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Preface 

In June 20-23, 2022 approximately 60 scientists from 12 different countries gathered for the Lignin 

Training School for LignoCOST CA17128 at Åbo Akademi University, Turku, FINLAND. The organizing 

committee consisted of Prof. Chunlin Xu, Dr. Patrik Eklund, Dr. Anna Sundberg, Dr. Lucas Lagerquist, 

and M.Sc. Luyao Wang from the Faculty of Science and Engineering at Åbo Akademi University and 

Monika Österberg from Aalto University. The program was focused on the chemical structure and 

selected applications of lignin. Lectures on topics such as fractionation and purification, 

characterization, chemical modification, and applications of lignin were given by 10 invited trainers as 

well as by the local organizers. In addition, the program included lab demonstrations, a poster session, 

social events, workshop/groupwork and an excursion to CH-Bioforce pilot plant in Raisio, Finland. 

Some of the lab demonstrations were based on the outcome from the Business Finland funded project 

‘Novel Fiber Surfaces Functionalized by Lignins Refined and Engineered from Finnish Biorefinery 

Processes (LigninReSurf)’ targeting to develop high performance copolymers and materials based on 

lignins from Finnish biorefinery processes, part of activities in ExpandFibre ecosystem. The 

atmosphere was relaxed and there were fruitful discussions between all the participants. In this 

proceeding we have collected the poster as well as the mini-review papers from the groupwork. We 

would like to thank all the participants, trainers as well as Dr. Ted Slaghek and Dr. Richard Gosselink 

for making this training school possible, and LignoCOST for financial support. 

 

Patrik Eklund and Chunlin Xu.  
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Introduction to CH Bioforce fractionation technology: Dr. Lari Vähäsalo 
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Programme 

Monday June 20, 2022: 9:00- 17:00 

 

Welcome and introduction 

 

9:00 - 10.00 Presentations of local organizers, Åbo Akademi University (Patrik Eklund & 
Chunlin Xu) and Aalto University (Monika Österberg) including lignin activities 

10:00- 11.30 Presentations by each participant (2 slides and 2 mins each) 

11:30 - 12:00    Initialization of group work (with 5 credits option)  

                              Mounting of posters 

12:00 - 13:30   Lunch 

  

Biorefinery fractionation & purification 

 

13:30-14:30  Lignin-first vs other technologies: Prof. Chunlin Xu, (ÅAU), Dr. Patrik Eklund 
(ÅAU), Prof. Mikhail Balakshin (Aalto) 

14:30-15:00  Industrial approaches: 
Cellunolix concept: Timo Leskinen, St1 
Metgen concept: Liji Sobhana, Metgen 

15:30-16:15  Fractionation/Purification of lignin, case studies: Lucas Lagerquist and Luyao   
Wang  

16:00-17:00  Lab tour at Aurum building  

 

 

Tuesday June 21, 2022: 8:15 – 16:30 

 

Characterization of lignin 

 

8:15-9:30  Chemical structure by NMR: Dr. Ewellyn Capanema (RISE, SE) 

9:30-10:30  SEC/MALLS with some 2D-SEC and functional dispersity distribution and speed 
analysis methods: Prof. Antje Potthast (BOKU, AUS) 

10:30-11:30  Classical wet-chemical methods for lignin analysis: Dr. Andrey Pranovich (ÅAU) 

11:30-13:00  Lunch  

13:00-14:00  New methods in understanding aging/chromophore chemistry: prof. Thomas 
Rosenau (BOKU, AUS) 

 

Lab demonstrations 

 

14:00-16:00  
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               Introduction 30 min 

 

NMR: Lucas Lagerquist 
• sample preparation, 31P, HSQC and 13C NMR 

HPSEC: Luyao Wang 
• Sample preparation, data interpretation 

3D printing: Andrey Pranovich 
• Filament preparation, printing 

 

Poster session with refreshments 

 

18:45  Dinner: cruise boat Rudolfiina 
 

Wednesday June 22, 2022: 9:30-17:00 

 

Modification for applications 

 

9:30 - 10:30  LNPs: prof. Monika Österberg (Aalto)  

10:30-11:30  Lignin carbonization: prof. Michael Hummel (Aalto)  

11:30-13:00 Lunch 

13:00-13:30      Lignin as macromonomers, polymer blends and co-polymers: Dr. Patrik Eklund 
(ÅAU)  

13:30-14:00  Catalytic lignin depolymerization: prof. Henrik Grenman (ÅAU)  

14:00-15:00  3D printing: prof. Chunlin Xu (ÅAU) 

 

Workshop/group work  

 

Thursday June 23, 2022: 9.00-13:00 

 

Excursion 

 

9:00 -9:45  Introduction to CH Bioforce fractionation technology: Dr. Lari Vähäsalo 

10:00- 12:00  Excursion to CH Bioforce pilot plant 

12:00                 End of the workshop 
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Fractionation and purification, Industrial new biorefinery 

concepts for the production of lignin 

Thi Thuy Tran Hoa, K. Alexander Hennb, Juha Oksanenb 

aDepartment of Chemistry and Biotechnology, Tallinn University of Technology, Tallinn, 

Estonia. 

bDepartment of Bioproducts and Biosystems, Aalto University, Espoo, Uusimaa, Finland 

thi.ho@taltech.ee, karl.henn@aalto.fi, juha.oksanen@aalto.fi 

 

Abstract 

Lignin is a highly abundant natural polyphenol. Because of plastic waste and rising carbon 

dioxide emissions, the general public increasingly desires to move away from fossil -based 

materials, and lignin could play an important role due to its abundance. However, the lignin 

that is available from today’s pulp mills and biorefineries is structurally heterogeneous and 

difficult to use. There has therefore been much discussion about altering the pulping process 

or increase valorization efforts to improve lignin ’s quality. As consequences, the review will 

firstly summarize the recent developments of pretreatment process of biomass and purifying 

lignin to enhance the quality of downstream product, such as steam-explosion pretreatment, 

ultrasonic and solvent extraction, dialysis, hot water treatment, base hydrolysis followed by 

acid precipitation, acid hydrolysis, and biological purification. In addition, the fractionation of 

lignin is highlighted, the fraction of lignin with improvement in homogeneity will be reviewed 

by some well-known techniques: sequential solvent or pH-dependent precipitation, and 

membrane filtration. Lignin particles have also become increasingly interesting in the research 

community due to their applicability in aqueous systems without the need for solvents, and 

the preparation of lignin particles are also discussed. A brief discussion on applications for 

different types of lignin and lignin-fractions is also included to present the benefits and 

importance of fractionation methods in practice. In the end, the market and economic 

feasibility will decide on how lignin is used, which is why techno-economic aspects are 

important and are also discussed. 

