processes were performed 

by our research group in a scale up to 1L (reactor size), larger scale production of 

methacrylated lignin can be an important step in further proving the practicality of the 

optimized methacrylation process and make methacrylated lignin an interesting starting 

material for different target biomaterials. Preparing a mixed package comprised of up-scale 

production of methacrylated lignin can be an interesting package, capable of being 

proposed to coating industries. 

7.4.2 Design of Experiments for Up-scale Production of Primary 
Lignophines 

Design of experiment, like the central composite design used in chapter 4 of this thesis can 

be utilized to optimize the hydrophosphination of lignin as reported in chapter 5 of this 

thesis. Optimizing this process will give the ability to produce primary lignophines in much 

larger amounts, which can be greatly impactful on potential industrial applications of these 

materials. Moreover, the same approach can be utilized for the synthesis of tertiary 
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lignophines to prepare a complete synthetic package, capable of synthesizing each material 

in desired yields using optimized reaction settings.  

7.4.3 Tunable Lignin-based Tertiary Polyphosphines 

Changing the capping reagents in the synthesis of tertiary lignophines can give the ability 

to tune some properties of the obtained material such as swellability. As the lignophine 

materials are not solvent-soluble and both their characterization and utilization in metal 

scavenging settings relied on their swellability in common organic solvents, making more 

swellable materials by changing the capping reagent might enhance such properties in the 

final products. Capping reagents such as 4-penten-1-ol can be reacted with the primary 

lignophine (MLPH2) to give corresponding tertiary lignophine (MLPOH). This can 

increase the swellability of the tertiary lignophine in common organic solvents 

considerably and affect the metal-scavenging ability of the material (Scheme 7-1). 

 

Scheme 7-1 Proposed reaction scheme for the synthesis of MLPOH. 

Moreover, less hindered capping reagents such as ethylene gas can also be utilized in the 

synthesis of tertiary lignophines (Scheme 7-2). The synthesized ethylated lignophine 

(MLPEt) will consequently have hindrance around the phosphorus atoms. Such alteration 

can in turn induce the ability to scavenge oxygen, which can be of great interest as a highly 

novel packaging material. 
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Scheme 7-2 Proposed reaction scheme for the synthesis of MLPEt. 

7.4.4 Synthesis of Metal-Phosphides from Lignin-based Tertiary 
Polyphosphines 

Tertiary lignophines were probed for their ability to coordinate to transition metals in this 

thesis. The next step in this research area can focus on coordinating the tertiary lignophines 

to different metal carbonyls such as Mo(CO)6, W(CO)6, and Cr(CO)6. The resulting metal-

coordinated networks can then be pyrolyzed to yield corresponding metal-phosphides of 

MoP, PW, and CrP (Scheme 7-3). These are promising candidates for lignophines to act as 

ceramic precursors, which have applications in several industries such as batteries and 

energy storage. 

 

Scheme 7-3 Proposed scheme for the synthesis of metal-phosphides from MLPHex through 

coordination to different metal carbonyls (M = Mo, W, and Cr) and subsequent pyrolysis. 

7.4.5 Studying the Tunability and Further Utilization of Lignin-based 
Polyphosphonium Salts 

Using different halides as the quarternization reagents for the synthesis of the lignin-based 

polyphosphonium salts (“lignophoniums”), as well as different crosslinkers for the 
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preparation of the free-standing films can enhance the tunability of the material with 

regards to its wettability, cure percentage, and swelling degrees, which can enhance its 

usefulness in controlled drug delivery systems.  

Moreover, antimicrobial studies need to be performed on the lignophonium networks to 

further demonstrate their antimicrobial performance in real-world or lab settings. Like the 

catalyst sequestration studies for the lignophines, collaborating with research groups active 

in the field of biology and microbial studies would lead to promising results for the 

lignophoniums. 
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Appendices 

Appendix 1. Supporting Information for Chapter 3 

UV-Vis spectra 

UV-Vis spectra were obtained of the KL, ML, and DMPA (photoinitiator) samples to 

evaluate the effect of the methacrylation reaction on the UV-curability of lignin (Figure 

S3-1). It was determined that while the KL sample had a complete overlap in absorbance 

with the photoinitiator (hence the non-UV-curable nature of lignin), the absorbance is 

significantly reduced in the ML sample, proving the detrimental effect of the chemical 

modification on converting lignin into a UV-curable material. 

 

Figure S3-1 UV-Vis spectra of kraft lignin, methacrylated lignin, and the photoinitiator 

(DMPA) used for the preparation of the lignin-based UV-cured coatings. 
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Reaction of Lignin with Chlorodi(isopropyl)phosphine 

KL was reacted with chlorodi(isopropyl)phosphine ([CH(CH3)2]2PCl) to determine the 

types and amounts of hydroxyl functionalities within the native sample (Scheme S1). 

 

Scheme S3-1 Reaction of KL with chlorodi(isopropyl)phosphine ([CH(CH3)2]2PCl). 

Upon examining the 31P{1H} NMR spectrum of the obtained product, signals 

corresponding to the main product (KL-Pi, δP = 136.0-170.0) and two bi-products, 

chlorodi(isopropyl)phosphine oxide (O-Pi, δP = 52.0) and di(isopropyl)phosphino 

chlorodi(isopropyl)phosphonium chloride1 (P-P+; δP = 65.0, 64.0, d, 1JP-P=275.3 Hz, 

[2[(CH3)2(CH)]P+(Cl)-P[CH(CH3)2]2]
-Cl; δP = -11.3, -13.0, d, 1JP-P=275.3 Hz, 

[2[(CH3)2(CH)]P+(Cl)-P[CH(CH3)2]2]
-Cl) were observed (Figure S2). 
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Figure 0-2 31P{1H} NMR spectrum of the product of the reaction of KL with 

chlorodi(isopropyl)phosphine. 

O-Pi  was determined to be the product of the reaction of chlorodi(isopropyl)phosphine 

with residual water present in the native KL sample and the formation of P-P+ was 

attributed to the reaction of two molecules of chlorodi(isopropyl)phosphine. 
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