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The epoxy compound, glycerol diglycidyl ether (GDE) and colloidal lignin particles (CLPs) were used 

to prepare surface coatings which were demonstrated on wood and metal substrates. The GDE/CLP 

ratios 0.65, 0.52 and 0.39 g/g were evaluated for the coatings. The GDE/CLP ratios 0.65 and 0.52 

g/g showed good abrasion resistance compared to commercial references, and were also solvent- 

and stain resistant. The coatings possessed excellent breathability and repelled water satisfactorily. 

The abrasion resistance of the GDE/CLP ratio 0.39 g/g was weaker, and did not possess solvent 

resistance due to insufficient inter- and intra-particle linking. It was shown that thin layers of coating 

(6.9 g(CLP)/m2) had higher hydrophobicity compared to thicker layers. Sunlight resistance tests 

showed that the coatings with GDE/CLP ratios 0.65 and 0.52 g/g were relatively resistant towards 

light-induced yellowing, although texture-intensifying effects were observed.  

A new method for the preparation of epoxidized lignin by using CLPs as lignin-vectors was also 

evaluated. The method resulted in a high hydroxyl-to-epoxy conversion and a satisfactory yield. The 

epoxidized lignin and the GDE were also shown to function well as wood-adhesives when used 

together with CLPs. 
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Sammandrag 

Epoxihartsen, glycerol diglycidyl eter (GDE) och kolloidala ligninpartiklar (CLPn) användes för att 

framställa ytbeläggningar vilka demonstrerades på trä- och metallytor. GDE/CLP förhållandena 

0.65, 0.52 och 0.39 g/g utforskades. Ytbeläggningar med de ovanämnda GDE/CLP förhållandena 

tillät vattenånga att passera nästan fullständigt och hade tillfredställande vattenavstötande 

egenskaper. Det visade sig att de tunnaste skikten av beläggningarna (6.9 g(CLP)/m2) stötte undan 

vatten bättre än tjockare skikt. Ytbeläggningar med GDE/CLP förhållandena 0.65 och 0.52 g/g hade 

dessutom god resistans mot slitning jämfört med de kommersiella referenserna, och de var även 

resistanta mot lösningsmedel och fläckar. Ytbeläggningar med GDE/CLP förhållandet 0.39 g/g var 

svagare, och höll inte mot lösningsmedel på grund av brsitfällig tvärbindning inom och mellan 

partiklarna. Solljusresistansprover visade att beläggningar med GDE/CLP förhållandena 0.65 och 

0.52 g/g var relativt resistanta mot gulnande förorsakat av solljus. Ljuset intensifierade dock 

beläggningarnas textur, vilket förorsakade att ojämnheter syntes bättre. 

En ny metod för att framställa epoxiderat lignin undersöktes också. Metoden gav en hög konversion 

av hydroxylgrupper till epoxigrupper och ett nöjbart utbyte. Det epoxiderade ligninet och GDE visade 

sig vara användbara som trälim då de användes tillsammans med CLPn.  
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1. Introduction 

Fossil-based materials and products are slowly being replaced by bio-based options. The 

reason for large-scaled transitions from the use of one material to another is usually because 

of the superior performance of a new, more advanced material. Now, the world is preparing 

for a shift towards bio-based materials primarily because of plastic pollution and climate 

change [1,2]. Plastics have allowed human societies to advance, as it is used to reduce food 

waste and death rates through packaging material and medical equipment, to enable 

automotive and aerospace travel as we know it, and to replace more expensive materials, 

making everyday products more affordable. Replacing plastics will therefore not be easy.  

To enable the shift towards biobased plastic materials, more research is needed on biopolymers 

and bio-composites. Although environmental concern is an important driver for a raw-material 

shift, well-performing materials are crucial for devices and objects that are nowadays 

considered standard, like cars, phones,  buildings, and more. The new generation of bio-based 

materials needs to be cheap and moldable, and their mechanical properties need to be 

adjustable, the same way as the fossil-based plastics which the world to some degree depends 

on today [3]. The dependence on fossil-based raw materials could be relieved by developing 

competitively performing plastics, preferably biodegradable ones, from forest- and waste-

derived biomass [4]. The development of new bio-based materials has progressed rapidly and 

important breakthroughs in biopolymer and bio-composite development have been achieved 

during the recent decades. Examples of these are the production of nanofibrillar cellulose and 

lignin nanoparticles, which have shown to be applicable in multiple fields, such as 

biomedicine, cosmetics, construction, and packaging [5–9]. In this work, the focus will be on 

lignin, which is perhaps the world’s most underutilized polymer. It is the world’s second most 

abundant polymer after cellulose but is currently practically only used for energy recovery 

[10].  

The market size of the plastic industry is huge, and disrupting it may have unpredictable 

effects. The plastic industry’s annual production is over 270 million tonnes, and the generated 

revenue is over 600 billion USD [11]. The implications of a raw-material shift of that 

magnitude would have to be considered, as uncontrolled deforestation for biomass harvest of 

that scale would create a carbon dioxide debt due to the release of trapped carbon and the 

removal of active carbon traps [12,13].  

This work will begin by a brief discussion regarding the environmental aspects of increased 

biomass valorization, and will then move on to the general properties of the wood-based 
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polymers cellulose, hemicellulose, and lignin. The focus will then be narrowed onto lignin, its 

current role, and new technologies for lignin-utilization, as it will be the focus of the 

experimental section as well.  

2.  Literature Review 

2.1   Sustainable Biomass Valorization  

As the biomaterials research is driven by the intent to solve climate problems, this topic is 

relevant for researchers in the field. If the value of biotechnologies would surpass that of 

traditional fossil-based technologies, the harvest of biomass would increase rapidly. It is 

therefore important to design the harvest of biomass carefully so that the raw-material shift 

results in a sustainable outcome. An unsustainable raw-material shift could lead to even more 

severe problems than those caused by today’s extensive utilization of plastics [12,13]. There 

are nevertheless inefficiencies in the current way that important resources are used that lead to 

the formation of excessive amounts of waste, most of which could be valorized. This section 

will briefly discuss ways that biomaterials could decrease plastic pollution and greenhouse gas 

emissions, and the challenges that may arise by a raw-material shift of the likes. 

The most sustainable way to discard plastics is by recycling or incineration, as plastics are 

problematic even when discarded in landfills [14]. Increasing recycling efforts could be a 

solution, but there are limitations. Some plastics are more suitable for recycling than others, 

and a closed-loop system can rarely be achieved [15]. Incineration for energy recovery is a 

good option for the plastic that cannot be recycled, despite not being a sustainable strategy to 

discard plastics in the long term, as it creates increased carbon dioxide emissions. However, 

the incineration of plastics requires infrastructural systems to minimize the release of 

hazardous emissions from plastics with halogenated additives [15]. It has been estimated that 

about 79 % of the annual plastic waste is discarded in landfills or the environment, while only 

12 % is incinerated, and 9 % recycled [16]. Although recycling should be improved and 

increased, biodegradable plastics could significantly reduce the pressure from landfills and the 

environment [1,16]. The production of bioplastics is additionally less energy-demanding than 

the production of fossil-based plastics [17]. 

Greenhouse gas emission could also be reduced by switching from fossil- to bio-based energy 

sources. Carbon dioxide and methane are currently the most problematic greenhouse gases 

[18]. Methane emissions originate largely from certain types of agricultural food production, 

e.g. rice and cattle farms, but also from biomass in landfills. The methane produced in landfills 

is produced by anaerobic digestion of municipal waste, which in the United States is composed 
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of 69.5 % biomass, of which 22 % is estimated to be food waste [19,20]. The United States’ 

food waste in 1995 was ca. 44 billion metric tonnes, which was roughly 27 % of the food 

available for human consumption [21,22]. China is nevertheless the largest producer of food 

waste, with a production of close to 90 million metric tonnes in 2010 [23]. Larger portions of 

the produced food-waste could be collected and utilized for energy-production, biopolymers, 

and chemicals [19,24,25]. Biomass does not increase the amount of free carbon dioxide in the 

atmosphere and is therefore a renewable source of energy [26].  Although it would be 

unsustainable to install systems for the harvest of primary biomass for energy production in 

large scales as it could lead to significant deforestation and competition with food production 

[12,13,27], waste biomass is abundant. Figure 1 presents the basic routes of fossil- and bio-

based resources. 

Figure 1. Sustainable (bio-based, green arrows) and non-sustainable (fossil-based, red arrows) use of resources. 

The sustainable route begins by carbon dioxide trapping (A), biomass harvest (B), and valorization and utilization 

(C). Although biomass may be valorized into single-use plastic-type products, it will eventually degrade and be 

consumed by microorganisms and plants (D). Food production is valorized and utilized, and the waste can be used 

to produce energy (E). Biomass waste can also be used to create secondary products, like chemicals or polymers 

(F). The unsustainable route begins by the harvest and valorization of fossil-based resources (G & H). A large part 

is used for energy production (J). Non-degradable fossil-based plastics will eventually end up in landfills or the 

environment (I) or incinerated (J). 

2.2  The Main Polymers of Wood 

Wood consists of about 45 – 50 % cellulose, 25 – 30 % lignin, and 20 – 30 % hemicellulose 

[28–30]. These polymers are found within and between the cell walls of plant cells, where they 

are organized into astonishingly sophisticated structures that are responsible for the 

mechanical and functional properties of plants [31–33]. In this section, the discussion will 

focus on these polymers to briefly illuminate their hierarchical structure within plant cells. The 

focus will then be narrowed down to lignin, and its isolation and chemistry in pulping 

processes.  
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2.2.1 Polysaccharides: Cellulose and Hemicellulose 

Cellulose, which is formed by chains of D-glucose bound by β(1 → 4) glycosidic linkages, is 

in nature found in bundles of six nanofiber chains, often referred to as microfibrils [34–36]. 

Cellulose is synthesized by plasma membrane-bound complexes called rosettes, which are 

built up of six co-units, each of which contains six sub-units. Each sub-unit produces one 

glucan chain, and each co-unit consequently produces one nanofiber chain of six glucan chains 

[34,37,38]. One cellulose microfibril, which is about 3 nm thick, consequently consists of 36 

glucan chains [34–36]. Cellulose microfibrils are often modeled as square-shaped, although 

the actual confrontation is hexagonal [32,38]. The microfibrils are organized into crystalline 

and amorphous regions, likely to maintain strength while also reducing the overall stiffness of 

the chain [31]. This structure, especially at the crystalline regions, is extremely strong and 

energetically favorable [39]. So much so, that cellulose incinerates before reaching its melting 

temperature [40].  

Hemicellulose is also in large part built up of saccharide chains, although in contrast to the 

linear and homogeneous cellulose, the chains of hemicellulose are built up of different types 

of monosaccharides bound through various types of linkages and are somewhat branched. This 

generally causes hemicellulose to promote flexibility [30,41]. In addition, hemicellulose 

adjusts porosity and function as a structural mediator through interactions with other building 

blocks, mainly cellulose and lignin [30,33]. Hemicellulose can form links with lignin via 

uronic acid and fucose. Covalent links between lignin and hemicellulose form lignin-

carbohydrate complexes [42]. Hemicellulose and cellulose interact via hydrogen bonds. 

Furthermore, certain forms of hemicellulose can form covalent bonds to pectin, another 

important wood-constituent.  

Xylans, mannans, and galactans are the most abundant types of hemicelluloses [43]. Xylans 

are predominant in hardwoods, while mannans are predominant in softwoods. Galactans are a 

minor constituent in all types of biomass. As their names suggest, the backbones of xylans, 

mannans, and galactans are composed of repeating units of xylose, mannose, and galactose 

respectively. As hemicellulose is a collective term for various types of polysaccharides 

consisting of various saccharide-side chains and structural heterogeneities, there are many 

subcategories of the hemicellulose-types.  

2.2.2 Lignin 

Lignin, from the Latin word lignum, meaning wood, is made of polymerized sinapyl alcohol, 

coniferyl alcohol, and p-coumaryl alcohol. These molecules are collectively called 

monolignols [44–48]. Its structure is branched and heterogeneous, seemingly not bound to any 
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repeating pattern at all [42]. Many steps in the biosynthesis of lignin are unknown, but there 

are two debated models to explain the general mechanisms. The random-reaction model argues 

that the reaction proceeds mainly randomly and uncontrollably, while the controlled-reaction 

model argues that the reaction is controlled. A completely random reaction would explain the 

heterogeneous structure but fails to fully explain the lack of optical activity and abundance of 

some linkage types over others. Regardless, it is known that the polymerization reaction is 

carried on by peroxide-initiated radical-coupling [46,47,49–51]. Although new biochemical 

evidence is found continuously, the biosynthesis of lignin remains unsolved to a large degree 

[46,47,51–54].  

The most abundant monolignol-linkage type in softwood lignin is β-O-4, followed by 5-5, β-

5, and α-O-4 which make up 45 – 50 %, 18 – 25 %, 9 – 12 %, and 6 – 8 % of the linkages 

respectively [42,55,56]. The order of the most occurring linkage types is similar in hardwoods 

and softwoods, although the percentual occurrence differs [56]. Figure 2 presents the three 

monolignols with numbered and lettered carbons to conceptualize the linkages.  

 

Figure 2. The three monolignols; sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol from left to right.  

Lignin regulates the water intake to the cell and increases the rigidity of the overall cell wall 

structure, while also working as a microbial barrier [57]. As lignin is unordered in structure, it 

is difficult for micro-organisms to break it down. Microbial enzymes are generally dependent 

on precise structures to work on, of which lignin has only a few. Lignin degradation 

consequently requires multiple types of low-specificity enzymes [58]. This makes lignin 

degradation relatively unrewarding for microbes, especially since many lignin degradation 

products possess some amount of toxicity [59]. It is hypothesized, that the significant 

deceleration of the generation of fossilized carbon at the end of the Carboniferous period (299 

million years ago) was due to the evolution of fungal microbes that could break down lignin 

in plants [59–61]. 

Lignin is also responsible for the wood’s brown color and is largely responsible for light-

induced yellowing of wood and paper [42,62]. Chromophoric structures are structures that 
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absorb visible light. The absorption of light can induce chemical reactions due to the light’s 

energy. These reactions, which are called photo- or light-induced reactions, may create new 

chromophoric structures or cleave existing ones [42]. Chromophoric structures may also be 

created by reactions between lignin and excited forms of oxygen, mainly singlet state oxygen. 