Introduction 

About 70% of all harvested forest biomass is currently incinerated for energy product ion 

around the world [1]. Although energy production from burning biomass is certainly more 

environmentally friendly compared to burning fossil-based raw materials, other renewable 

energy sources, such as wind, solar, wave, and geothermal energy do not produce any 

greenhouse gas emissions and are therefore “greener”. For the environment’s sake it would be 

better to utilize biomass in solid applications, as it would contribute to decreasing the carbon 

dioxide levels in the air. 

Lignin, which is the second most abundant natural polymer in the world, belongs to the large 

fraction of wood biomass that is not utilized in solid applications at this time. About 70 – 100 

million metric tonnes of lignin is incinerated annually, and only ca. 2 – 5 % of this lignin is 

utilized in applications such as asphalt-or cement-filler or the production of aromatic 

mailto:thi.ho@taltech.ee
mailto:karl.henn@aalto.fi
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chemicals [2]. There are a number of reasons for this. Firstly, lignin has a rather high 

calorimetric value when incinerated, and is therefore quite suitable as raw material for 

incineration. Secondly, and more importantly, lignin is highly heterogeneous, poorly water 

soluble, has a dark color that is not suitable in many applications, and has a limited amount of 

reactive groups that can be used for chemical modification, depending on the delignification 

method [3]. Global warming and plastic pollution have nevertheless initiated a need to 

increase the use of renewable raw materials, which has led to a new interest in research on 

lignin- modification and applications. 

To address the challenges in the applicability of lignin, new biorefining strategies such as the 

lignin first approach has been suggested. In general terms, the lignin first approach aims to 

protect the lignin from unpredictable condensation reactions by stabilizing reactive 

intermediate lignin molecules, which hinders them from reacting and polymerizing with other 

lignin molecules. The lignin valorization is thus considered already in the design phase [4]. 

Organosolv-type delignification processes are generally more suitable for the lignin first 

approach compared to the globally more common kraft delignification process [5]. However, 

most of the global pulp mass is delignified using the kraft process. It may therefore be 

challenging to implement lignin first approaches in existing biorefineries and pulp mills, and 

the production of new facilities requires large investments. As long as the value of lignin is 

uncertain, i.e., there are few successfully demonstrated value-adding applications, such 

investments are unlikely. Hence, it is important to find ways of applying the currently available 

lignin while also solving process-related challenges that have hindered lignin from being 

applied in the past. This strategy will likely require the use of post-pulping purification and 

perhaps fractionation of the lignin. These processes will create new types of lignin depending 

on the wood source, purity, and fractions, and while creating new possibilities also creates 

challenges. There is no doubt that depending on the origin of biomass and the processes it has 

undergone, each technical lignin possesses distinguishable properties from each other that 

need to be considered individually in terms of lignin valorization [6,7]. This text will review 

various methods for the isolation, purification, and fractionation of lignin, and discuss how 

these methods affect the lignin chemically. The text will then demonstrate the importance of 

understanding these effects to find the most suitable application for various lignins. The 

market size and economic outlook of lignin will also be discussed, to give an overview of 

current trends and future possibilities in this field. 

Principles of Lignin Purification and Fractionation 

The presence of undesired compounds in technical lignin, known as impurities, are mostly 

from the nature of lignin-carbohydrate complexes and the biomass pretreatment process. The 

so-called purification of lignin means removing as much as possible of sugars, ash, inorganic 

compounds (e.g., Na2S and NaOH), and proteins (mostly from ethanol process lignins by 

fermentation) from technical lignin [6,7]. In most cases, these impurities in technical lignin 

show its negative impact on later application in making carbon fibers [8,9], lignin-phenol-

formaldehyde (LPF) resins [10,11]. Sometimes, the concern about inorganic impurities, acting 

as catalysts, especially for synthesis of phenolic resin [11] or composite material [12] were 

also reported. There are several ways to improve the purity of technical lignin, for instance, 

hydrothermal pretreatment of biomass by steam-explosion; ultra-sonic/solvent extraction, 

dialysis, hot water treatment; alkaline hydrolysis-acid precipitation, acid hydrolysis; and 

biological purification that will be discussed in this review study [11,13–15]. These methods 
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could be simply grouped as pretreatment of biomass and post-treatment of lignin, 

respectively. 

Steam-Explosion Pretreatment of Biomass to Improve Purity of Lignin 

The biomass pretreatment process aims to disrupt the recalcitrance of lignocellulosic matrix 

that improves the fractionation efficiency of biomass into its constituents with high yields and 

purities. There are some suggested criteria for how to reach the optimal results: (i) avoid as 

much as possible degradation of carbohydrates, (ii) ability to enhance hydrolysis efficiency, 

(iii) less production in inhibitor for enzymatic hydrolysis, (iv) high yield recovery of lignin for 

other application, and (v) cost-effective [16]. Among pretreatment methods (categorized as 

physical, chemical, hydrothermal, biological), steam-explosion technique turns out to be the 

most popular and effective way that meet most of the qualities (such as, low energy 

consumption, less in the usage of chemicals, cost-effective, high efficiency in disrupting the 

lignocellulosic network) and belongs to hydrothermal group [17].  

The principle of steam-explosion method is to treat biomass under high constant pressure, 

under elevated temperature for a short period of time, and then depressurized 

instantaneously to breakdown the cell wall due to decompressive explosion [17]. The steam-

explosion derived-corn stalk resulted the high purity of liquor lignin under alkaline extraction 

condition [11]. Specifically, optimal condition was reached at high constant pressure (1.8 

MPa), operated at 195oC, and kept for 5 mins before depressurizing, after that the pretreated 

biomass was washed by distilled water for three times to remove the water-soluble 

hemicellulose. Subsequently, the obtained liquor lignin was dried in a forced-air oven at 55oC 

for 48 hours. The resulted lignin with 90.92% of purity and a significant improvement in purity 

by reducing up to about 40% of carbohydrates content, compared to reference sample, was 

reported [11]. Another method for steam-explosion pretreatment, without operating at high 

temperature, started with immersion of non-food biomass (e.g., corncob) in a diluted sulfuric 

acid (0.5% w/w) for 10 hours, followed by steam explosion operating at 1.5 Mpa for 5 minutes. 

After that the dried residue from diluted acid steam explosion (DASE) was extracted by ethanol 

aqueous (20/80 v/v) at 160oC for 120 min. The combination of DASE together with liquid hot 

pressured alcohol extraction showed a high purity of recovered lignin up to 91.20%, and less 

than 2.50% of impurities [18]. 