Triplet state oxygen on the other hand may function as an energy acceptor and can de-sensitize 

excited chromophoric structures [42]. The main chromophoric structures at the propane chain 

in lignin are often oxidized structures, like ethylenic or carbonylic groups, alkene- and β-O-4 

structures, and natural dyes [42]. Quinones are usual chromophoric structures that can be 

derived from the aromatic ring [62–64]. There are many proposed mechanisms of the 

formation of these structures, many of which involve lignin’s ability to quench radicals and 

form stable structures after being radicalized [62]. In bleached pulps, significant 

photoyellowing reactions are e.g. cleavage aryl ether C-O bonds and C-C bonds, photo-

oxidation, di-and oligomerization reactions, cross-linking reactions, various charge transfer 

reactions, and more. Methylated phenolic groups are good radical quenchers, as their 

radicalized forms are relatively stable [65]. An example of some lignin-derived chromophoric 

structures and the areas of the wavelength of light that they absorb is presented in Figure 3. 

 

Figure 3. Lignin-derived chromophoric structures [42,62].  

As the annual global production of paper is about 400 million, about 60 - 120 million tonnes 

of lignin is isolated annually, assuming the dry mass of lignin in wood mass is 15 – 30 % [66–

68]. The current main use of all the lignin that is separated from the cellulose, is energy 

recovery by incineration, which makes pulping plants energy-producing. As about 98 % of the 
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isolated lignin is incinerated, only 1.2 – 2.4 million metric tonnes is used as a raw material to 

make e.g. chemicals, cement, rubber, adhesives, and more [10,68–70].  

2.3  Delignification Methods and Isolated Lignins 

In pulping processes, cellulose is isolated from its surrounding layer of hemicellulose and 

lignin by dissolution in harsh conditions, which impacts the structure of lignin significantly. 

As the valorization of isolated lignin requires some knowledge about the most important 

characteristics of its chemical structure to understand its potential applications, some common 

delignification methods will be discussed in this section. The focus will then be shifted onto 

the kraft process, as it is the most used pulping process globally and most relevant for the 

experimental section of this study [10,55]. 

2.3.1 Organosolv Lignin 

Organosolv lignin is isolated by dissolving the lignin in mixtures of water and organic 

solvents, as the name suggests [71,72]. The solvents can be divided into low and high boiling 

point solvents. Low boiling point solvents can be e.g. ethanol, methanol, acetone, and 

sometimes carboxylic acids. High boiling point solvents can be e.g. ethylene glycol (EG) or 

tetrahydrofurfuryl alcohol. The solvents can be removed by distillation, during which the 

lignin is precipitated [71,72]. Catalysts are often used during the delignification process, as 

non-catalyzed delignification requires high temperatures. These catalysts are often acidic, and 

can also be extracted from the wood itself [71]. Organosolv lignin is considered more similar 

in structure to that of native lignin than e.g. kraft lignin [72].  

The first linkages to be cleaved are α-aryl ether (α-O-4) linkages. Acid-catalyzed α-O-4 

cleavage begins by acidification of the ether bridge and hydrolysis of the α-carbon. This 

initiates hydroxylation of the α-carbon and cleavage of the ether bridge as a result. The reaction 

can be done without catalysts in 100 ℃, which results in reactive quinone intermediates [72]. 

The cleavage of the more stable β-aryl ether (β-O-4) linkages on the other hand generally 

require acid catalysts and proceeds similarly as the acid-catalyzed cleavage of α-O-4 linkages. 

Figure 4 presents the reaction mechanisms of acid-catalyzed α-O-4 and β-O-4 cleavage. 
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Figure 4. Acid-catalyzed cleavage of α-aryl ether linkage (A) and β-aryl ether linkage (B) in organosolv pulping 

[71].  

2.3.2 Sulfite Lignin 

The sulfite process involves the use of bisulfite as a nucleophilic reagent to cleave and 

solubilize the lignin structure. Magnesium, sodium, calcium, or ammonium are suitable 

counter-ions, and hence vectors for the bisulfite ions. Although the kraft process also utilizes 

sulfur as a nucleophilic agent, mainly in the form of hydrogen sulfide, the sulfite process 

usually proceeds in acidic conditions, in contrast to the kraft process.  

In the process, lignin is solubilized as its degree of sulfonation rises. The degree of the lignin 

sulfonation depends on the pH, and acidic conditions are generally favorable. Similarly as in 

the organosolv process, ether linkages are also cleaved by hydrolysis, although the ether 

linkage on the propane side chain is replaced by a bisulfide group instead of a hydroxyl group 

(Figure 4). In neutral or slightly alkaline conditions, the reaction targets primarily ethyl bridges 

at the α-carbon position and proceeds similarly to the cleavage of α-O-4 linkages in the kraft 

process (Figure 5B), although the structure becomes sulfonated instead of hydroxylated [73]. 

Sulfonation also occurs at the β-carbon position, thereby resulting in cleavage of the β-O-4 

linkage [73,74]. In neutral media, only phenolic units can be cleaved, although condensation 

reactions are not as frequent as in acidic media [74]. Undesired condensation reactions are 

always competing with cleaving reactions, and maintaining a sufficiently high bisulfide 

concentration has shown to be critical to avoid them [73]. 

2.3.3 Kraft Lignin  

The kraft process is the most common and widely used delignification process globally 

[55,72,75], but especially in Finland [72], making it the most relevant process in this work.  
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The delignification process consists of three phases; initial delignification, bulk 

delignification, and residual lignin delignification. The kraft process depends on nucleophilic 

attacks by hydroxide- and hydrogen sulfide ions to cleave the lignin structure. About 15 – 25 

% of lignin in wood mass is separated from cellulose in the initial delignification step (or the 

heating step), during which the sulfide concentration should be maintained to avoid 

condensation reactions, similarly as in the sulfite process. In the bulk delignification step, most 

of the remaining lignin is cleaved and solubilized in temperatures of 140 – 170 ℃. Only ca. 

10 % of the lignin remains in the pulp after the bulk delignification phase [42]. In this phase, 

hydroxide ions are the main nucleophilic agents [30,55]. Mainly α- and β-aryl linkages are 

cleaved in these conditions, as diaryl ether and carbon-carbon linkages are more stable and 

usually remain intact [30,55,73]. The cleavage often starts from nucleophilic attacks on the 

side chain or deprotonation of hydroxyl groups on the α- or β-carbon. These reactions can lead 

to the formation of thiirane- or epoxide intermediate structures, or to sulfonated structures if 

the reaction proceeds by nucleophilic substitution of the ether linkage with a sulfide (by a 

reaction mechanism similar to that shown in Figure 5A). The thiirane and epoxide structures 

are relatively unstable. The thiirane structure is lost as the sulfur is oxidized and turned into 

elemental sulfur, while the epoxide structure is quickly re-opened by nucleophilic attack [74]. 

Figure 5 presents α- and β-aryl ether cleavage reactions by the formation of thiirane and 

epoxide intermediates in the kraft delignification process. 
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Figure 5. Two lignin reactions of the delignification step in the kraft process. A) The cleavage of β-aryl ether 

linkage through reduction of α-hydroxyl group and B) cleavage of α- and β- aryl and ether linkage. The α-aryl ether 

is cleaved to enable the formation of a quinone methide structure, which is induced by the electron transfer through 

the aromatic ring starting from the deprotonation of a phenolic hydroxyl group. The β- aryl ether linkage is cleaved 

when the alkene structure is sulfonated, which cleaves the bond when a thiirane intermediate is formed [42].  

The cleavage of ether linkages liberates hydroxyl groups, which makes kraft lignin more 

soluble and changes the chemical structure significantly [30,76]. Carboxylic groups at the 

propane side chains are also formed during the process [72]. Kraft lignin contains about 10 % 

fewer methoxyl groups and a shorter chain length compared to native lignin [10,30,70]. This 

may in many ways be beneficial for kraft lignin valorization, as the number of reactive spots 

for potential chemical modification is increased and solubilization is easier. Other differences 

are the presence of small amounts of thiol- and, carboxylic acid groups and the presence of 

stilbene structures [72,76]. Small amounts of carbohydrate complexes can also be present 

[72,76]. Figure 6 presents a few differences between native and kraft lignin.  

A 

B 

- OR 
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Figure 6. Some structural differences between native and kraft lignin [42,72,77]. 

Despite the increase in polar groups, the water-solubility is still too poor for most value-added 

water-based applications [70,78,79]. The homogeneity is a problem as well, as variability 

makes its utilization more unpredictable. Fractionation can be used to sort lignin according to 

e.g. solubility or degree of polymerization but requires time and resources. Lignin is 

consequently viewed as a waste-product despite its interesting chemical properties.  

As lignin currently has few uses but is abundant as a side product from pulping production, it 

is relatively cheap. The bulk price of kraft lignin varies from 0.18 – 0.50 US $/kg [10]. As 

lignin is not only cheap but also antioxidant, UV-blocking, and anti-microbial to some degree, 

there are great potential and benefits for those who find suitable applications in which lignin 

can be incorporated. Water-dispersible lignin nanoparticles have been shown to increase the 

range of lignin’s applicability significantly [5,6,79–83]. The discussion will therefore proceed 

to the synthesis, modification, and utilization of lignin nanoparticles.  

2.4  Lignin Nanoparticles: Chemistry & Applications 

The research interest of lignin is increasing, due to the increased pressure and interest to shift 

towards bio-based materials. Because of this, new potential applications for lignin are 

generated quicker than before [70]. The recent discovery of preparation methods for colloidal 

lignin nanoparticles has been impactful in biomaterials research and has broadened the 

applicability of lignin significantly. The discussion in this section will begin by a brief 

presentation of the timeline of lignin nanoparticle research, as the field is still relatively new. 

A more technical discussion on the preparation of lignin nanoparticles, their properties, and 

their applications, will follow.  
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2.4.1 The Evolution of Lignin Nanoparticle Preparation Methods 

The lignin-nanoparticle-era in biopolymer research fields could be considered to have begun 

when Frangville et al. [84] published two methods for synthesizing colloidal lignin 

nanoparticles (CLPs) by solvent switching precipitation in 2012. In both methods, lignin was 

precipitated from a solution by adding sufficient amounts of an anti-solvent. It could be done 

by adding acids to alkaline aqueous lignin solutions or by adding water to solutions of lignin 

in ethylene glycol. The particles were irregularly shaped but remained well dispersed in water 

for days. In 2014, Qian et al. [85] published a method for synthesizing regularly shaped 

spherical CLPs from acetylated alkali lignin. The method resulted in highly uniform CLPs. 

They also used solvent switching but added water to solutions of acetylated lignin in 

tetrahydrofuran (THF). However, in 2016, Lievonen et al. [78] published a simple method for 

synthesizing spherical lignin nanoparticles from unmodified kraft lignin. The method was 

similar to that of Qian et. al., but without any modification of the lignin. They were able to 

precipitate spherical CLPs by submerging a dialysis bag filled with solutions of lignin in THF, 

in deionized water. The method quickly evolved into rapidly adding water into solutions of 

lignin in THF [86–88]. Scale-up friendly processes also started to be developed [86,89]. The 

number of research papers about lignin nanoparticles and their applications has been 

increasing rapidly since 2012, as presented in Figure 7.  

 

Figure 7. The number of research papers about lignin nanoparticles from 1977 – 2018. 

In the following sub-sections, the synthesis, properties, and applications of CLPs will be 

discussed to give an overview of the potential and value they bring to the collection of 

functional bio-based materials. 
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2.4.2 Synthesis 

Understanding the precipitation mechanism and what affects it is important to be able to 

customize particles according to application and properties. Each method yields particles of 

its own character. Solvent switching is one of the most simple and effective ways to yield 

lignin nanoparticles. It can be done by adding the anti-solvent to the solution or the solution 

to the anti-solvent. Although precipitation by a rapid change of pH is in its principle similar to 

solvent switching, that method will not be referred to as solvent switching. Parameters that 

affect the shape, size range, and surface charge are the solvents, the initial lignin concentration, 

the type of solvents and anti-solvent, the ratio between the solvent and anti-solvent (post-

precipitation), the speed of stirring and addition of anti-solvent if the anti-solvent is added to 

the lignin solution, pH, and of course the type of lignin. No comprehensive comparison of 

methods, and more importantly, their variables, has so far been done by one paper, although 

many papers have compared a few methods to each other [7,78,84,86,90–92]. Table 1 presents 

an overview of how different methods, lignin-types, and initial concentrations conditions may 

affect the particle properties.  

Although it is not included in Table 1, the pH in the initial lignin solution affects the particle 

size. The effect may vary depending on the type of lignin and the solvents used. For example, 

it has been observed that pH between 4.8 – 5.3 during particle formation is beneficial for the 

synthesis of small particles when precipitating kraft lignin from THF and water solutions [89], 

while neutral or slightly alkaline conditions results in smaller particles compared to those 

produced in acidic conditions when precipitating soda lignin from ethanol and water solutions 

[90]. 

Increasing the initial concentration usually increases the particle size. There is often an optimal 

concentration for the synthesis of small particles, which is usually around 1 – 3 g/L (ca. 0.1 – 

0.3 wt.%, depending on the solvent system) [78,89,90]. Increasing this concentration 

eventually leads to the formation of unstable aggregates. Nevertheless, stable particles of ca. 

200 – 500 nm in diameter can be achieved with initial lignin concentrations as high as 4.7 

wt.% in ethanol-THF-water solutions [86]. 
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Table 1. Comparison of solvent systems and precipitation methods to produce lignin nanoparticles 

Type of lignin 
Initial lignin 

concentration 
Solvent | wt.% 

Particle size 

Zeta potential 

PDI* 

Particle 

shape 
Method description Reference 

Acetylated alkali  1 g/l THF 

80 – 110 nm 

- 

0.02 

Spherical and 

very uniform 

A mass of 1.5 times the 

lignin solution of water 

gradually added to the 

lignin solution 

[85] 

Kraft  0.015 g/l 
pH 9.2 Aqueous 

solution 

400 – 1000 nm 

- 

- 

Irregular 
Ultrasound sonication of 

dissolved lignin 
[81] 

Kraft  2 g/l 
THF | 90 

DIW | 10 

200 – 300 d. nm 

- 30 mV 

0.1 – 0.2 

Spherical and 

uniform 

Dialysis bag containing 

solution submerged in 

DIW 

[78] 

Kraft  10 g/l 
Acetone | 70 

DIW | 30 

100 – 200 d. nm 

-30 – -40 mV 

0.1 – 0.2 

Spherical and 

uniform 

Solution added to 2.4 

times its weight in DIW 
[6,7] 

Kraft  18.2 g/l 
THF | 82.7 

DIW | 18.3 

200 – 300 d. nm 

-45 mV 

0.1 – 0.2 

Spherical and 

uniform 

Solution added to 3.5 

times its weight in DIW 
[87] 

Kraft  43.3 g/l 

THF | 36.3 

EtOH | 32.2 

DIW | 31.5 

300 – 500 d. nm 

-30 – -40 mV 

0.1 – 0.2 

Spherical and 

uniform 

Solution added to 1.72 

times its weight in DIW 
[86] 

Kraft 5 – 20 g/l 
Dimethyl-

formamide 

30 – 2000 nm 

-39 – -42 mV 

-  

Spherical and 

uniform 

Solution passed through 

aerosol flow reactor and 

fractionated by size after 

collection. 

[93] 

Low-sulfonated 0.5 g/l Aqueous NaOH 

86 nm 

- 

0.2 

Irregular 

Rapid pH drop to 2 by 

addition of aqueous 

HNO3 to the lignin 

solution 

[84] 

Low-sulfonated 5.6 g/l EG 

200 nm 

-25 – -35 mV 

- 

Irregular 

Aqueous 0.25 M HCl 

solution added dropwise 

(0.04 ml/min)  to the 

lignin solution 

[84] 

Organosolv  10 g/l 
Acetone | 88 

DIW | 12 

142 – 234 nm 

-18 – -50 mV  

0.1 – 0.18 

Spherical 

Lignin was isolated from 

differently pre-treated 

biomass. 

[94] 

Organosolv 5 g/l Acetone 

50 – 200 nm 

-45 mV 

- 

Irregular 

Lignin precipitated by 

slow and rapid solvent 

switching. 

[95] 

Soda  3 g/l 
EtOH | 65 

DIW | 35 

312 nm 

-19 mV 

- 

Moderately 

spherical 

Water was added to 

lignin solutions with a 

speed of 0.06 v/v. 

[90] 

PDI = polydispersity index, THF = tetrahydrofuran, EtOH = ethanol, DIW = deionized water, EG = ethylene 

glycol 
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The ratio between solvent and anti-solvent affects the particle size, as too little anti-solvent 

causes the particles to remain in a swelled, nano-emulsion state. The amount of required anti-

solvent varies depending on the initial lignin concentration and the solvent but is generally 

above 65 wt. %, although the particle formation starts at around 40 wt. % [82,89,90]. 

The particles may also become unstable by an insufficient anti-solvent/solvent ratio. The 

particle stability is highly dependant on repulsive forces caused by the surface charge of the 

particles. When a large amount of a polar anti-solvent is introduced, the available lignin will 

be arranged in the most energetically favorable manner [90]. The surface charge of the 

particles, therefore, becomes weak if the surrounding polarity remains low. Furthermore, the 

most polar fraction of lignin, which is believed to adsorb onto the surface of the particles once 

aggregated, may not aggregate in low anti-solvent/solvent ratios. Stable particles can 

eventually be formed, but often become relatively large [86].  

The anti-solvent introduction speed also affects the particles, not only in size but, also in 

porosity and density. By slow addition of water to organic solutions of lignin, hollow particles 

can be prepared [96,97]. Small amounts of a non-polar solvent, like toluene, may increase the 

hollowness [97]. Hollow particles prepared by this method are usually pierced. The formation 

of hollow particles by slow addition of water to lignin solutions likely occurs because of 

lignin’s water evasive nature. As the ratio of water in a lignin solution increases, spheres begin 

to form. In the initial stages of particle-formation, the inside of the spheres contains organic 

solvent, which the lignin within the spheres trap as it evades water. The spheres are 

consequently a form of nano-emulsion droplets. If the water is added slowly, the surface of 

the forming spheres may solidify before the core does. When the concentration of water 

increases outside of the particles, the osmotic pressure leads the solvent to burst out due to the 

increasing difference in concentration in- and outside the particles, and the particles are 

consequently left pierced. Xiong et al. [97] proposed a similar mechanism, where the nano-

emulsion droplets would contain water in the beginning, as the organic solution is the 

continuous phase at that point. The authors analyzed the particles using TEM and used the 

observations to motivate the claim. TEM nevertheless requires drying of the carbon grid before 

analysis. As the organic solvent, THF in their case, evaporates quicker than water, it would 

lead to a THF-in-water emulsion at the point of particle formation, making their proposed 

mechanism unlikely. This proposition is backed by Leskinen et al. [89]. The formation of non-

particular clusters at 40 wt.% water, but particles at 20 wt. % water may be due to the 

azeotropic behavior of water-THF solutions.   
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Although the particle formation by fast anti-solvent introduction differs significantly from that 

of slow anti-solvent introduction, the lignin-solvent interactions are similar. Particle-

preparation by fast anti-solvent introduction produces solid, non-hollow particles, and there 

are many theories explaining the general precipitation mechanism. 

Sipponen et al. [90] argue that particle formation begins by the formation of very small 

nanoparticles (10 – 50 nm in diameter) which form larger particles by colliding. As polar lignin 

fragments adsorb onto the surface of these particle clusters, their surface charge strengthens. 

Collisions consequently become less frequent due to the electrostatic repulsion that is 

established by the surface charge [78,90]. This proposition is largely agreed upon, but the 

mechanism does not consider the nano-emulsion phase. In their study, however, the focus was 

on quick particle formation, where the nano-emulsion phase may have seemed insignificant. 

The differences in porosity that arise during the initial particle formation may nevertheless be 

relevant to understand how and why different solvents cause significant changes in particle 

size.  

Although load capacity has been studied and is an important property for biomedical 

applications, the porosity of CLPs prepared by different methods has not been compared. 

Thermoporometry differential scanning calorimetry has recently been used to compare regular 

CLPs with hollow CLP-nanocapsules [7]. The CLPs and CLP-nanocapsules examined in that 

specific study had a cumulative pore volume of 4.7 and 89.9 mL/g respectively. This method 

could grant more knowledge about structural differences that are seen in CLPs prepared by 

different methods. 

The particles in the previously mentioned study were prepared using acetone and water as 

major and minor solvent (using acetone/water ratio 3/1 w/w). Another common solvent system 

for CLP-precipitation is THF and water as major and minor solvent in similar proportions 

[78,86]. The use of acetone and water as solvents yields particles sometimes less than half the 

size of those prepared using THF and water [6,86,87]. Three-solvent systems of ethanol, THF, 

and water in similar proportions to each other, has been shown to result in smaller particles 

compared to particles precipitated from water and THF solutions [86]. The differences in 

particle size between particles precipitated from different solvents may be caused by 

differences in the solvent-lignin and the solvent-anti-solvent interactions. Strong solvent-anti-

solvent interactions would logically cause precipitation quicker, as the anti-solvent would pull 

the solvent away from the lignin more effectively. Based on polarity index, acetone and 

ethanol are more polar than THF and would therefore interact stronger with each other and 

with the polar fraction of lignin [98]. Based on computational simulations, acetone forms a 



17 

 

higher number of hydrogen bonds with water than THF does [99,100]. By combining these 

observations, it would seem like more polar solvents decrease the particle size by increasing 

the solution’s overall polarity and thus curtailing the nano-emulsification phase. This has 

nevertheless not yet been studied experimentally, and the scientific data in the subject is 

lacking.  

The molecular weight also impacts the particle formation and the characteristics of the formed 

particles [90,101]. High molecular weight lignin generally precipitates into smaller particles 

[80,101]. This phenomenon is however not only contributed to the molecular weight. The 

lignin fraction with high molecular weight is generally more hydrophobic than low molecular 

weight lignin [80,101]. These characteristics can also be achieved by chemical or enzymatic 

modification [80,88]. Fractionation can be used to separate lignin according to molecular size 

and can be used to tune particles according to the desired size and surface charge [101].  

2.4.3 Functionalization 

The properties of non-functionalized CLPs depend on the size and shape of the particles, as 

well as their surface charge. Therefore, their properties are highly dependent on the 

precipitation method. Although there are applications where non-modified CLPs are readily 

applicable, their properties can often be improved and tailored to increase their beneficial 

characteristics in specific applications. The properties of CLPs can be tailored by pre-, co- and 

post-precipitation functionalization. Pre-functionalization is done on the lignin which is used 

for the precipitation. Grafting of functional groups or the increase of some chemical elements 

are examples of pre-precipitation functionalization [85,102–105]. Co-precipitation 

functionalization strategies are often used to load particles with specific substances and are 

done as the particles precipitate [7,91,105]. Post-precipitation functionalization is often 

performed on the surface of the particles. Cross-linking and surface coating are perhaps the 

most usual post-precipitation functionalization strategies [6,80,84,87,88,106], as the particles 

are sensitive towards harsh conditions that are required for many types of grafting reactions. 

These methods will be discussed subsequently. 

Pre-precipitation functionalization 

Pre-precipitation modifications are all modifications of the used lignin that are performed 

before particle preparation. Many types of commercial lignins allow for a variety of chemical 

modifications. Both polymers and functional groups can be grafted onto the lignin backbone 

[83,85,102,105,107]. Many lignin-modifications have been demonstrated successfully, but 

relatively few studies have demonstrated the use of significantly modified lignin for the 

preparation of CLPs. The knowledge about to what extent various pre-precipitation 



18 

 

modifications can be used is therefore limited. There are, however, some known limitations. 

It has, for example, been observed that although carboxyl groups can efficiently be grafted 

onto hydroxyl groups of kraft lignin, the number of carboxyl groups cannot be increased by 

more than ca. 150% to be utilizable for the preparation of stable dispersions in the desired 

conditions [105].  

Although some lignin-modifications impede the particle formation capability, others may 

improve it. Highly alkylated alkali lignin, for example, can be used to prepare remarkably 

uniformly sized CLPs  [85]. Although non-modified alkali lignin can be used to create stable 

particle dispersions, the particles become more irregularly shaped compared to those made 

from acetylated alkali lignin [108].  

Many lignin-modifications that have not been demonstrated to be applicable to produce stable 

CLP-dispersions could prove to be functional pre-precipitation modification methods in future 

studies. Although some of the modifications may have a negative impact on particle formation 

if the degree of modification is too high, they could enhance functionality if used at low 

degrees of modification. Some possible modification routes are therefore presented 

subsequently. 

Phenolation can be used to increase the number of phenol groups on lignin’s backbone, and 

can be used to increase reactive spots suitable for e.g. epoxies for adhesives [109]. 

Methylolation and glyoxylation has been performed with the same goal [107]. Epoxidation, 

which will be discussed in detail in section 2.5 , can be done to make fully lignin-based 

adhesives and thermosets [107,110], although epoxide groups can also function as bridges for 

additional grafting. Polymers can also be grafted onto the lignin backbone to add functionality. 

For example, Kai et al. grafted polylactid acid onto alkylated lignin via ring-opening 

polymerization [104], and Liu et al. grafted 2-(dimethylamino)ethyl methacrylate chains onto 

lignin via atom transfer radical polymerization reactions [103].  

Co-precipitation functionalization 

Co-precipitation functionalization of CLPs is here defined as functionalization methods that 

add additional variables that are not related to the solvents and would not exist in the regular 

precipitation method. A change in pre-precipitation lignin concentration or solvent system is 

therefore not viewed as a co-precipitation modification, although such measures may affect 

size, surface charge, porosity, and shape of the particles. The addition of an additional 

substance, on the other hand, is regarded as co-precipitation functionalization. The addition of 

another substance can result in co-precipitation of lignin and the other substance into particles. 
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Co-precipitated particles can be referred to as hybrid CLPs (hybCLPs), or loaded CLPs 

[7,81,91]. The difference between hybCLPs and loaded CLPs is usually that loaded CLPs are 

prepared to be able to release the load, while hybCLPs are intended to remain as hybrids. The 

load or co-substance is usually poorly water-soluble or hydrophobic [7,81]. For example, co-

precipitation has been used to prepare pesticide loaded particles from sodium lignosulfonate 

and cetyltrimethylammonium bromide [111] as well as magnetic particles from alkali- or kraft 

lignin and iron oxide [91,112]. Fatty-acid hybrid particles of lauric acid, oleic acid, and tall-

oil fatty acid for thermal storage applications have also been demonstrated [7]. This method 

could also be used to prepare hollow nanocapsules, as slightly water-soluble substances can 

be emptied from the particles by dialysis. Co-precipitation is an important modification 

strategy in biomedical applications, as various drugs can be loaded into the particles by co-

precipitation [91,105].  

Post-precipitation functionalization 

The possibilities for post-precipitation chemical modification of CLPs are limited as the 

particles are often sensitive towards reactive chemicals and harsh conditions. Many grafting 

reactions require high temperatures or organic or alkaline solvents, which the particles cannot 

endure [102,103,113]. Cross-linking can be done to stabilize particles but this also decreases 

reactive spots. Cross-linking is nevertheless used to increase particle stability in e.g. 

demonstrations of biomedical function [7,88]. As CLPs have potential applications as drug 

carriers [8,81,91], cross-linking can sometimes be used, aside from increasing particle stability 

within a host organism, to alter the drug-carrying capacity or release rate of the carried drug 

[113]. Cross-linking can be done enzymatically with e.g. laccases [5,80,88], or chemically, 

using substances with two or more groups that can react with hydroxyl groups, such as 

aldehydes [84], thiols [113], or, as discussed more later, epoxies. Other modifications include 

surface adsorption of polymers/electrolytes [78,87], or proteins [80,114,115] and ion-infusion 

[84,112]. Surface adsorption can be used to change or invert the surface charge, making the 

particles more suitable for utilization in e.g. emulsions or increase their electrostatic 

interactions in polymer blends [6,87]. Inverting the surface charge also enables the adsorption 

of negatively charged substances onto the particles [114,116].  

Infusion can be used to entrap small water-soluble substances, e.g. ions, into the particles 

[117]. It may be possible to infuse organic, non-water-soluble substances into cross-linked 

CLPs in organic solutions, although that has not yet been demonstrated. It has however been 

demonstrated that the drug release of cross-linked lignin microcapsules is improved in the 

presence of sodium dodecyl sulfate [81], which indicates that organic substances could 
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possibly be infused into CLPs in aqueous dispersions with some amount of organic solvent 

present. That would nevertheless require that the particles were sufficiently stable in organic 

solutions.  