Lignin Purification Methods 

In addition to pre-treatment of biomass, the quality of technical lignin could also be improved 

by shifting the focus to the workup procedure of downstream products. The term describes 

these protocols known as lignin purification techniques. Due to the abundance of Kraft lignin 

among others [19], one research group have reported different ways to remove as much as 

possible the impurities from Kraft lignin in which one of them was hot water treatment process 

was optimistic for up-scaling [13]. This comprehensive work paid attention to dialysis, hot 

water treatment, ultrasonic extraction, and Soxhlet-extraction techniques. The general results 

showed that ultrasonic extraction using a binary solvent system of ethanol/acetone (9:1), and 

dialysis followed by hot water treatment at 220 °C were the two best combined protocols to 

remove impurities (less than 3% remained), however, a partial condensation took place in the 

core structure of purified lignin [13]. Other than that, with the same focus on Kraft lignin, a 

research group leading by Tang. T investigated a new eco-friendly treatment by using 

Pseudomonas fluorescens [15]. This species has been studied as one of the best cellulolytic 
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bacteria that could selectively degrade cellulose and hemicellulose [20]. The bacteria can 

produce cellulolytic enzyme that particularly cleaving carbohydrate polymer chains into free 

sugars and use it simultaneously as their carbon source [15]. As the results, after enzyme 

treatment, the total carbohydrates content was drastically reduced 70% for acidic Kraft lignin, 

and 57% for alkaline Kraft lignin [15]. Later, Tang. T et al has successfully applied this bio- 

cleaning process to get purified lignin with enhancement in their electro spinnability property 

that affordable to produce carbon fiber for removal of methylene blue from wastewater [9].  

Nowadays, hydrolysis lignin is also becoming more and more popular source of technical lignin 

[19], however, it inherently contains high contaminants from carbohydrates that limit their 

utilization. It is thus a reason to shift scientists’ attention towards finding a solution for 

purifying hydrolysis lignin. One of the most recent research projects suggested two simple and 

effective ways to deal with upgrading hydrolysis lignin from hardwood containing from 10 to 

15% of polysaccharide, were (i) alkaline hydrolysis-acid precipitation, and (ii) acid hydrolysis 

[14]. In the first approach, it was reported that the effect of alkaline concentration on the 

quality of lignin was not pronounced as much as variation in the operating temperature, 

whereas the influence of solid-volume ratio in the reaction cocktail showed a slight negative 

correlation impact on the polysaccharide content. The second investigated method was 

hydrolysis by sulfuric acid in various concentrations, temperatures, and times that generally 

showed the lowest impurities in the leftovers (below 3%) [14]. Furthermore, from the 

economic and industrial point of view, their conclusion clarified that the acid hydrolysis 

purification protocol was promising with the possibility to obtain high yield of purified 

product over 95%, compared to alkaline hydrolysis simultaneously acid precipitation with 

maximum yield 50% [14]. 

Utility of Inorganics in Lignin 

Despite all efforts to find an optimal condition for purification of lignin, from chemistry point 

of view, inorganic impurities present in technical lignin are somehow useful for later 

application due to its possible catalytic activities. Interestingly, X. Bai and his team showed the 

results that could surprise readers about metal impurities in technical lignin were not as 

always as harmful as they were for some applications [12]. Indeed, their case study presented 

that the best thermal stability and tensile strength of composite material was made from 

polylactic acid (PLA) and organosolv lignin with 4% metal elements (e.g., Al, Ca, Fe, Mg, P, S, 

Na, and K) [12]. Nevertheless, inorganic contaminants were not a big concern by mean of 

neither harmful nor useful in the synthesis of phenolic resin [11]. By considering these results, 

the direct usage of technical lignin without any purification will be cost saving for biorefinery 

processes. 

Lignin Fractionation Methods 

As it has been discussed, the inherent inhomogeneity of technical lignin tightly correlates with 

its high polydispersity in molecular weight and creates bottlenecks in biorefineries, 

specifically for lignin valorization. In fact, the effect of molecular mass on physical/chemical 

properties as well as structural information of lignin mixture has been extensively studied and 

clarified [21–23]. In other words, the narrower molecular mass distribution obtained, the 

more uniform lignin mixture is. Before using lignin as starting material for any target 

application, it is thus plausible to increase the homogeneity of lignin solution by means of 
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narrowing the dispersity of molar mass. This methodology is used for lignin fractionation and 

commonly adopted by three approaches: sequential solvent fractionation [24–26], pH-

dependent precipitation [27,28], and membrane-assisted filtration methods [29–31]. An 

illustrative animation describes the ideas behind these processes presenting in Figure 1. 

Solvent Fractionation 

Among other techniques, organic solvent precipitation method is mostly used to fractionate 

the crude lignin into more homogeneous fractions with the controlled qualities, able to be used 

for further application or valorization [24,32]. Hansen suggested three solubility parameters 

of a solvent: dispersion force, polar interaction, and hydrogen bonding that could relate to the 

dissolution of the polymer [33]. Based on this theoretical approach, the solubility experimental 

data used eight solvents from different groups (e.g., alcohol, ketone, and ester) showed a 

strong linear correlation between the polarity values and their ability to dissolve softwood 

Kraft lignin [24]. Moreover, a combined computational and experimental study was carried 

out the results that the solvent polarity strongly affects the solubilization of hardwood Kraft 

lignin and resulted in soluble/insoluble fractions with different average molar mass [24,25]. 

From the understanding of how organic solvents affect the recovery of lignin fractions with 

different molecular weight, the solvent fractionation process is well established by adjusting 

the solvent polarity to separate the crude lignin into several fractions with controllable 

molecular property. In fact, the process could be categorized into two types: single solvent for 

one- step extraction, and multiple/mixture of solvents for sequential fractionation.  

 

Figure 1. The illustration of three common methods of lignin fractionation: pH-dependent 

precipitation, solvent fractionation, and membrane filtration to fractionate crude lignin into different 

fractions with controllable molecular weight [21].  
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The single solvent used in one-step extraction is carried out by dissolving lignin to get soluble 

and insoluble parts separately. This protocol is straightforward and efficient. Recently, the 

method has been used to investigate the real interaction between solvents (e.g., ethanol, 

acetone, diethyl ether and hexane with the polarity values: 8.8, 10.4, 2.9, and 0, respectively) 

and lignin during the dissolution process [25]. In conclusion made from computational 

calculation and experimental data, the polarity value of solvent showed a positive linear 

correlation with the yields of soluble lignin, which have lower and narrower molecular weight 

distribution compared to the parent lignin and the insoluble parts. Another investigated nine 

organic solvents varying from polar to non-polar (polar protic: methanol, ethanol, propanol; 

polar aprotic: acetone, ethyl acetate, dichloromethane; non-polar solvent: diethyl ether, 

hexane, petroleum ether) and the relation in structure property of corresponding lignin 

fractions (reported in Table 1) [26]. 

Table 1. The summary of properties of soluble and insoluble fractions of hardwood Kraft lignin (from 

Eucalyptus chips) after one-step treatment with nine different organic solvents [26].  