Although many grafting reactions require too harsh conditions to be performed post-

precipitation, it has been shown that microcapsules or microparticles can be formed using 

polymer grafted lignin as a substrate, although the particle formation mechanism may be 

different [103,118]. Post-precipitation grafting would require extensive cross-linking 

throughout the particle, but preferably only on the inside to retain active grafting positions on 

the surface to retain reactive spots. Grafting in harsh conditions has not been demonstrated as 

a post-precipitation modification on chemically or enzymatically cross-linked CLPs, but 

peptides have post-precipitationally been grafted onto CLPs made from carboxylated lignin in 

mild conditions [105]. 

2.4.4 Applications 

The spike in lignin nanoparticle research has led to many new proposed applications for lignin 

nanoparticles in various fields. This section will provide an overview of demonstrated and 

potential applications for CLPs in state-of-the-art to bulk applications. 

Biomedicine & Cosmetics 

In wood, lignin contributes with antioxidant, anti-microbial, and UV-shielding properties due 

to its abundance of radical-scavenging phenolic and methoxyl groups [62,65,78,82,119]. 

Figure 8 presents a reaction mechanism for a possible stabilization of radical oxidative species 

by lignin. The radical scavenging property makes lignin especially suitable for biomedical 

applications in e.g. tissue engineering [104], cosmetics [82,120], and cell cultivation [9]. 

 

Figure 8. Antioxidative reactions of kraft lignin structures [65]. 

Sunscreens have been prepared with CLPs from enzymatic hydrolysis lignin, and it has been 

shown that CLPs have a synergistic effect on commercial UV-blocking agents and that small 

lignin particles are more effective UV-blockers than large lignin particles or non-particular 

lignin. Lignin’s antioxidant properties likely contribute with beneficial radical-stabilizing 
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effects to decrease the amount of free UV-induced radical species [82,120]. It has furthermore 

been shown, that the generation of reactive oxidative species in polylactide scaffold material, 

which can induce inflammatory responses in installed allogenic scaffolds, could significantly 

be reduced by the incorporation of lignin [104].  In addition to the antioxidant activity, CLPs 

have been shown to increase shape fidelity in 3D-printed CNF-alginate-hydrogels [9].  

Much research has been conducted on the loading capacity of the particles 

[7,81,91,95,111,117]. CLPs can, as mentioned, function as vectors for poorly water-soluble 

substances if functionalized by co-precipitation [7,91,105,111,112]. CLP-stabilized Pickering 

emulsions can also be prepared to transport hydrophobic substances [93,106,121]. The 

cytotoxicity and hemolytic effect of CLPs, iron-complexed CLPs, and Iron-oxide-containing 

CLPs have been evaluated extensively, and none of those CLP-variants possess a high 

cytotoxic effect [112]. The iron-oxide CLPs exhibit the most cytotoxic, especially hemolytic 

behavior, of the three tested CLP-variants.  

There are various strategies to use CLPs for cancer treatment. Tortora et al. made lignin 

microcapsules with coumarin-6 as a model substance for anticancer drugs [81]. Similarly, 

resveratrol loaded and magnetic iron-oxide-containing CLPs for cancer-treatment applications 

were made by Dai et al. [91]. The particles caused low hemolysis (blood-cell membrane 

damage) and a good anti-cancer effect against lung cancer cells. The particles were tested in 

vivo on tumor-bearing mice. The resveratrol-loaded CLPs showed significant tumor reduction 

and increased survival rate, and could successfully be steered towards tumors under magnetic 

fields. This study is one of the few, perhaps the only, which has included an in vivo evaluation 

of CLPs in biomedical applications. Non-magnetic particles can be drawn towards tumors by 

conjugating tumor-homing peptides on their surface. It has been shown that this type of peptide 

conjugated CLPs are more prone to internalize with tumor cells, and possess higher 

antiproliferative properties when loaded with anti-cancer drugs [105].  

As CLPs are already multifunctional, modifications such as those previously described could 

be utilized in a variety of ways. Protein-coated and enzymatically modified CLPs has for 

example been demonstrated to function as an effective adhesive on chamois leather [80]. These 

types of modified CLPs could potentially be applicable as wound-healing adhesives. 

Functionalizations such as drug-loading could provide increased healing efficiency. 

Antibacterial properties can be achieved without significant changes in particle stability by 

infusing the particles with silver ions post-precipitationally [117].  

In addition to the use of CLPs in sunscreens and therapeutic applications, CLPs could also be 

used in regular cosmetics. As CLPs possess both UV-blocking- and emulsion stabilizing 
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properties, CLPs are suitable as main ingredient in emulsion-based cosmetics [82,87]. CLPs 

could of course also be used in non-emulsion cosmetic products. The color and texture of dry 

CLPs are suitable base-ingredients for various bulk makeup products, like foundation creams 

or “bronzers”. It may seem like a superficial issue, but the cosmetic industry is large and highly 

environmentally demanding [122,123].  

Bio-composites 

The antioxidative and UV-shielding properties can also be used in bio-composites and 

packaging materials [6,119,124,125]. For example, Farooq et al. were able to make 

multifunctional composite films nanocellulose and lignin nanoparticles [6], and Yang et al. 

was able to make films from blends of lignin particles with chitosan and polyvinyl alcohol 

(PVA) [119]. Farooq et al. observed that the CLP-concentration of up to 10 wt.% in the 

composite films increased the tensile strength from 132 MPa (pure cellulose nanofiber film) 

to 160 MPa. Increasing the amount of CLPs above 10 wt.% made the films too brittle, and 

consequently weak. The presence of CLPs gave antioxidant properties, but also made the 

composites waterproof [6].  

Yang et al. only went to 3 wt.% CLP content in their films. The addition of CLPs made their 

films stronger, from ca. 47 MPa for pure PVA to 52 MPa with 3 wt.% CLPs, although the 

elongation at break decreased from 150 % to 10 %. The addition of chitosan (9.7 wt.%) 

improved the flexibility to 122 % but decreased the tensile strength to 27 MPa.  

It has also been demonstrated that up to 12.5 wt.% non-water-soluble fatty acids can be 

incorporated into PVA films when vectored by hybrid CLPs [7]. The films were surprisingly 

bendable considering the high lignin content, which usually causes excessive rigidity. As most 

biopolymers are water-soluble, the ability to incorporate fatty acids and other non-water-

soluble substances with water-soluble polymers could open new interesting possibilities in 

bio-composite research.  

Chemical, Catalytic and Thermal Applications 

There are various studies on the utilization of lignin particles to catalyze chemical reactions. 

Wei et al. demonstrated the use of CLPs to create polystyrene microbeads [118]. The group 

had used pH-precipitated particles to emulsify styrene, thereby preparing an oil-in-water 

Pickering emulsion. Then, the emulsion was heated, and the styrene was polymerized into 

polystyrene via in-situ radical polymerization. The lignin could then be dissolved and removed 

by raising the pH, resulting in polystyrene microbeads, and the lignin could be re-used again.  
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Nypelö et al. demonstrated the use of lignin as nanoreactors for the production of silver 

particles [121]. The particle preparation was different than conventional methods (solvent 

switching or sonication), as they were produced by cross-linking epoxidized lignin in water-

in-oil emulsions. Silver can be produced by combining sodium borohydrate and silver nitrate, 

but the formed silver particles immediately aggregate and form large clumps. Distinct silver-

containing particles could be prepared within the lignin particles by including sodium 

borohydrate and silver nitrate into the lignin-containing water phase in separate batches. The 

batches could then be emulsified and combined, whereafter silver was synthesized within the 

particles during cross-linking.  

Sipponen et al. were able to improve the catalytic effect of a lipase by anchoring them onto 

cationic CLPs within calcium alginate hydrogel beads, enabling effective esterification 

reaction in aqueous media. The adsorption of lipase onto CLPs required cationization, as the 

net charge of the lipase and CLPs were negative. The cationization was in this study done by 

adsorbing cationic lignin onto the CLPs. The lipase-cationic-CLP particles confined within the 

alginate beads improved the reaction speed to three times that of lipase within alginate beads 

alone. The reaction yield after 24 and 96 h was 37 % and 77 % respectively, and enabled the 

reaction to take place in aqueous conditions.  

In another study, Sipponen et al. demonstrated the use of CLPs as carriers for fatty acid phase 

change materials for thermal storage applications [7]. Phase change materials work by storing 

and releasing thermal energy by melting and solidifying. Many phase change materials, 

however, become unstable after a certain number of melting and solidifying cycles. 

Encapsulation is a usual way of overcoming that problem but is technically challenging [126]. 

This study demonstrated a simple one-pot method of preparing environmentally friendly 

water-dispersible thermally stable encapsulated phase change materials. 

2.5  Lignin-Epoxy Chemistry and Applications 

Lignin has been used together with formaldehyde and polyurethane as adhesives and 

thermosets, especially since the start of the 20:th century [127–129], but interesting 

applications of lignin and epoxies started to emerge after 2010 for thermosets and adhesives.  

[107,110,130,131]. In this section, epoxies and usual epoxy reactions and applications will be 

discussed. The discussion will then proceed to ways in which lignin and epoxies can be 

applied, and challenges and possibilities in lignin-epoxy applications.   
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2.5.1 Epoxies 

Epoxies are either molecular or polymeric substances containing epoxide (also called oxirane) 

groups. Materials composed of mainly substances that are polymerized via epoxy-

polymerization reactions are also called epoxies. Those materials will however be referred to 

as “epoxy-materials” instead of as “epoxies”, whose definition in this context follows the 

former definition to avoid confusion.  

Chemistry 

Epoxies can be used as cross-linkers in polymer blends to increase strength and rigidity or to 

prepare polymers and polymer matrices from epoxide-group-containing monomers. Epoxies 

can react with certain suitable nucleophilic groups, such as amines, thiols, phenols, hydroxyls, 

and more [132]. When preparing epoxy-materials, substances with compatible sites for epoxy-

polymerization are called hardeners. Figure 9 presents epoxy polymerization reactions via 

hydroxyl and amine groups.  

 

Figure 9. Epoxy polymerization reactions via (A) hydroxyl groups and (B) secondary amine groups. 

Epoxy materials are generally made by a chosen epoxy and various hardeners. Bisphenol-A 

(BPA), for example, is a widely used base-component for epoxidation reactions and one of the 

most produced chemicals in the world. It can be epoxidized, by grafting epoxide structures 

onto its hydroxyl groups. The result of this reaction is bisphenol-A diglycidyl ether (BADGE), 

which is capable of polymerizing together with BPA or other diols and other suitable materials, 

as shown in Figure 10. The polymerization reaction between BPA and BADGE does however 

not create a cross-linked polymer chain, as there are only two compatible reactive spots on 

both the epoxy compound (BADGE) and the hardener (BPA). To induce cross-linking, other 

hardeners with more reactive sites need to be used or at least added. 
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Figure 10. The epoxidation of bisphenol A into bisphenol A diglycidyl ether and the polymerization between 

bisphenol A and bisphenol A diglycidyl ether. 

Epoxy-materials are usually highly cross-linked and therefore have no melting point. 

Polymeric materials melt when the attractive forces between the polymer chains are disrupted 

by kinetic energy provided by heat, allowing them to move past each other. When polymers 

are cross-linked, the polymer chains’ ability to move decreases. High degrees of cross-linking 

therefore alleviate the melting point of polymeric materials, as the polymer chains become 

increasingly locked in place in relation to each other. A polymeric material may have a melting 

point when cross-linked only to a low degree, although it may be higher and broader than it 

would have been without cross-links [133]. Polymeric materials without melting point are 

called thermosets, while polymeric materials with a melting point are called thermoplastics.  

Highly cross-linked polymers are also called network polymers, and epoxy-materials usually 

belong to this category [133], as primary or secondary amines with multiple reactive spots are 

usually used in epoxy-materials [134]. Figure 11 presents a simple illustration of differences 

between various cross-linked and non-cross-linked polymer matrices. 
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Figure 11. Polymer matrices of (A) network polymers, (B) cross-linked polymer chains, (C) endwise-linked 

polymer chains (D) non-cross-linked polymer chains. The red shapes represent cross-linking sites, while the blue 

lines represent polymer chains 

2.5.2 Customizability and applications 

Inter-polymeric linking with epoxies requires some epoxy-compatible reactive sites on the 

polymer chains. Highly cross-linked thermosets (Figure 11B&C) can be produced, if either 

the epoxy compound has more than two epoxide groups, or if the polymer chain(s) has more 

than two nucleophilic reactive sites. Otherwise, the chain length can be increased, but cross-

links cannot be formed. For this reason, it is common to add primary or secondary amines as 

hardeners when preparing epoxy-materials, especially if the epoxy compound only contains 

two epoxide groups. Primary amines are capable of reacting twice, as shown in Figure 9B. In 

epoxy materials, they are consequently connective sites for two or three chains of epoxy 

polymerized chains.  

Epoxy-based materials are generally highly resistant to chemical attack, mechanical force, 

abrasion, and other forms of deterioration [135]. Although high degrees of cross-linking 

enhance strength and resistance towards chemical and physical attacks, it inevitably makes the 

material rigid. However, if the polymer chain of the epoxy-compound is long and contains few 

epoxide groups, the cured epoxy can be made flexible, even rubbery [136]. The properties of 

epoxy-based polymers are therefore customizable by the choice of epoxy components, 

hardeners, and their ratios [135,136].  
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There is little scientific literature covering specific epoxy applications and their technical 

requirements, despite their usefulness. Epoxies are currently used as surface-coatings in 

marine environments, pipework, food packaging, and floorings, and as thermoset material in 

various applications, like in automotive and aerospace transport, construction, electronics, 

energy, and sports, and even in state-of-the-art biomedical applications [133,135]. Ca. 41 % 

of the produced liquid epoxy resin is used for surface coatings, while 31 % is used for 

adhesives [137]. Surface coatings, in general, are usually applied to shield against various 

forms of deterioration, like photo-induced color change and mechanical weakening (polymeric 

surfaces), corrosion (metallic surfaces), and physical damage, such as scratches [133]. Epoxy 

coatings, specifically, are often applied onto concrete floors to improve their appearance and 

protecting them from physical and chemical damage. A common drawback of epoxy coatings 

is poor vapor permeability, which can lead to the buildup of moisture below the coating. 

Moisture buildup usually reveals itself as bubbles or blisters in the coating. As moisture 

buildup can eventually lead to the formation of mold below the coating. At that stage, the 

coating can usually not be repaired and consequently has to be replaced completely [138].  

2.5.3 Particle-filled epoxy composites 

The addition of varyingly sized particles is a usual method to increase certain mechanical 

properties in polymer matrices [133]. The particles that are used are often harder than the 

polymer-matrix and increase the toughness and mechanical properties of the material by 

removing some of the force from the surrounding polymer chains when the matrix is stressed. 

Particles can also enhance toughening by forcing growing cracks to de-route to avoid the 

particles in different ways while advancing through the matrix. Examples of these mechanisms 

are crack bowing and crack deflection [139,140]. The improvements in mechanical properties 

depend on the strength of the attraction between the polymer chains and the particles, and 

between the polymer chains alone [133]. Multiple studies have examined the particle size 

dependence on the toughening mechanisms, and it has been shown that small particles have 

enhanced toughening effect compared to larger ones [140,141], likely due to the increased 

total surface area in smaller particles.  

The incorporation of sub-micrometer sized particles into thermoset materials is primarily done 

to reduce thermal shrinkage, although it also enhances mechanical properties [141,142]. Silica 

particles have been extensively studied as filler in epoxy composites and have been shown to 

increase toughness, hardness, and abrasion resistance of epoxy-materials [141,142]. It has 

been shown, that epoxide groups can react with silanol groups to create covalent linkages 
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between the two components when heated, which indicates good particle distribution and 

strong interactions between the matrix [142].  

Silica particles have also been used as hydrophobic agents in epoxy materials for super-

hydrophobic surface coatings [143–145]. The superhydrophobic properties are achieved by 

the micro-roughness created by a layer of nano- to micro-sized particles.  

As it is impossible to recycle thermoset-type materials due to their inability to be re-molded, 

the only way of discarding most thermosets is by incineration. As most thermoset materials 

are made from fossil-based raw-materials, their incineration contributes to increased amounts 

of carbon dioxide in the atmosphere. Using bio-based raw-materials would be beneficial from 

a broad environmental perspective. As lignin currently has very few uses and is compatible in 

epoxy-applications, the potential applications of lignin and epoxies will subsequently be 

discussed.  

2.5.4 Lignin – Epoxy chemistry 

As discussed in section 0, lignin is rich in hydroxyl groups and is thus a suitable candidate for 

epoxy applications. Lignin can either be epoxidized, epoxy-polymerized, or both. Epoxidized 

lignin can be prepared by grafting epoxide groups onto the lignin backbone by using 

epichlorohydrin [107,110,131]. The epoxidation of lignin can be done in pure epichlorohydrin 

[110,131], in highly alkaline solutions [107], or in solutions of non-volatile organic solvents, 

like dimethyl sulfoxide [146]. The use of epoxidized lignin has previously been demonstrated 

in thermosets and yielded competitive flexural and tensile strength compared to a commercial 

thermoset [109,110,147]. As lignin is poorly water-soluble, many methods dissolve both lignin 

and the epoxy in organic solvents, and then remove and cure the compounds by heating. There 

are nevertheless some water-based strategies as well, although alkaline conditions are usually 

required to dissolve the lignin [148]. It has also been shown, that lignin can work as a 

toughening agent along with epoxies and hardeners to toughen the material without reducing 

other mechanical properties [149]. Fully lignin-based thermosets have, for example, been 

prepared by Sasaki et al. [110]. The flexural strengths of the lignin-based thermosets compared 

well against a thermoset of BADGE cured using an imidazole curing agent. The lignin-based 

thermosets possessed satisfactory thermal stability, with a 5 % thermal degradation 

temperature of 260.5 °C.  

Epoxy-polymerized lignin as adhesive has, amongst others, been demonstrated by Li et al. 

[150]. The authors argued that lignin-epoxy adhesives could be a good replacement for phenol-

formaldehyde, which is widely used in plywood production. The authors could not implement 
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the mixture as a surface coating, as they were not able to spread it sufficiently due to the 

formation of heterogeneous clumps. Surface coatings have nevertheless been produced from 

epoxidized natural oils and fatty acids, which are in fact commercially available already [137].  

2.6  Summary of Literature Review and Scope of Thesis 

Lignin is a valuable biopolymer, that can be used in a wide variety of applications, from 

construction to medicinal. Lignin has been highly under-utilized, despite its many valuable 

properties. The discovery of preparation methods of water-dispersible lignin nanoparticles has 

however increased the research interest in lignin tremendously because of their multifunctional 

properties. CLPs have been shown to improve the UV-shielding properties, antioxidant 

activity, and strength/stability of various types of composites and emulsions 

[6,83,106,119,120].  

In bio-composites, lignin particles are often used specifically for toughening effects and 

antioxidant properties [6,119]. Still, in most studies, only small amounts of lignin particles are 

added. Non-particular lignin has been researched for its compatibility with epoxies. Lignin can 

be polymerized by epoxies, or epoxidized. Lignin-based adhesives and thermoset materials 

are promising fossil-replacing materials for a variety of applications, such as electronics and 

plywood manufacture. This would be highly favorable, as many of the epoxy-compounds 

today are toxic to mammals and aquatic life [151–154]. The lignin-based epoxy materials have 

to date been limited due to the low solubility of crude lignin. 

Water-dispersable CLPs, however, are easy to spread on most surfaces. It is speculated that 

the highly negative surface charge and water-dispersibility results from the abundance of polar 

hydroxyl groups on the surface. In such a case, CLPs would be highly susceptible to surface-

epoxy grafting and consequently tight inter-particle networking. In this work, this concept will 

be studied, as CLPs will be used as hardeners for a glycerol-based epoxy compound. In this 

study, the use of CLPs as main ingredient in surface coatings as well as adhesives is 

demonstrated. A new method for the synthesis of water-soluble epoxidized lignin with a 

relatively high yield is also presented. This study will hopefully broaden the applications of 

lignin and create more environmentally friendly options for durable surface coatings and 

plywood adhesives to replace BADGE-type epoxies and formaldehyde. 
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3. Experimental 

3.1  Materials and Methods 

3.1.1 Preparation of lignin nanoparticles 

A solution of 30.7 wt.% Ethanol (Etax A (≥ 9.4 wt.%), Altia Oyj), 34.6 wt.% THF (≥99.5%, 

VWR BDH chemicals), 30.0 wt.% deionized water and 4.7 wt.% BioPiva 100 kraft lignin 

(UPM) was stirred for 3 h in a closed flask and vacuum filtered using 589/3 grade ashless filter 

papers (Schleider & Schuell). The solution was then swiftly added to 1.72 times its mass of 

rapidly stirred deionized water, which initiated the precipitation of water-dispersible 

nanoparticles. The dispersion was stirred for at least 15 minutes and then rotary evaporated at 

40 °C and 30 mbar to remove the organic solvents. The solvent-free CLP dispersion could be 

concentrated by centrifugation. 45 – 50 ml of dispersion was put in Eppendorf tubes and 

centrifuged at 10 500 rpm for 30 minutes. The supernatant was removed, and the particles 

were re-dispersed by vortexing.  

3.1.2 Particle Size Characterization 

The particle size was determined by dynamic light scattering using a Zetasizer Nano-ZS90 

(Malvern, U.K.) instrument. The surface charge was measured using a Zeta dip cell, and the 

zeta potential values were calculated from the obtained electrophoretic mobility data using the 

Smoluchowski model. 

3.1.3 Surface Coating Sample Preparation 

Technical grade glycerol diglycidyl ether (GDE) (Sigma-Aldrich) was used as epoxy-

compound in this study. A preliminary optimal GDE/CLP ratio of 646 mg/g was calculated 

using the molar amount of hydroxyl groups per gram for kraft lignin (according to the literature 

[87]) and the molar amount of epoxide groups per gram for GDE [25]. The GDE/CLP ratios 

that were evaluated in this study were between 1.4 and 0.6 times the optimal GDE/CLP ratio, 

or more precisely, 0.90 g/g, 0.76 g/g, 0.65 g/g, 0.52 g/g, and 0.39 g/g.  

To prepare the coatings, 20 wt.% CLP dispersions were mixed with GDE according to the 

desired GDE/CLP ratio. Pinewood samples of the dimensions 6.2 x 6.3 x 2 cm were used as 

wooden substrates. When coating wooden substrates, the mixtures were diluted with deionized 

water before adding GDE to adjust the coating thickness. The mixtures were stirred using a 

magnetic stirrer for 1 – 2 minutes, whereafter they were coated onto the substrates. The 

wooden substrates were pre-moist with a small amount of deionized water to improve 

spreading efficiency and avoid the formation of uneven spots For wood samples, 70 ml 
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mixture per square meter of the substrate was used to get as much of the coating as possible 

penetrated into the wood while avoiding excess coating to remain on the surface.  

Stainless steel metal disks (Taber Industries, Steel, S-16) measured 10 x 10 cm were used as 

metal substrates. When coating metal samples for abrasion resistance, at least 1 g of 20 wt. % 

CLP dispersions were mixed with GDE in the previously mentioned ratios and spread without 

the addition of additional deionized water in small portions (ca. 200 µl). To make it easier to 

spread the coatings evenly, the plates were heated to 70 °C while the coating was spread.  

The coated substrates were cured at 105 °C. All coatings on wooden substrates were cured 1.5 

h, while the coatings on metal substrates were cured for 20 – 100 minutes.  

Tikkurila KIVA 70 wood lacquer, Teknos Woodex bioleum wood oil, and Solmaster EP10 

epoxy coating were used as references for all tests and were applied to the substrates according 

to their manufacturers’ instructions, although only one layer of the referential epoxy coating 

was applied to wooden substrates for breathability tests (instead of two, as recommended in 

the instructions). 

3.1.4 Microscopy 

The coat surfaces were analyzed using a Multimode 8 AFM with a Nanoscope V controller 

(Bruker, Santa Barbara, CA, USA) using NCHV-A probes (antimony-doped silicon with 8 nm 

tip radius) in tapping mode in air.  

The coatings were also analyzed using a Phenom Pure G5 scanning electron microscopy 

(SEM) with a standard sample holder (Thermo Scientific, Massachusetts, U.S.A). Before 

analysis, the samples were coated with gold-palladium (Au80Pd20) with a Q 150R S plus 

rotary pumped coated (Quorum Technologies, U.K) using a sputter current and time of 20 mA 

and 20 seconds respectively,  and a tooling factor of 1.00.  

3.1.5 Breathability and hydrophobicity 

The breathability of the coatings was evaluated using the NORDTEST method [155]. Briefly, 

all sides of the wooden samples, except the coated surfaces, were covered with aluminum tape 

and placed in a Rumed 4201 (Rubarth Apparate GmbH, Germany) climactic chamber set to 

cycle between 33 (16 h) and 75 (8 h) %RH in 23 ℃. The samples were conditioned for 48 h 

in the test setting before commencing the test. Then, the samples were weighed 5 – 10 minutes 

before each change in humidity for three days. The moisture buffer value was then obtained 

from the average mass change per area per change in relative humidity.  
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The hydrophobicity and water-barrier properties were evaluated by contact angle and volume 

change measurements of MilliQ water droplets on surfaces using a ThetaFlex Tensiometer 

(Biolin Scientific, Sweden). The droplet size was 4 µl, and the contact angle was measured 

one minute after the drop had been placed onto the substrate. The water absorption was 

calculated from the change in volume measured by the device during three-minute 

measurements. 

3.1.6 Sunlight resistance 

The coatings' sunlight resistance was evaluated on wooden samples. A Suntest CPS+ device 

(Atlas Material Testing Technologies, Illinois, U.S.A) with a xenon lamp shining at 765 W/m2 

was used to simulate sunlight. According to data from the European Union’s Photovoltaic 

Geographical Information System [156] (PVGIS-SARAH database), the daily average 

horizontal irradiance in the Helsinki region in Southern Finland is between 104 – 117 W/m2, 

resulting in a total energy input of 2.5 – 2.8 kWh (24 h total irradiance). A report by Lindfors 

et al. [157] for the Finnish Meteorological Institute provides some confirmation. According to 

this data, the device provides the same energy input in the form of light about 6.4 – 7.4 times 

faster than in real conditions. The samples were exposed to 25 days of simulated sunlight 

(which equals 5.3 – 6.1 months in real conditions). The samples were photographed before the 

test and after 1, 3, 5, 7, 10, 15, 20, and 25 days of exposure. The color change was calculated 

from the average change in RGB color-coordinates from 3 – 5 different spots. The cumulative 

isolated and combined color change was calculated according to equation (1) and (2) 

respectively. 

𝐶𝑐𝑜𝑙,𝑛 =  ∑ (𝐶𝑐𝑜𝑙,𝑛 −𝑛
𝑖=0 𝐶𝑐𝑜𝑙,𝑛−1)    (1) 

𝐶𝑡𝑜𝑡,𝑛 =  𝐶𝑅,𝑛 + 𝐶𝐺,𝑛 + 𝐶𝐵,𝑛     (2) 

Where C(col),n  represents the color coordinate for red (R), blue (B), or green (G), n represents 

the number of the measurement, and Ctot,n represents the total color change in the n:th 

measurement. 

3.1.7 Abrasion resistance 

The abrasion resistance of the coatings was evaluated using a Taber Abrader (Taber Industries, 

New York, U.S.A.), following the ASTM-D4060 method [39]. Briefly, coated metal plates 

were conditioned at 23 °C and 50 % relative humidity for 24 h before the evaluation. Then, 

the samples were weighed and abraded with a Taber Abrader (Taber Industries) with a load of 

1000 g and CS-10 abrasive wheels. The abrasion was stopped before tearing through the 
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coating, whereafter the samples were dusted-off and weighed again. The abrasion resistance 

index was expressed as the change of mass per 1000 cycles.   

3.1.8 Preparation of epoxidized lignin  

The epoxidation of lignin was done using CLPs as water-dispersible lignin-vector. 4 g 50 wt.% 

CLP dispersion was weighted into a round flask and diluted to 10 – 15 wt.% by adding 

deionized water. The dispersion was then heated to 65 ℃ under reflux while stirred at 750 

rpm. Then, 14 ml epichlorohydrin was added, and the mixture allowed to warm up for 5 

minutes. Then, 17 ml 1 M NaOH was carefully added by dropping portions of 2 ml at a time 

with a 1 – 2 minutes between each portion. The reaction was allowed to proceed for 30 

minutes, after which it was stopped by the addition of 10 ml 1 M HCl, during which three-

phases appeared, a dark gel-like phase, containing most of the epoxidized lignin, a light brown 

aqueous phase, containing mostly non-reacted lignin and a dark organic liquid phase 

containing mostly excess epichlorohydrin. The gel-like phase was isolated, rotary evaporated 

and re-dissolved in deionized water.  