 

Although the single-step extraction is advantageous to get improvement in homogeneity of 

lignin, it is impossible to get more than two fractions with a distinction of molar mass. 

Therefore, solvent sequential fractionation approach is preferable to obtain more than two 

batches with narrower molecular weight distribution. One of the most recent studies 

successfully applied this methodology by setting up a solvent system with an increase in 

solubility power (i-PrOH < EtOH < MeOH) to get homogeneous lignin fractions with narrower 

molar mass distribution and an increase in average molecular weight [34]. Even though the 

results showed the lignin fractions obtained with well-defined properties, the impurities and 

sugar contents were highly found in MeOH-soluble fraction, which caused a lower capacity in 

water resistance of lignin-phenol-formaldehyde wood adhesive [34]. It is no doubt that using 

several solvents for sequential extraction is efficient in terms of refining lignin, however, less 

environmentally friendly, and highly cost are the two main disadvantages of this method. 
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Therefore, another perspective in the stepwise precipitation process is to apply a mixed 

solvent system, containing good and anti-solvents in which a gradient concentration in one 

phase will adjust the polarity factor that is efficient in lignin refining process [21]. As it has 

been reported, this application was successfully carried out by using a mixture of a green 

solvent derived from sugar, γ-valerolactone (GVL) and water with a gradual decrease of GVL 

content in aqueous phase (40%, 30%, and 5%) to reduce inhomogeneity of enzymatic 

hydrolysis lignin [34]. As the results, lignin fractions obtained with narrower molar mass with 

a decrease in average molecular weight when there was less amount of organic phase. From 

the green chemistry point of view, the process was considered greener because it used only 

one organic solvent, and an addition to that point is GVL was highly recovered (up to 95%) 

from the mixture with water of 5% and induced the same extraction efficiency as the new 

solvent mixture [34]. 

pH-Dependent Precipitation 

Acid precipitation method is the second common approach to separate lignin into more 

homogeneous fractions (Figure.1) [21]. The process firstly starts to dissolve lignin in strong 

base medium and subsequently adding acid (H2SO4 and HCl are usually used) to adjust the 

solution’s pH, leading to aggregation of lignin colloids due to the happening of neutralization 

of their negative charge on the surface [27]. Therefore, the relationship between pH value and 

lignin fraction properties is strongly correlated. From the practical results, it showed that at 

higher pH, the fraction with higher molecular weight obtained, and vice versa [27]. On the 

other hand, lignin fractions from sugarcane bagasse extracted at pH = 9, 7, 5,3, and 0.3 (by  

using sulfuric acid) showed a distinction in terms of chemical properties [28]. Particularly, 

those precipitated at higher pH 5 significantly differed from the acidic fractions in carbon, 

oxygen, and hydrogen contents. Additionally, the syringyl fragments were largely precipitated 

at pH 5 rather than pH 9, it was thus reported higher ratio of S/G in lignin’s precipitate at pH 

5 [28]. 

Membrane-Based Filtration 

Among other techniques, the membrane technology offers a sufficient procedure to get 

homogeneous lignin fractions in biorefineries by mean of using semipermeable polymeric or 

ceramic-based membrane that could separate a mixture of crude lignin into several identified 

fractions according to the target molecular weight (Figure.1) [21]. It is suggested that using 

ceramic membrane is preferable to polymer due to the high resistance to pH, it thus allows 

direct filtration of Kraft lignin liquor without any pretreatment [29]. The membrane-based 

filtration method is outstanding among others due to its capable of operating continuously, 

less usage of hazardous chemicals (strong base/acid), low energy consumption, and the high 

flexibility in combination with other fractionation methods [21]. The most common set up for 

this procedure is sequential filtration with different molecular weight cutoffs. In the study 

conducted by C. Huang, before starting the membrane-assisted fractionation, Kraft lignin from 

black liquor was precipitated at pH 2 to 3 and the solid residue was suspended in acetic acid 

to lower the viscosity of the solution [30]. Subsequently, sequential ultrafiltration was applied 

with membrane cutoff 5 kDa and 3kDa to obtain three fractions with molecular weight 7010 

(F1), 3540 (F2), and 1890 (F3) (g/mol), respectively. In the same publication, the application 

in preparing composite material by blending three different obtained fractions together with 
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polyethylene showed that F3 with the lowest molecular weight gave better mechanical 

performance due to the higher affinity with polyethylene. 

One of advantages in using membrane-assisted filtration is its ability to combine with other 

fractionation techniques to improve performance in refining lignin. For instance, one research 

from Allegretti combined organic solvent extraction with the assistant of Soxhlet system, 

directly followed by membrane ultrafiltration [31]. Particularly, the initial softwood Kraft 

lignin was extracted by Soxhlet system for 8 hours, using 2-butanone (MEK) as solvent and the 

soluble part dissolved in organic phase was then submitted to the downstream sequential 

ultrafiltration with 5 kDa, and 2 kDa cutoffs. In this study, it was noticed that the choice of MEK 

was highly considered because it gave high yield of extraction, and the low viscosity was 

beneficial in filtration technique to avoid membrane clogging. 

Lignin Particles 

The use of lignin as water-dispersible particles is an alternative to fractionation or 

modification, such as depolymerization. The major benefit of lignin particles in comparison to 

regular lignin is that they can be used in water-based applications without solvents. They can 

be used for Pickering emulsions that could be used for cosmetics or biomedical applications 

[35,36], in composite materials [37], coatings [38], adhesives [39], or shape retention agent in 

hydrogels for tissue engineering [40]. Lignin particles can be either irregularly shaped or 

spherical, depending on the precipitation method. The acidification of alkaline lignin solutions 

leads to irregularly shaped particles, while solvent switching most often leads to spherical 

particles [41–43]. Solvent switching has some advantages. Firstly, the spherical shape 

provides increased colloidal stability [44], and the solvent switching provides excellent control 

over the size and surface charge [42,43]. Large-scaled production of lignin particles has been 

studied, and the process can be done in an economically feasible manner [45]. This section will 

briefly illuminate solvent switching to synthesize lignin particles to give an understanding of 

some important factors that affect their properties. 

Preparation and Properties of Lignin Particles 

Solvent switching relies on precipitating a dissolved polymer from a solution by adding an 

anti-solvent or decreasing the solvent : anti-solvent ratio. For lignin, the most usual solvent is 

a mixture of either acetone or tetrahydrofuran and water. Common water:solvent ratios are 

1:3 w/w [37,42]. Other solvents, such as dimethyl sulfoxide also work [46]. Ethanol can also 

be added, which allows the main organic solvent (acetone or tetrahydrofuran) to be reduced, 

and leads to smaller particle size [43]. The solution is then added to about 1.8 – 2 times the 

solution’s weight of water, which acts as an anti-solvent and initiates the precipitation 

[42,43,47]. The anti-solvent can also be added slowly, which seems to work better for 

organosolv lignin [48]. The particle size depends on the solvent system, concentration of 

lignin, the anti-solvent addition speed, the amount of anti-solvent, the lignin’s molecular 

weight and chemical structure (mainly number of hydroxyl groups and ratio between different 

hydroxyl groups). The polydispersity is affected by the lignin’s heterogeneity, and fully 

monodisperse particles can be made using fractionated lignin [49].  Multiple mechanisms for 

the precipitation has been suggested. It is widely accepted, that the precipitation begins from 

the most hydrophobic lignin, and ends with the smallest and most hydrophilic lignin fraction 

[50]. Because of this, the surface of lignin particles are hydrophilic, and interacts well with 
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water and hydrophilic polymers [37]. Co-precipitating lignin and a hydrophobic molecule, 

such as medicinal agents, leads to the formation of hybrid particles with a lignin surface and a 

core of lignin and the hydrophobic substance. This can be used to create capsules for drug 

delivery or e.g. phase change materials [51,52]. 

Lignin particles are usually between 100 – 500 nm in size and have a zeta potential of ~ -40 

mV [42,43,49,53]. The surface charge can nevertheless be modified reversed by the adsorption 

of cationic polymers, such as polyelectrolytes, proteins or cationized lignin [42,54,55]. Cationic 

lignin particles has some utility in emulsions [35,55]. It has also been shown, that cationic 

lignin particles can be used to remove viruses from water, which makes them useful for water 

purification as well [56]. Lignin particles can also be infused with silver particles, which give 

them antibacterial properties [41,57,58]. Lignin particles can also be cured using epoxies. This 

allow them to be used as adhesives [39] or mechanically durable protective coating [38].  

Properties and Applications of Different Lignins and Lignin Fractions 

As we have mentioned, lignin is very underutilized at the moment, mainly because applications 

where lignin provides significant improvement in performance, or at least does not reduce 

performance significantly, are rare. However, the reason to valorize lignin instead of using it 

to produce energy is to reduce fossil-based materials and increase bio-based materials in solid 

applications, which means that such applications have to be found. To find applications where 

lignin can contribute positively, it is important to understand how the properties contribute 

to performance. We have already concluded that fractionation can be used to retrieve lignin 

fractions of different molecular size, but fractionation also separates lignin according to 

chemical properties [49]. In additions, there is often a correlation between molecular weight 

and chemical property. For example, small lignin molecules have a higher weight-proportion 

of polar end-groups (often phenol groups) in comparison to very large lignin molecules [59–

61]. This means, that the smallest lignin fraction often is the most polar, and vice versa, and 

that all fractions in essence differ in chemical properties. It is important to understand how 

these properties will affect the performance in certain applications. In this section, we will 

discuss a few applications and the lignin type and fraction that would be most suitable in these 

applications to give a brief demonstration of the effect of lignin fractions on the performance 

of different applications. 

Additive in Plastics and Composites 

There are some challenges regarding the use of lignin in polymer blends. It tends to aggregate 

within the blend, and lead to brittleness and weak strength. This type of aggregation often 

occurs due to hydrogen bonding of polar structures within a non-polar matrix. It would be 

expected, that a less polar lignin fraction would experience less problems of this sort. Indeed, 

it has been shown that composites of poly-(butylene adipate-co-terephthalate) and acetone-

soluble lignin fractions of softwood and hardwood kraft lignin and soda grass lignin had better 

tensile properties compared to those of composites with raw lignin [62]. However, in the case 

of lignin and poly lactide copolymers, there were no significant differences in tensile strength 

in different fractions [63]. 

Lignin-based fibers can also be used in composites, similarly as synthetic fibers are used today. 

The lignin fraction has tremendous effect on fiber properties. It has been shown that fibers 
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from water- insoluble kraft lignin fractions have better mechanical properties than fibers from 

water-soluble lignin fractions [65]. In another study, it was also observed that fibers from 

acetone-soluble kraft lignin were hydrophobic, compared to fibers from non-acetone soluble 

kraft lignin which were very hydrophilic. However, the fibers from acetone-insoluble lignin 

were more thermally stable [66]. In the case of pH fractionation, it has been shown that the 

fibers from the alkaline lignin fraction (soluble at pH >10) had significantly higher mechanical 

properties than other fractions (insoluble at pH < 10) [67]. The fibers’ surface properties are 

important to take into consideration when using fibers as reinforcing agent in composites. 

Good fiber-matrix interactions lead to better load-transfer in composites, and therefore 

increases strength [68]. By choosing the lignin fraction according to the desired polymer 

matrix, vice versa, the strength of the overall composite can likely be optimized.  

Additive in Adhesives 

Adhesives are in many ways similar to plastics and composites, with some differences. The 

performance depends on the adhesive’s ability to penetrate and interact with its substrate as 

well as its strength. Therefore, the molecular size plays a role in a slightly different way. 

Ghorbani et al. observed that phenol-formaldehyde adhesives containing kraft lignin had a 

better lap shear strength than those containing straw or grass soda lignin. The authors 

concluded that this likely is because the kraft lignin had a significantly higher amount of free 

phenolic groups than the other types of lignin. These groups are more reactive with 

formaldehyde compared to substituted aromatic groups [64]. It has also been observed, that 

the propanol-soluble lignin fraction performed better in phenol-formaldehyde adhesives than 

other fractions (ethanol- and methanol-soluble fractions) for the same reason [34]. 

Solt et al. [69] examined the use of fractionated softwood kraft lignin in phenol-formaldehyde 

adhesives. They fractionated using ethanol and water into three fractions; soluble in 80% 

ethanol, soluble in 50% ethanol, and completely insoluble. When addressing the solubility, we 

will describe it as water-solubility, as the fractionation was based on increasing the water 

content. They found that low molecular weight lignin had a higher solubility in solutions with 

high water content. The water solubility also correlated positively with the number of phenolic 

groups. Here, the authors saw no significant differences in adhesive strength. However, 

parameters such as viscosity and condensation times were also different for the lignin-phenol-

formaldehyde resins depending on which lignin fraction that was used (lower molecular 

weight caused a prolonged condensation time), which makes it difficult to determine the exact 

reason for the performances in adhesives.  