3.1.9 P31-NMR characterization 

Epoxidized lignin and the lignin reference was freeze-dried, and ca. 30 mg was weighed into 

a glass vial. Then, 150 µl dimethylformamide, 100 µl pyridine, 200 µl N-Hydroxy-5-

norbornene-2,3-dicarboxylic acid imine (10.2 μmol), functioning as internal standard, and 

50µl Chromium(III) acetylacetonate was added in that respective order. The solution was 

stirred using a magnetic stirrer. 150 µl 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, 

as phosphorylating agent, was then added dropwise, with ca. 2 seconds between each drop. 

Lastly, 300 µl chloroform-d was added, and the stirring was continued until the epoxidized 

lignin had fully dissolved (ca. 10 min). The used solvents were purchased from Sigma-Aldrich, 

and the internal standard was kindly provided by doctoral candidate Tao Zou. The P31-NMR 

spectra were analyzed using a Bruker Avance 400 MHz spectrometer (Massachusetts, U.S.A). 

128 scans were performed using the pulse sequence zgig with a 90 deg pulse degree, an 

acquisition time of 1 second, and a pulse delay of 5 seconds.  

3.1.10 FTIR  

A Spectrum Two FT-IR spectrometer (Perkin Elmer, Massachusetts, U.S.A) was used to 

analyze the epoxidized lignin and the curing kinetics of the GDE-CLP mixtures. The resolution 

was set to 1 cm-1 and 40 scans were performed for each measurement. All measurements were 

performed using dry samples. The measured data was ATR-corrected and normalized. 
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3.1.11 Evaluation of adhesive strength  

Adhesive samples were prepared on thin spruce sheets of dimensions 12 x 2 x 0.8 cm. A 

dispersion with CLP concentration 18.56 wt.% was prepared, and GDE was added to make 

the GDE/CLP ratio 0.65 g/g. The mixture was stirred using a magnet for 1 – 2 minutes. 

Adhesives of epoxidized lignin and CLPs were prepared by combining and mixing 0.021 g of 

a CLP dispersion (49.55 wt%) with a 0.581 g of a solution of epoxidized lignin (1.72 wt.%). 

Then, a desired volume of the mixtures was added to the edges of two spruce samples and 

spread onto a 0.5 x 2 cm area. The mixture was allowed to absorb into the wood for 1 – 2 

minutes, whereafter the coated edges were faced towards each other and connected. The pieces 

were then hot pressed at 160 °C with a pressure of 7 kg/cm2 for 10 minutes. The adhesive 

strength was then evaluated using an automated bonding evaluation system (ABES) (Adhesive 

Evaluation Systems, Inc., Oregon, U.S.A.). 
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3.2  Results & Discussion 

3.2.1 Characterization of CLPs and GDE/CLP coatings 

The mean size and size distribution of CLP dispersions depends on many factors, and two of 

the most significant ones are the solvent system and the initial concentration of lignin. The 

significance of these factors does not only regard the structure and properties of the particles 

but extends to industrial practicality and applicability. High initial lignin concentrations lead 

to larger mean sizes in the particle distribution. This is often undesired, as larger particles tend 

to aggregate quicker, and are therefore less stable. However, high initial lignin concentrations 

also lead to a higher concentration in the CLP dispersion, which decreases the need for post-

precipitation concentration and overall cost and environmental burden of the process [158]. 

Therefore, the three solvent system with THF, ethanol, and water was chosen with an initial 

lignin concentration of 4.7 wt.%, which yielded a CLP-concentration of roughly 2.3 wt.% after 

solvent removal. The mean particle diameter obtained by dynamic light scattering 

measurements was 433.8 ± 5.8 nm, and the PDI was 0.134 ± 0.06. The surface charge of the 

particles, obtained by zeta potential measurements, was -33.7 ± 2.5 mV. The particle 

distribution is shown in Figure 12. 

Figure 12. The particle size distribution by DLS measurements of the prepared CLP dispersion. 

The intensity and volume distribution are very similar and consist of only one peak. The 

number distribution, on the other hand, contains an additional peak at 5.56 µm, indicating the 

presence of a small number of large lignin-aggregates in the dispersion. The presence of these 

aggregates was expected and is a consequence of the high initial concentration. Regardless, 

the mean particle diameter length according to the number distribution was shown to be only 

378.7 nm. 
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Although the choice of particle precipitation method was based on practicality rather than the 

particle size, it may have significant physical effects on the coating. As the particles were 

relatively large due to the high initial lignin concentration, the particle’s total surface area per 

mass is relatively low. It was hypothesized, that GDE mainly reacts on the surface of the 

particles. The particle surface area could have significant effects on the mechanical properties 

of the coating if that would be the case, and should therefore be explored in future studies. 

The appearance of the coating was first studied by AFM to better understand how different 

ratios of the component affected the coating and the interactions between GDE and CLPs. 

There were significant visible differences in the appearances of coatings with different 

GDE/CLP ratios. The AFM images of pure CLPs and GDE/CLP ratios 0.39, 0.65, and 0.78 

g/g are shown in Figure 13.  

Figure 13. Atomic force microscopy height images of different surface coatings with varying GDE/CLP ratios (A-

D) and a surface coating prepared by separate addition of GDE and CLPs on the substrate (E). The GDE/CLP ratios 

are (A) 0.0 (pure CLPs), (B) 0.39, (C) 0.65, and (D) 0.78 g/g.  

The shape of pure CLPs was more clearly defined in comparison to the coatings with 0.39 and 

0.65 g/g. The CLP-coating was also seemingly somewhat more even than the distribution of 

CLPs in the CLP/GDE ratios 0.39 and 0.65 g/g. The uneven structure is likely formed as the 

water content in the coatings decrease, and the concentration of viscous GDE and networked 

CLPs consequently increases. The increased viscosity likely disables uncured particles from 

flowing down to level the surface.  
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At the highest ratio of GDE to CLPs (0.78 g/g, Figure 13D), the coating structure was very 

different, and individual CLPs were difficult to distinguish. The reason for this is unclear. The 

shape of the CLPs in the 0.65 g/g ratio is less defined than those in the 0.39 g/g and pure CLPs, 

which would suggest dissociation in high amounts of GDE. Excessive amounts of GDE may 

draw out non-polar lignin from the CLPs due to lower overall solvent polarity, which would 

explain the phenomenon. As no particles are visible in the GDE/CLP ratio 0.78 g/g, the 

particles are possibly fully dissociated. The craters on the surface could be traces of the water-

phase evaporating from the viscous matrix. The surface-appearance of coatings where CLPs 

and GDE were added separately is shown in Figure 13E. CLPs can clearly be distinguished, 

although they are less structurally defined. Despite the high concentration of GDE that is left 

on the outer layer of the CLPs when the components are added separately, particles can be 

distinguished in contrast to the GDE/CLP ratio 0.78 g/g. The small amount of GDE that is 

released from the GDE-containing tissue may not be enough to enable the GDE to flow on the 

CLP layer, which may be why significant particle-dissociation does not seem to be occurring. 

The AFM images are useful to characterize the surface and evenness of the coating and the 

shape of the particles, but information about the inner structure is lacking. SEM was used to 

gain information about the structure below the surface and how the particles stack. Figure 14 

presents an SEM image from the side and the top of a crack in the coating with GDE/CLP 

ratio 0.65 g/g (same sample as in Figure 13C). 

 

Figure 14. SEM image of the three-dimensional structure of linked CLPs with the GDE/CLP ratio 0.65 g/g from 

the side of a crack (left image) and on the top of the crack (right image). 

The image shows that the structure is largely composed of stacked particles. There is also some 

smooth, non-particular substance visible, especially in the left image, which could be excess 

GDE or dissociated or water-soluble lignin. The image on the right side shows some evidence 

of smooth substance as well (the grey substance between some groups of particles), which is 
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likely what is causing the decreased definition in the particle shape in Figure 13C. As there 

are some defined edges and shapes on the surface of the smooth substance, it would more 

likely be cross-linked lignin mixed with GDE than pure GDE.  

The formation of the coating and the particles’ stacking mechanism is an interesting 

phenomenon. GDE is not fully water-soluble, which initially led us to believe that the 

components had to be added separately. It was then observed, that GDE seemed to dissolve to 

a sufficient degree when added to CLP dispersions with concentrations above 10 wt.%, which 

indicated that it was possible to mix the components before coating. Mixing GDE into CLP 

dispersions with concentration below 10 wt.% would also result in cross-linked coatings when 

spread onto a substrate, although the phase separation between GDE and the dispersion was 

clearer. This indicates that GDE is strongly drawn towards the CLPs, perhaps primarily to 

avoid the water phase. As the surface is believed to contain the more polar fraction of the 

lignin, GDE should be more attracted to the core of the CLPs. This would explain the particle 

dissociation in excessively high GDE/CLP ratios. Although the attraction between GDE and 

CLPs is beneficial for quick interactions, it also brought limitations. The interactions between 

CLPs and GDE were too rapid when mixing GDE with CLP dispersions of over 20 wt.%, 

which led to aggregation almost immediately. 

Rapid aggregation in highly concentrated CLP dispersions was less problematic for GDE/CLP 

ratios below 0.52 g/g. Problematically rapid aggregation was however not observed in any 

GDE/CLP ratio when GDE was added to dispersions with concentration around 20 wt.% or 

lower. The explanation is likely that particles are more prone to colliding in highly 

concentrated dispersions. The GDE could nevertheless decrease the CLPs’ ability to withstand 

collisions as well, either by covering polar groups or by decreasing their number by reacting 

with them. It was also observed, that shaking induced immediate aggregation, which may be 

due to the formation of unstable CLP-coated emulsified droplets of GDE.  

Surface cross-linking on the CLPs, in contrast to particle-particle linking, would be especially 

likely to happen in mixtures of GDE and CLP-dispersions with low CLP concentrations, as 

well as at the beginning of the curing reaction before significant amounts of water is 

evaporated away as the coating is heated, regardless of the CLP-concentration. In these 

conditions, the mixtures contain high amounts of water, and collisions between particles are 

less frequent. When preparing coatings of epoxy-cured CLPs, excessive cross-linking on the 

surface of the particles is undesirable, as it decreases the likelihood of inter-particle linking by 

decreasing available free reactive spots. Very low CLP- and GDE concentrations should 
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consequently lead to higher degrees of cross-linking, although a lower CLP-concentration 

boundary was not detected in this study.  

The appearance of the coating and the timing of the aggregate formation when mixing the 

component can be used to draw some conclusions on how the CLP-network is formed. GDE 

is drawn to the particles, adsorbs, and grafts to their surface, which leads to some degree of 

surface-cross-linking. The presence of water within and outside the particles during this stage 

keeps the particles intact and prevents dissociation by hindering the GDE from significantly 

softening their surface and absorbing into their core. When the water evaporates, the particles 

are pushed closer towards each other and are subsequently stacked and linked. This mechanism 

is presented in Figure 15. 

 

Figure 15. Proposed mechanism of CLP-linking. The formation starts with GDE-grafting onto the surfaces of the 

CLPs (1), which enable CLP-CLP linking (2) and network formation (3).  

3.2.2 Optimization of GDE/CLP ratio and curing time by abrasion 

resistance and FTIR 

In surface coatings and thermosets, the molar epoxide to reactive target group ratio should 

generally be as close to 1:1 as possible. In this case, however, it is likely not possible for the 

epoxy to reach most of the hydroxyl groups that are within the core of the CLPs. As the precise 

amount of hydroxyl groups on the surface of the CLPs is unknown, the optimal ratio and curing 

time was mostly evaluated by performance-related tests.  

The effect of different GDE/CLP ratios on mechanical properties of coatings cured for 60 

minutes was evaluated using abrasion resistance tests. The results are presented in Figure 16. 
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Figure 16. Abrasion resistance of different GDE/CLP ratios and commercial references. 

The GDE/CLP ratios above 0.65 g/g reached quite similar values close to 200 mg per one 

thousand abrasion cycles (mg/TC), while the GDE/CLP ratio 0.52 g/g reached an average 

abrasion resistance of 97.7 mg/TC. The GDE/CLP ratio 0.39 g/g, the weakest of the evaluated 

samples, reached an abrasion resistance index of 319 mg/TC. Its poor abrasion resistance is 

likely due to an abundance of unreacted CLPs within the matrix, which disrupts the network 

of linked-CLPs. The superior performance of the GDE/CLP ratio 0.52 g/g compared to the 

other CLP-based coatings suggests that unreacted glycerol diglycidyl ether in GDE/CLP ratios 

above 0.52 g/g acts as a softener, or plasticizer, within the polymerized matrix. It is also 

possible that GDE-related particle dissociation leads to decreased mechanical performance or 

that an abundance of GDE leads to a higher extent of inter-particle cross-linking rather than 

inter-particle linking. The coating with the GDE/CLP ratio 0.52 g/g also performed 

competitively with the epoxy reference, which had an abrasion resistance index of 116 mg/TC. 

We initially hypothesized that the commercial epoxy coating would have outperformed the 

CLP-coatings in abrasion resistance. CLPs may nevertheless be excellent components in any 

epoxy-coating due to their spherical shapes and abundance of polar hydroxyl groups on their 

surfaces. The rather large particle size distribution may also be beneficial, as smaller particles 

can fill cavities between larger particles within the matrix, making it denser. Although the 

coating likely already contains non-particular lignin, the addition of suitable linear polymer 

hardeners could increase the network reach and thus increase abrasion resistance further, 

although that remains to be tested.  
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Curing kinetics of on GDE/CLP ratios 0.65, 0.52, and 0.39 g/g were evaluated by FTIR 

measurements. The FTIR spectrum of lignin (in the form of CLPs) and GDE are presented in 

Figure 17, and the curing kinetic results are presented in Figure 18.  