Lourençon et al. [70] presented a similar approach, where lignin hardwood kraft lignin had 

been precipitated based on solubility in decreasing pH. Their results showed that the best 

bonding strength was achieved with lignin that precipitated at lower pH (3 – 7) compared to 

that which precipitated at higher pH (9). The authors did not speculate about possible reasons 

for the differences, but one possible reason is the lower molecular mass for lignin fractions 

that precipitated at lower pH. The most significant chemical difference between the lignin 

fractions was the higher phenolic content (especially syringyl and condensed guaiacyl units) 

for the lignin that precipitated at lower pH. However, when combining the observations with 

those made by e.g. Ghorbani et al. [64], it seems like the amount of phenolic hydroxyl groups 

does have a significant effect on adhesive strength. 
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Raw Material for Tailored Lignin Particles 

The size of lignin particles can be important in certain applications, and homogeneity can be 

crucial in e.g. medicinal applications. The basics of lignin particle preparation has already been 

discussed, but this section will briefly discuss how the significance of the lignin fraction on the 

particles’ properties and characteristics. As mentioned, it has been speculated, that the most 

hydrophobic lignin fractions aggregate first, and therefore creates the core of lignin particles, 

while the most hydrophilic lignin coats the surface, thereby increasing stability in aqueous 

media. Lignin’s heterogeneity has therefore not been regarded as a problem in the preparation 

of lignin particles. In fact, it has been seen as an important factor to be able to produce sta ble 

particles. It has nevertheless been shown that by using fractionated lignin, completely 

monodisperse particles can be prepared [49]. The stability of particles from fractionated lignin 

has not been evaluated systematically, and would be a valuable research subject for future 

studies. It has nevertheless been established that the size and properties of lignin particles 

depends on the lignin fraction (chemical properties), the anti-solvent addition speed and 

concentration.  

Good solubility in aqueous media usually leads to increased particle size. This is because 

hydrophilic structures enable the lignin to interact favorably with aqueous media. This delays 

particle formation and increases the particles’ porosity. Poor solubility on the other hand, 

causes the lignin to precipitate quickly and pack tightly to avoid the media [71, 72]. The 

amount of phenolic and carboxylic groups is therefore an important factor, that usually 

correlates with molecular weight. This is partially because small molecular weight lignin 

contains a larger ratio of phenolic end-groups to total molar mass compared to large molecular 

sized lignin. There is nevertheless still some uncertainty regarding the effect of carboxylic 

groups. On one hand, large amounts of carboxylic groups increase the lignin’s ability to interact 

with water, which seems to lead to larger and more porous particles [71 – 74]. On the other 

hand, carboxylic hydroxyl groups are responsible for creating the electrical double layer that 

is needed for the particles’ stability [42, 50]. The inner morphology of the particles is also 

affected by the lignin fraction. For example, hydrophobic lignin and high-molecular weight 

lignin can be used to create hollow particles with slow anti-solvent addition. It is believed that 

the hollowness forms as the most hydrophobic lignin, in the initial stages of particle formation, 

traps the original solvent to avoid interactions with water. When the water content increases, 

the solvent-filled lignin particles burst due to the osmotic pressure, creating a pierced hollow 

sphere [73 – 75].  

The recent findings on how the properties of lignin particles are affected by the lignin’s 

chemical properties and characteristics are important, because they can lead to new high-

value applications in fields like optics [76], medicine [77], and cosmetics [54].  

Lignin Market Review 

As a major renewable source of aromatics lignin will play an important role in the change from 

fossil world to sustainable bioeconomy [78]. From the market perspective the industrial 

lignins are typically divided into four categories by production method.  

• Ligno-sulphonates derived from sulphite pulp mill sidestreams 

• Kraft lignins derived as a side process of a kraft pulp mills 
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• Organosolv lignins 

• Others 

Industrial lignins can also be divided into different categories by the end use: macromolecule, 

aromatic or others [79]. 

The global lignin market size was estimated USD 954.5 million in 2019. According to some 

sources it is expected to expand at 2.0% in terms of revenue, from 2020 to 2027. The dominant 

quality in the markets is lignosulphonate with more than 85% market share and most of the 

rest is kraft lignin. The reports show that even though sulphur-free organosolv-based lignins 

are much in focus in research, their share in the global lignin markets is almost non-existing 

[80]. The biggest growth driver is anticipated to be the increasing demand for lignin in animal 

feed and natural products. Lignin-based macromolecules play an important role also in 

development of eco-friendly bitumen, biofuels and bio-refinery catalysts, the factor that likely 

supports the market growth. Growing demand for concrete admixtures and adhesives and 

binders coupled with increasing investments in infrastructure development is expected to fuel 

the market growth. In the near future no major changes in the lignosulphonate markets could 

be seen as the product is based on the side stream of sulphite pulp production. For the kraft 

lignin the changes are easier to make from the production side as basically all kraft pulp mills 

can extract part of their black liquor as a lignin product. If the prices of the lignin rise, it is 

possible that lignoboost type extraction becomes more common. 

Expansion Possibilities and New Technologies 

The success of the new product development is a key for market expansion. If the new products 

with high hopes like anode material for batteries or carbon fibers made from lignin make the 

commercial breakthrough then the possibilities are somewhat unlimited and this could change 

for example the way of operations in the kraft pulp mills. If the price of the kraft lignin is high 

enough, the processes will be optimized to secure the lignin quality and production level. 

Lignoboost process is best applicable to the mills where recovery boilers are a bottleneck. In 

these cases there are possibilities to increase the pulp production too. However the changes 

in the chemical and energy balance need to be taken into account as lignin itself is a valuable 

source of bioenergy. Stora Enso has announced the feasibility study of industrial scale lignin 

based anode material facility [81]. A big question for the kraft lignin is how much the sulphur 

content and other typical features like smell affect to the end products.  

For the organosolv lignin there has not been that many industrial scale plants, only pilot and 

demo scale facilities, even though the lignin quality has been tested a lot and the technology 

family is considered widely to be one of the most interesting biorefinery options in the future 

[82]. Some market research reports predict a big growth for sulphur-free and organosolv-

lignins in the future based on the potential increase in the manufacturing of carbon fiber, 

activated carbon, vanillin, phenol derivatives and phenolic resins [81]. Interesting industrial 

scale facility is announced to be built by using the formic and acetic acid based technology 

developed by Chempolis. The facility will be built in India and the raw material will be bamboo 

[83]. 

Lignin should be important side product from the wood-based biorefineries where the main 

product is bioethanol for traffic applications. The St1-facility in Kajaani, Finland is using 
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cellunolix-technology in their facility that uses softwood sawdust as a raw material. Not 

surprisingly lignin condensation has caused major problems for the facility and because of that 

the operational efficiency was poor. According to update during Lignocost-summer course the 

only way to utilize lignin still is to burn it in the biomass boiler [84]. There are other new 

technologies for biomass separation and extraction that produce high quality sulphur- free 

lignin. Dawn technology by Dutch company Avantium is regarded one of the most promising 

one. A business model is based on the utilization of agricultural and forest residues and the 

products would be sugars, and high quality lignin. The technology could then be connected to 

bioplastic production. One possible drawback in the technology is the use of strong hydrogen 

chloride, which possibly could cause some formation of organochloric compounds during the 

process [85]. Other potential technologies are steam explosion typically connected with 

organosolv treatment and different technologies based on the use of ionic liquids [86, 87].  
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Abstract 

Biobased thermoplastic composites have emerged as attractive, sustainable materials to 

replace traditional plastics. In this new frontier of materials science, designing biobased 

solutions that compete with conventional fossil-based plastics is crucial. Lignin, as the second 

most abundant biobased material, can be a prominent contender for high-performance 

composites due to its multiple functional groups as the active sites for interactions with other 

compounds. However, the lignin valorization for thermoplastic composites is not yet 

commercialized on the large scale, most likely due to its complex structural heterogeneity. This 

review highlights the recent achievements in the utilization of lignin in thermoplastic 

composites. First, the role of lignin in the thermoplastic composites, either as the main matrix 

and reinforcing filler or compatibilizers, is discussed. Second, the effect of lignin on the 

properties of thermoplastic composites is reviewed. Lastly, the potential application of lignin-

based composites and their future perspectives are addressed. 

Keywords: Lignin, Blend, Functional Filler, Interfacial Mediator, Thermoplastics 

Introduction 

Currently, composite materials have attracted wide attention due to their excellent mechanical 

properties1. A composite is a combination of two or more materials, possessing properties 

different from those of individual components2. Furthermore, reinforced plastic composites 

are a new type of composite materials, which add high modulus fibers or polymers to the 

matrix to overcome its thermal instability and low modulus. At present, the raw materials of 

the traditional thermoplastic materials are petroleum-based materials which are not 

sustainable and biodegradable, causing an environmental burden with regard to their 

disposal3. Various biobased materials, including polylactic acid (PLA)4, poly(hydroxybutyrate) 

(PHB)5, poly(hydroxyalkanoates) (PHA)6, cellulose, and starch7, have been studied extensively 

in thermoplastic application. Although these biobased materials have biodegradable 

properties, the large demand for these biobased polymers will affect the current food-related 

raw materials8. Meanwhile, a large amount of lignin, as a byproduct with antibacterial, 

antioxidant, UV-shielding, and high thermal insulation performance, is produced by 

biorefineries and the paper industries. The presence of lignin in the production of 

biodegradable thermoplastics is a promising and cost-effective alternative to petroleum-based 

thermoplastic polymers. Recently, the conversion of lignin into high value-added products has 

attracted the interest of researchers and factories. Being a type of nontoxic aromatic 

biopolymer with multiple functional groups (such as aliphatic hydroxyl groups, phenolic 
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hydroxyl groups, and methoxy groups), lignin has a complex cross-linked structure9. These 

functional groups provide a broad range of chemical modifications. Most importantly, lignin is 

made up of cross-linked phenylpropane units, which gives lignin its hydrophobicity, specific 

antioxidant and antibacterial properties, and UV-shielding.10 Lignin has been combined with a 

variety of polymers to create compounds for applications with a high added value. Given the 

tremendous complexity of the lignin structure and its reactivity, efficient blending is 

frequently challenging to achieve. Due to its wide network of strong intra- and intermolecular 

hydrogen bonds, lignin exhibits thermoplastic behavior; nevertheless, at high temperatures, it 

behaves as a thermoset material due to the occurrence of significant cross-linking processes, 

particularly kraft lignin. Investigating lignin's miscibility with other polymers in depth while 

keeping an eye on the phases' evolution and compatibility is crucial in this context 11. The 

resulting blends would either create miscible blends or show a phase separation, depending 

on how well lignin interacts with various polymer matrices. Lignin exhibits a strong affinity 

for polar polymer matrices because it is a relatively polar polymer with several structural OH 

groups. Generally speaking, lignins, neat or chemically modified, could be used to perform the 

following tasks within a blended system: reactive components in the production of a variety 

of resins (for example, epoxy resins, phenol-formaldehyde resins, and polymers (for example, 

polyurethanes), nucleating agent, surfactant, UV blocker, thermal stabilizer, flame retardant, 

adsorbing agent, reinforcing filler in composites, anti-microbial agent12. The definition and 

categorization of lignin-based multi-component materials in the literature are inconsistent. 

The names "blends" and "composites'' are sometimes used interchangeably, and the function 

of lignin itself is frequently ambiguous, ranging from additive or matrix material or from filler 

and reinforcement. We try to gain a better understanding of these issues in the following 

sections. 

Role of Lignin in Thermoplastic Composites 

Currently, industrial lignin is considered a promising raw material for manufacturing 

thermoplastic matrix composites. The total cost of thermoplastic composites can be reduced 

by adding low-cost lignin to thermoplastic materials13. Lignin is expected to be used as matrix, 

initiator, and reinforcement filler in thermoplastic composites. 

Lignin as the Matrix in the Thermoplastic Composites 

Considering that lignin has a melting point between 140 and 160 °C (lower than PLA, which 

has a melting point between 180 and 210 °C), as well as radical-induced self-condensation 

between the functional groups at high temperature, it makes a good matrix for thermoplastic 

biocomposites containing natural-based thermosensitive fillers and reinforcements, like 

hemp, flax, and wood, to create fully biobased composites or green composites. Results have 

demonstrated that lignin matrix and natural fibers can be effectively bonded. These 

composites have mechanical properties that are strongly influenced by the fiber content; 

however, these characteristics were dramatically diminished above a specific filler content 14. 

Young et al. develop biobased lignin-co-polyester/amide thermoplastics, showing 

thermoplastic melt behavior with a lignin content of only up to 20% 15. And the lignin-based 

copolymers observed that Young’s modulus values ranged from 5MPa to 340MPa, which is 

comparable to natural rubber, while the tensile strengths are lower. Saito et al. prepare lignin-

based polyurethane thermoplastics using solvent-extracted lignin from hardwood biomass as 

raw materials, which possess high lignin contents (65-75%). Results shows the glass transition 
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temperature and molecular weight were altered through cross-linking with formaldehyde, 

while formation of a network soft segment formed by cross-linked lignin and diisocyanate-

based telechelic polybutadiene16. In another case, the relationship between molecular 

structure, properties and feasible lignin-based thermoplastic polyurethanes has been studied. 

Gouveia chemically modified craft lignin by partially acetylation to reduce reaction sites and 

avoid the formation of highly cross-linked structures, thus achieving control over the reaction 

schedule, revealing that the hydroxyl content from the parental lignin could be reduced by half 

in a controlled manner. Also, lignin-based thermoplastic polyurethane was successfully 

produced from partially acetylated lignin macromonomer as a polyol, and a stable 

thermoformable polymer was formed17. 