Figure 17. FTIR absorbance of kraft lignin and GDE 

The most prominent absorbance bands for lignin are at wavelengths 3600 – 3300 cm-1, 2940 

cm-1, and 1278 – 1229 cm-1, corresponding to hydrogen bonding of OH-groups and alkyne 

CH-bonds, CH-stretching, and C-O and C-C bonds respectively [107,132]. The strong band at 

1700 – 1600 cm-1 corresponds to C=C bonds [132,159]. The most prominent absorbance bands 

for GDE on the other hand, were 2880 cm-1, 1102 cm-1, and 911 cm-1 and 850 cm-1, 

corresponding to C-H stretching, C-O bonds, and the epoxide group, respectively. OH-

hydrogen-bonding is also clearly detectable in GDE at around 3500 cm-1 [132]. In Figure 18, 

the most significant sign of curing is the disappearance of the epoxide band at 911 cm-1. Other 

epoxy-derived elements detectable in FTIR absorption spectra, such as the C-O-bridge formed 

during the reaction (Figure 9) at 1102 cm-1, remains.  
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Figure 18. Curing kinetics of GDE/CLP mixtures with ratios (A) 0.65 g/g, (B) 0.52 g/g, and (C) 0.39 g/g through 

FTIR measurements. The red dotted square signifies the most evident epoxy band at ca. 911 cm-1.  

It was expected that the curing would be quicker for CLP-GDE mixtures with lower GDE/CLP 

ratios, and that detectable GDE-bands in the sample with GDE/CLP ratio 0.65 g/g could 

remain. The results nevertheless show that no significant trace of epoxide groups can be 

detected after 40 minutes of curing at 105 °C, regardless of GDE/CLP-ratio. The samples with 

lower GDE/CLP ratios cured somewhat quicker, although the difference is small. The epoxy 

band in the sample with GDE/CLP ratio 0.39 g/g disappears after 20 minutes of curing, while 

the GDE/CLP ratio 0.52 requires at least 30 minutes to fully cure. These results would 

intuitively suggest that all the epoxide groups react with hydroxyl groups on the CLPs and that 

40 minutes would be enough to guarantee full curing. Abrasion resistance tests nevertheless 

showed that 40 minutes is not enough for full curing, as the abrasion resistance for the 

GDE/CLP ratio 0.52 g/g increased until reaching a curing time of 80 minutes (Figure 20).  
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The curing also caused changes in other parts of the spectrum, although these differences are 

most evident in the bands at 3600 – 3300 cm-1 and 2940 cm-1. An example of differences in 

absorption along the whole spectrum caused by the curing time is shown in Figure 19.  

Figure 19. FTIR spectra of curing mixtures of GDE and CLP with ratio 0.52 g/g highlighting changes in OH- and 

CH-derived bands. 

The intensity of OH-derived bands decreased, while the band corresponding to alkane CH-

stretching increased in comparison. The polymerization reaction between lignin and GDE does 

however not change the number of hydroxyl groups. These differences are therefore most 

likely not caused by the polymerization reaction. An intense band at 2350 cm-1 can be seen 

when the sample had cured 100 and 70 minutes. This band corresponds to CO2, which likely 

leaches out of the measured material, and consequently suggests oxidation. It was shown that 

this band could appear in all samples which had cured longer than 20 minutes if the 

measurement started quickly enough after retrieving the samples from the oven. The reduction 

of the intensity of OH-derived bands could also be due to reductions in the presence of 

moisture. 

The effect of the curing time on mechanical properties was evaluated on the GDE/CLP ratio 

0.52 g/g by abrasion resistance tests, and the results are presented in Figure 20. Although 

preliminary rubbing tests that showed resistance against acetone, THF, and heat, suggested 

that the coating had fully cured after 60 min at 105°C, the abrasion resistance index decreased 

to 51 mg/TC by increasing the curing time from 60 min to 80 min. Increasing the curing time 

to 100 minutes somewhat surprisingly increased the abrasion resistance index to 123 mg/TC. 

It could be, that oxidative reactions induce brittleness and consequently decrease the abrasion 

resistance. In that case, increasing the curing time while lowering the temperature could 

increase the mechanical strength, but that remains to be tested in future studies.  
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Figure 20. The effect of curing time in 105 °C on abrasion resistance of coating with the GDE/CLP ratio  0.52 g/g 

on metal substrates. 

The margin of error broadened significantly when the curing time was increased from 20 min 

to 40 min, and then narrowed when the curing time was increased from 40 min to 60 min. The 

network formation at this time may be at a critical stage, where newly formed particle-links 

can connect very large structures. Small differences in the proceedings of the curing between 

the samples could therefore create large mechanical differences, as the networks are increasing 

exponentially in coverage. Variations between samples likely decrease as the curing proceeds 

and the inter-particle network formation start to approach completion, and the maximum size 

of the networks is being reached.  

3.2.3 Water- and stain resistance 

Water resistance of the different GDE/CLP ratios and coating thicknesses was evaluated by 

contact angle measurements, and the results are presented in Figure 21.  
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Figure 21. The contact angle of wood coated with different thicknesses (12.4 – 6.9 g(CLP)/m2) of GDE/CLP 

coatings and commercial reference coatings. 

There were significant variations in the contact angle between the samples. The contact angle 

(CA) of the GDE/CLP ratio 0.52 g/g increased from 104° to 118° when the coating thickness 

decreased from 12.4 to 6.9 g(CLP)/m2, in contrast to the samples of GDE/CLP ratio 0.65 g/g, 

whose CAs remained close to 92° regardless of thickness. The CA of the coating with the 

GDE/CLP ratio 0.39 g/g also increased when the coating thickness was decreased, although 

only from 68° to 84°. The coatings made using the GDE/CLP ratio 0.39 g/g are not considered 

hydrophobic, as their CAs are below 90°. High hydrophobicity is achieved by high surface 

roughness and low surface energy [160]. The GDE/CLP ratio 0.65 g/g is the only ratio of the 

three, where there may be small amounts of unreacted GDE left, which may decrease the 

surface roughness of the substrate. It is also possible, that the relative particle dissociation is 

higher in the GDE/CLP ratio 0.65 g/g, which smoothens the surface. The GDE/CLP ratio 0.39 

g/g on the other hand likely has a low contact angle because of its relative abundance of 

uncured CLPs, which have a hydrophilic surface and can absorb water.  

The highest contact angle, 118°, was observed in the thinnest coating of the GDE/CLP ratio 

0.52 g/g, whose CA clearly increased when the thickness decreased. Despite having low 

overall water resistance, the GDE/CLP ratio 0.39 g/g also followed this trend. This trend is in 

accordance with those seen in silica-particle surface coatings, where hydrophobicity was 

induced by surface roughness [143–145]. The increased surface roughness of the thinner 

coatings could be the reason behind the high CA values, although the extent of its effect on 

the hydrophobicity should be studied further. As the particle size and the particle size 

distribution also affects the surface roughness, its effect on the surface hydrophobicity should 

also be studied.  
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The water absorption was also studied. Although there were no consistent trends between the 

CA and the water absorption in all samples, some general consistencies were observed. The 

coatings that possessed the highest hydrophobicity absorbed moisture slower than those with 

low hydrophobicity. The epoxy and the lacquer references withstood water-absorption well, 

although both coatings had relatively low CAs. The oil showed similar properties, although 

with a high margin of error.  

A timeline for the progress of the absorption of the droplets is presented in Figure 23, and the 

volume change is presented numerically in Figure 22. 

 

Figure 22. The numerical volume change of water droplets due to absorbtion on wood coated with different 

thicknesses (12.4 – 6.9 g(CLP)/m2) of GDE/CLP coatings and commercial referential coatings. 
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Figure 23. Water absorption of GDE/CLP coatings and reference coatings. The uppermost row presents a droplet 

on a glass surface and shows the effect of evaporation on the droplet volume throughout the time of the monitoring. 
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Although the hydrophobicity caused by the coating’s molecular structure is a large factor in 

the coating's overall hydrophobicity and water-repellent properties, the micro-scale 

arrangement of particles on the surface plays a significant role as well. The particle-

arrangement on wooden surfaces were therefore analyzed by SEM. To discover whether the 

appearance of the coating was altered by the curing, a dried, but non-cured coating was also 

analyzed. The arrangement of the GDE/CLP coating with the respective ratio and thickness 

0.52 g/g and 12.4 g(CLP)/m2 before and after curing on wood is shown in Figure 24.  

  

Figure 24. SEM images of a CLP coating with a GDE/CLP ratio of 0.52 g/g with the thickness 12.4 g(CLP)/m2 on 

a wooden substrate (A) before curing and (B) after curing.  

The images show that the layer of cured CLPs is not spread uniformly across the substrate and 

that there are spots where the wood’s surface is bare. The contact angle and water absorption 

measurements suggest that these bare spots are too small for water to properly reach the 

wood’s surface and absorb through the coating. Decreasing the thickness would increase the 

frequency of bare spots on the surface, but still increase the CA, which makes increased surface 

roughness the most likely explanation for the increased contact angle in thinner coatings. There 

are minor differences between the appearance of the coating before and after curing. The 

smooth patches between the particles observed before curing are not to the same extent 

distinguishable after curing, which may indicate that the smooth substance may be GDE and 

that the particles absorb it to some extent while curing.  

Stain resistance tests were performed to see whether the common household organic solvents 

would damage the coating or if colored substances would stick to it. The coatings were hence 

stained with acetone, coffee, and wine, and the appearances before and after the staining are 

shown in Figure 25. None of the coatings were permanently stained by the coffee nor the wine. 

The coatings with GDE/CLP ratios 0.65 and 0.52 g/g were furthermore not damaged by the 

acetone, in contrast to the coating with the GDE/CLP ratio 0.39 g/g, which received permanent 

A B 
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dark stains by the solvent. The coating thickness did not seem to significantly affect the stain 

resistance. The lack of resistance against acetone that is seen in the coating with the GDE/CLP 

ratio 0.39 g/g, is likely due to insufficient cross-linking. The referential coatings also showed 

complete stain resistance. Although the oil and lacquer coatings were acetone-soluble, the 

stains were not enough to alter their appearances. The color change that the surface coating 

with the GDE/CLP ratio 0.39 g/g experienced was shown to be irreversible, and likely a result 

of particle dissolution. Re-staining the coating did not alter the appearance further, as the 

particles were already dissolved.  

Figure 25. Stain resistance of coatings of GDE/CLP coatings with various thicknesses and GDE/CLP ratios. The 

blue, red, and yellow dotted circles mark the respective spots where acetone, wine, and coffee, were stained on the 

samples.  

3.2.4 Breathability 

A material’s ability to breathe and react to changes in humidity can have a significant role in 

its suitability for specific applications. For example, materials that can release and absorb 

water vapor as a reaction to daily or seasonal changes in outside temperature and humidity 

may have positive effects on the occupant’s perception of the air quality, and good 

breathability in walls and floorings (especially those exposed to outdoor-conditions) can 

decrease the rate of microbial growth and mold formation [138,155,161]. The NORDTEST 

method [155] was therefore used to examine whether the GDE/CLP coating would impede the 

vapor breathability of wooden substrates. The breathability was evaluated for the GDE/CLP 

ratios 0.39, 0.52, and 0.65 g/g, and the coating thicknesses were 12.4, 8.9, and 6.9 g CLP/m2. 

The results are presented in Figure 26.  
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Figure 26. Moisture buffer values of wood coated with different thicknesses (12.4 – 6.9 g(CLP)/m2) of GDE/CLP 

coatings and commercial referential coatings. 

Uncoated wood had a moisture buffer value (MBV) of 0.99 g/(m2 %RH), which functions here 

as a comparative maximum. Epoxy coatings usually have poor breathability, which is perhaps 

their most significant drawback. The commercial epoxy reference coating only reached an 

MBV of 0.28 g/(m2 %RH), although a somewhat thinner layer than the manufacturer’s 

instructions recommended was applied on the substrates. In contrast, the GDE-CLP coatings 

reached excellent MBVs and were superior to the other two references. The lowest 

breathability of the GDE-CLP coating was observed for the thickest coating with the 

GDE/CLP ratio 0.65 g/g, whose MBV was 0.85 g/(m2 %RH). The three different thicknesses 

of the GDE/CLP ratio 0.52 g/g were similar, all close to 0.90 g/(m2 %RH), and were on average 

lower than the other ratios. The MBV of the GDE/CLP ratio 0.65 g/g increased to the 

breathability of uncoated wood (1.00 ± 0.02 g/(m2 %RH)) when the coating thickness 

decreased. All three thicknesses of the GDE/CLP ratio 0.39 g/g reached similar MBVs.  

The reason for the good breathability could be the arrangement of the particles on the wood. 

Figure 24B shows that the coating leaves some bare spots and does not clog pores. Vapor 

could perhaps even be able to flow through or between the particles, which would explain how 

some of the coatings did not affect the breathability whatsoever in contrast to the oil- or 

polymer-based coatings. It is nevertheless known, that CLPs are themselves capable of vapor 

sorption [6], which could in itself increase the MBV of the coatings, especially those with the 

GDE/CLP ratio 0.39 g/g. Why the GDE/CLP ratio 0.52 g/g differed from the other coatings is 

unclear, although it may simply be because of differences in the wood.  
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3.2.5 Light resistance 

Although lignin is in nature largely responsible for light-induced yellowing, the coatings with 

GDE/CLP ratios 0.65 and 0.52 g/g only experienced a minor color change. Still, especially 

uneven spots that appeared insignificant before the exposure became more apparent as the 

exposure progressed. The coating with the GDE/CLP ratio 0.39 g/g, however, changed 

drastically. The coating was almost completely torn off at the growth rings after 72 h of 

exposure due to the airflow which cooled the samples during the exposure. This may indicate 

that that GDE not only links the particles to each other but to the wood as well. A lack of GDE 

would in that case lead to detachment. The unprotected area nevertheless experienced 

yellowing, which smoothened the overall color and appearance as the test progressed. The oil 

and epoxy references darkened somewhat, but their colors remained even. The lacquer 

experienced significant yellowing, which resembled that of uncoated wood. Figure 27 shows 

photographs of the pieces before and after being exposed to the simulated sunlight.  

 

Figure 27. The appearance of the wood pieces coated with GDE/CLP coatings (left) and reference coatings (right) 

and uncoated wood after being exposed to simulated sunlight. 

The color changes were analyzed computationally as well. The total color change is presented 

in Figure 28. The total color change is useful to compare cases where all three primary colors 

are changed in the same direction, which leads to bleaching or darkening. Independent changes 

in primary colors, however, cannot be detected. The changes in primary colors are presented 

in Figure 29.  
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The figures show that the most significant changes take place during the first 240 h, although 

the majority of the samples experience significant changes during the first 120 h of exposure. 

Based on the total color change, the CLP-coatings and the epoxy reference show excellent 

resistance. The other referential coatings, especially the lacquer and the uncoated wood, 

experienced a significant decrease in total colors, indicating a darkening effect which is clearly 

visible in Figure 29 as well. The epoxy reference is almost unaffected by the simulated 

sunlight, although some yellowing effect is distinguishable. The coating is, however, white to 

begin with and consequently does not absorb light to the same extent as the other coatings.  

Figure 28. The total color change of GDE/CLP coatings and referential coatings due to exposure to simulated 

sunlight. The colored lines at 0 and 600 h represent the samples’ original values. 

The CLP-GDE coatings retained their brightness close to the original values. Although both 

the changes in texture and color of the GDE/CLP coating with the ratio 0.39 g/g is significant 

(Figure 28), the total color returns to its original value after 600 h of exposure. Figure 29 

nevertheless shows that this is due to increased hues of both green and red, while the blue hue 

is drastically decreased. While a simultaneous decrease in all three primary colors leads to 

darkening, a decrease in one color leads to an intensifying effect for the other two, which 

explains the yellowing.  

The coatings with GDE/CLP ratios 0.65 and 0.52 g/g on the other hand, tend to retain their 

blue hues, while their red and green hues drop to some degree. In this case, the phenomenon 

would naturally result in an increase in blue hues. The difference in the average hue for the 

two samples are nevertheless hardly distinguishable (even when comparing isolated colors). 

Although the yellowing effect is undetectable, increased texture-unevenness is clearly 
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distinguishable for the coating with the GDE/CLP ratio 0.52 g/g. The results highlight the 

importance of good application methods to avoid light-induced texture-intensifying effects. 

The tests nevertheless show, that the CLP coatings effectively deaccelerate darkening effects 

and drops in blue hues, which would normally lead to yellowing. The resistance against 

yellowing could potentially be improved further by the addition of photoactive ingredients, 

that would purposefully change in color to compensate for the color-change in the CLPs.  

Figure 29. The change in red, green, and blue hues of the coated pieces when exposed to simulated sunlight. 

The commercial oil experienced an increase in purple hues as it retained its blue and red hue 

better than its green hue, although the effect is only visible as darkening. The epoxy reference 

did not experience significant color change. It is nevertheless interesting, that all CLP-GDE-

based coatings and the epoxy reference experience a slight peak of especially blue hues at 168 

h of exposure.  

Decreases in specific colors are due to the formation of structures that absorb photons at the 

wavelength which corresponds to said colors (Figure 3). The decrease in blue hues in wood 

would typically indicate the formation of e.g. stilbene and quinone structures from phenolic 
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lignin-structures [62]. The increase in blue hues for the CLP/GDE coatings with ratios 0.65 

and 0.52 g/g is difficult to explain.  It could be, that the 2-propanol bridges formed as a 

consequence of the epoxy-linkages take part in the light-induced reactions that would normally 

occur. The most likely explanation is nonetheless, that the loss of aromatic hydroxyl groups 

during the polymerization reaction between lignin and GDE disables radical quenching 

reactions that are otherwise typical in lignin (such as the reaction shown in Figure 8). This 

consequently would eliminate the possibility for the formation of e.g. stilbene- and quinone 

structures, which absorb blue hues in wood. The phenomenon could be illuminated by FTIR 

analysis in future studies.  

3.2.6 Preparation of epoxidized lignin 

Both epichlorohydrin and GDE can be prepared through fully bio-based routes, both from 

glycerol [162]. GDE and many other epoxies, however, are non-water soluble and are therefore 

difficult to utilize in water-based applications. Although GDE mixed sufficiently well in 

water-based CLP dispersions, there were some limitations regarding phase separation and 

rapid aggregation. As the curing is accelerated by heat, decreasing the temperature of the CLP-

GDE mixture was attempted to enable CLP-concentrations of over 20 wt.% to be used. 

However, the curing could not be prolonged by lowering the temperature of the CLP 

dispersion, as it increased the phase separation between GDE and the dispersion by decreasing 

the GDE’s water-solubility. Although there are water-soluble epoxies, bio-based solutions 

seemed most attractive. 

Lignin is a suitable material for epoxy-grafting and is a cheap and green resource. Fully lignin-

based approaches for adhesives and surface coatings therefore felt appealing to explore. 

Traditional approaches of lignin-epoxidation in alkaline solutions yield non-water-soluble 

epoxidized lignin, which is difficult to utilize together with CLPs. Other methods require 

fractionation, which consumes energy, time, and solvents. Therefore, a new approach was 

assessed, where CLPs were used as water-dispersible lignin-vectors. Lignin epoxidation has 

been presented in various studies, yet the reaction speed, yield, and state of the epoxidized 

lignin are often poor and impractical [107,110,131].  
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The utilization of CLPs reduced the significance of the mentioned problems. The reaction only 

took 60 minutes, making it much quicker than traditional approaches, and furthermore yielded 

water-soluble epoxidized lignin. The state of the reaction was distinguishable, as the color of 

the solution “flashed” from dark brown to a lighter brown hue when the reaction was 

completed. The obtained yield was 36.9 %, which is also very good compared to that of other 

methods. Still, more efforts could be focused on the recovery, which could increase the yield 

further. The structure of the epoxidized lignin was analyzed by FTIR, and the absorbance is 

presented in Figure 30.  

Figure 30. FTIR spectra of kraft lignin (KL) and epoxidized kraft lignin (E-KL). The red dotted line at 911 cm-1 

represents the epoxide band. 

The epoxidized lignin exhibited a clear band at 911 cm-1, representing the epoxide group. The 

intensity of the band at 750 cm-1 and 2940 cm-1, corresponding to aromatic out of plane bending 

of four adjacent hydroxyl groups and alkane C-H stretching respectively, increased in the 

epoxidized lignin. The band at 850 cm-1 in the fingerprint region, corresponding to C-H 1,2,4-

trisubstituted or 1,3-disubstituted aromatic C-H bending, had merged with an epoxide-

characteristic band at 840 – 850 cm-1, and consequently intensified. Bending vibration of 

phenolic OH-groups at 1370 cm-1 had significantly been reduced in the epoxidized lignin, in 

contrast to the C-O band at 1136 cm-1, which had intensified. The band at 1150 cm-1 and 1370 

cm-1, likely derived from symmetric S=O stretching [132,163], had fully disappeared in the 

epoxidized lignin. Similar differences has been reported in literature [107,110,131,164]. The 

OH-vibration band at 3600 – 3300 cm-1 remained broad, and its intensity even increased, in 

contrast to some reports [110,131]. A broad band at that range indicates various types of 

hydrogen bonding between hydroxyl groups and other polar groups [132]. A decrease in this 

band can consequently be a reason for decreased water-solubility.  
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P31-NMR was used to analyze the hydroxyl-to-epoxide-group conversion. The NMR spectrum 

is presented in Figure 31. The hydroxyl-group corresponding bands were integrated, and the 

calculated number of aliphatic, phenolic, and carboxylic hydroxyl groups, and the reaction 

conversion are presented in Table 2.   

Figure 31. P-NMR spectra of kraft lignin and epoxidized kraft lignin normalized according to sample weight. The 

bands of the internal standard (IS), aliphatic (Alip), phenolic (Phen.) guaiacyl (G) and p-hydroxyphenyl (H), and 

carboxylic hydroxyl groups, are marked between the dotted lines.  

According to literature, the molar amount of phenolic, carboxylic, and aliphatic hydroxyl 

groups in Biopiva 100 softwood kraft lignin is 4.05, 0.57, and 1.89 mmol/g respectively [114]. 

The values obtained by us were in rather close agreement, although the number of aliphatic 

hydroxyl groups are somewhat higher. The epoxide grafted especially effectively onto 

phenolic and carboxylic hydroxyl groups, which were practically undetectable in the 

epoxidized lignin. Aliphatic hydroxyl groups are less reactive, and were only reduced to 0.33 

mmol/g. 

Table 2. The number of hydroxyl groups in kraft lignin and epoxidized kraft lignin and the hydroxyl- to epoxy-

group conversion. 

Sample 
Aliphatic OH 

(mmol/g) 

Phenolic OH 

(mmol/g) 

Carboxylic OH 

(mmol/g) 

Total OH 

(mmol/g) 
Conversion 

Kraft lignin 2.31 4.04 0.41 6.76 
94.6% 

Epoxidized kraft lignin 0.33 0.03 0.01 0.36 
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3.2.7 Demonstration of applicability as adhesive 

Although the surface coating aspects were the main focus of this study, the GDE/CLP mixtures 

were easy to implement as adhesive as well. Non-particular kraft lignin has successfully been 

used together with GDE for adhesives [150], yet there are some advantages in using CLPs 

instead. It is firstly very difficult to spread water-suspended kraft lignin evenly, especially 

when combined with GDE. In preliminary tests, it was observed that the addition of GDE into 

water-based kraft lignin suspensions immediately resulted in phase separation and the 

formation of clumps, which could not be spread evenly onto a surface. CLPs, on the other 

hand, were easy to spread and tended to stick well onto wooden surfaces, which non-

particulate kraft lignin did not. The improved spreadability enabled the use of very small 

amounts of adhesive for good results. The epoxidized lignin furthermore proved to be suitable 

to use as epoxy-compound for adhesives. While the GDE could induce problematic phase 

separation, the epoxidized lignin was easily mixed into CLP dispersions. The concentration of 

epoxidized lignin solutions could be easily diluted with water. This was an additional benefit, 

as the concentrations could be adjusted to make the volumetric ratios of CLP to epoxidized 

lignin for the preparation of samples simple. GDE was not sufficiently water-soluble to be 

diluted in water, and the mixtures consequently had to be prepared by weighing the 

components to proper ratios for each prepared sample.  

According to the ASTM-D4960 standard specifications for urea-formaldehyde-type 

adhesives, commercial plywood should reach an adhesive strength of 2.3 MPa, and usual wet 

glue spreads are around 150 g/m2 [165,166]. A combination of epoxidized lignin and CLPs 

with a molar ratio of 1:1 with a respective wet and dry glue spread of ca. 155 g/m2 and 5.4 

g/m2 cured by hot-press at 160 ℃ and 7 kg/cm2 (0.69 MPa) for 10 minutes resulted in adhesive 

strengths of 2.7 MPa. This is an excellent result considering the low adhesive mass that was 

used and compared to other similar approaches. For example, Li et al. also used kraft lignin 

and GDE to prepare adhesives [150]. A dry spread of 410 – 460 g/m2 was used, and the samples 

were cured by hot-pressing 14 minutes at 150 °C and 0.7 MPa and reached adhesive strengths 

between 2.0 – 2.5 MPa. Hosseini et al. prepared urea-formaldehyde based adhesives, which 

were partially substituted with fungal biomass and soy flour [167]. They used a dry glue spread 

of 186 g/m2, and the adhesive was cured by first cold pressing at 1 kPa for 5 minutes and then 

hot pressing at 130 °C and 1500 kPa for 5 minutes. The best formulation of the adhesives 

reached an adhesive strength of 2.2 MPa. Adhikari et al. used epoxy-cross-linked waste protein 

as adhesives. They used a dry glue spread of 30 g/m2 and the adhesives were cured by hot 

pressing at 140 °C and 3.5 MPa for five minutes. The adhesives reached relatively high 

adhesive strengths between 4 – 6 MPa.  
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Although the epoxidized lignin was easier to dilute and mixed better with CLPs, it could not 

be concentrated by centrifugation, which limited the increase of the glue spread. Adhesives of 

GDE/CLP formulations in that regard beneficial, as they were easier to concentrate. A 

combination of GDE and CLPs in the ratio 0.65 g/g with a respective wet and dry glue spread 

of 206.9 and 27.33 g/m2 resulted in an average adhesive strength of 4.1 MPa. Increasing the 

respective wet and dry glue spread to 413.0 and 61.0 g/m2 resulted in an average adhesive 

strength of 7.1 MPa.  

These results show great potential for the use of CLP-based adhesives in plywood. Especially 

the epoxidized lignin, which yielded relatively high results with an extremely small adhesive 

mass, should be researched further in future studies.  
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3.4  Conclusions 

Colloidal lignin particles (CLPs) were used to prepare bio-based wood- and metal surface 

coatings and adhesives using glycerol diglycidyl ether (GDE) as cross-linking agent. It was 

shown that coatings with the GDE/CLP ratio 0.52 g/g possessed excellent abrasion resistance 

and hydrophobicity. The coatings also did not impede the breathability whatsoever, in contrast 

to the tested commercial references. The coatings with GDE/CLP ratios 0.65 and 0.52 g/g were 

stain and solvent resistant, while the particles in the GDE/CLP ratio 0.39 g/g were not cross-

linked enough to withstand organic solvents. The coatings with GDE/CLP ratios 0.65 and 0.52 

g/g furthermore possessed resistance against photo-induced yellowing, although some texture-

intensifying effects were noticeable as the samples were exposed to simulated sunlight. Further 

research should try to decrease this effect by focusing on the evenness of the coating. 

A new method for the preparation of epoxidized lignin with a relatively high yield from CLPs 

was also demonstrated. The epoxidized lignin was water-soluble and could easily be used as 

adhesive together with CLPs. The epoxidized-lignin-CLP adhesive showed good adhesive 

strength, and could potentially be used to manufacture plywood and perhaps layered composite 

materials.  

In future research, the concept of lignin-epoxy chemistry could be expanded. Various 

compounds, such as fatty-acids or polymers, could possibly be grafted onto the CLPs via 

epoxy-bridges, which would enable increased customizability and functionality. The effect of 

the particles size of the CLPs could have significant effects on the appearance, hydrophobicity 

and mechanical properties of the coatings. It could even affect the optimal ratio of epoxy-to-

lignin due to differences in the total surface area. The appearance and mechanical properties 

of the coatings could perhaps also be customized by the use of different epoxies or additives, 

which could widen the coatings suitability further. More research on the coatings heat 

resistance should also be conducted as it is relevant in many applications. Properties that were 

not studied here, like electrical conductability, should also be examined to better understand 

the applicability of the coatings. The epoxidized lignin was shown to have potential for 

applications in plywood manufacture, but its applicability should be further investigated.  

The method of preparing the coating could also be improved, especially when coating on 

metal. The good water-dispersability of CLPs could be exploited better, and quick coating 

methods, such as spraying, could be evaluated.  
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