Lignin as Macromonomer During the Process of Polymerization in the Thermoplastic 

Composites 

The thermoplastic polymer monomer will polymerize with the hydroxyl group of the lignin 

and grow a polymer chain on the lignin core, which could be achieved by ring-opening 

polymerization and radical polymerization3. Ring-opening polymerization is a chain 

polymerization on the lignin core by reacting with the hydroxyl group of lignin, and further 

ring monomers such as lactide or propiolactone could react to open the ring system. 

Thermoplastic lignin-polycaprolactone (PCL) grafted copolymer is synthesized by using ε-

caprolactone (CL) as a reactive solvent, polymerizing CL on the reactive hydroxyl (OH) sites in 

lignin macromonomers18. The results show the graft polymerization of CL on LM can be 

controlled according to the [CL]/[OH] ratio and reaction time, and its molecular weight and 

grafting degree can be adjusted. Thus, compared with the original lignin, the synthesized 

lignin-PCL copolymer has enhanced compatibility and thermal stability and exhibits 

rheological behavior similar to thermoplastics without the need for combustion at high 

temperatures. Chung et al. show that polylactic acid could be directly grafted onto original 

lignin (unsulfonated raw kraft lignin) by ring-opening polymerization with the help of an 

organic catalyst19. Additionally, the tensile strength and strain of the synthesized material 

increased by 16% and +9%, respectively.  

On the other hand, atom-transfer radical polymerization (ATRP) is a form of controlled 

reactive radical polymerization that allows for controlled polymer chain length and a higher 

degree of polymerization, improving the efficiency of grafting and low molecular weight of 

copolymer20. Liu et al. demonstrate a method for producing a lignin-based macromonomer 

using butyl methacrylate (BMA) with biobutanol lignin by ATRP, posing a high hardness, T g, 

and thermal stability21. Also, Washburn et al. prepare a series of kraft lignin graft copolymers 

via ATRP, with poly (methyl methacrylate), poly (n -butyl acrylate). Kinetic studies indicate 

that the graft copolymerization proceeded in a controlled/living manner22. Recently, UV cross-

linkable thermoplastic lignin graft copolymers were produced via ATRP. Kraft lignin and 

acryloyl benzophenone comonomer could copolymerize by incorporating a UV-sensitive 

compound, resulting a polymer network, which the thermal stability and solvent resistance 

performance.  

Lignin as Reinforcement Fillers in the Thermoplastic Composites 

The addition of lignin as reinforcement typically lowers the cost and water uptake while 

increasing strength. Furthermore, because the phenolic hydroxyl groups can scavenge free 
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radicals, lignin plays an important role in antioxidant properties as a stabil izer. Plasticizers 

can interact with polymers by substituting for polymer interactions. This phenomenon 

improves polymer flexibility, mobility, and workability by lowering intermolecular forces, Tg, 

and the blend's processing temperature. When lignin is added to starch, protein, or 

polycaprolactone, plasticization occurs. Huang et al. prepared thermoplastic elastomers using 

enzymatic hydrolysis lignin as the hard plastic phase and polyolefin elastomer (POE) as the 

rubber matrix23. The thermoplastic demonstrates lignin has an excellent enhancing effect on 

POE matrix when the content of lignin is as high as 30 wt%, showing enhanced strength and 

toughness of the thermoplastic composites. The interface between lignin and elastomer matrix 

has been constructed by coordination sacrifice bond, which not only facilitated the dispersion 

of lignin nanoparticles but promoted the interfacial interaction between lignin and elastomer 

matrix, as well as improved the orientation of chain segments during stretching.  Cao  et al. 

adopt a a general method combining chemical modification and lignin fractionation to prepare 

a series of lignin-based fillers (lignin grafted with polymethyl methacrylate, L-G-PMMA). The 

results indicate the tensile properties of synthetic materials can be adjusted by molecular 

weight, type and content of S/G units24. 

Lignin as Compatibilizer in Thermoplastic Composite 

Apart from the role of lignin as the functional filler in the thermoplastic matrixes, lignin has 

been used as a compatibilizer between natural polar fibers such as cellulose and nonpolar 

thermoplastic polymers. Inspired by the role of lignin in plant cells as binder, lignin has 

potential as a coupling agent between reinforced fibers and polymer due to its inherent 

amphiphilic characteristic and the ability of lignin to form noncovalent interactions with both 

cellulose and nonpolar polymers such as PCL and PLA14, 25,26. The main driving forces are 

associated with van der Waals, and hydrogen bonds contributed by abundant phenolic 

hydroxyl and alkyl groups in lignin. For instance, Wang et al showed that coating cellulose 

nanofibers (CNF) with lignin can significantly enhance the compatibility of fibers with PLA, 

resulting in higher tensile strength rather than pure PLA or a simple combination of CNF and 

PLA27. According to Graupner et al cotton fibers coated with lignin have better adhesion with 

PLA compared with untreated cotton fiber and PLA. Furthermore, they showed that the 

addition of lignin increases the specific fiber surface, providing more space for interfacial 

bonding of fiber and polymer28. 

Blending of Lignin with Thermoplastic Polymers 

Blending is one of the most convenient approaches to incorporating lignin into thermoplastic 

matrixes that can commonly proceed via melt or solution blending processes 14, 29. In the melt 

blending, the mixture of lignin and polymers at their melting points turns into films by hot 

pressing or blowing molding. In the solution blending, first, a suitable solvent dissolves lignin 

and thermoplastic polymer; second the restraint solvent evaporation converts the dispersion 

into the homogenous film or spun fiber by solvent casting or electrospinning, respectively. The 

structural and mechanical properties of blends strongly depend on the fabrication process. 

Furthermore, the physical and chemical properties of lignin, such as molecular weight, 

polydispersity, and glass transition temperature (Tg), affect the dispersion of lignin into the 

thermoplastic matrix and subsequently the final performance of the blend 30, 31. The complex 

structure of lignin arising from substantial intra-and intermolecular hydrogen bonds between 

functional groups such as carboxylic acids, hydroxyls, and ethers induce self-aggregation 
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characteristics that deteriorate the interface compatibility of lignin with thermoplastics 32. In 

addition, many functional groups, especially hydroxyls, from irreversible condensation at 

elevated temperatures, restricting the processability. To uplift the lignin status as an ultimate 

material platform, its inherent perplexing challenges needed to be addressed in a sustainable 

and scalable manner. Many studies have shown that the physical or chemical modification of 

lignin may improve the interfacial compatibility between lignin and thermoplastics as well as 

the thermal mobility of lignin33, 34. For example, Zhu et al showed that the tensile strength of 

the PLA/lignin blend significantly improved by using KH550 (3-amino propyltriethoxysilane) 

and KH560 (γ-(2,3-epoxypropoxy) propyltriethoxysilane) as the interface compatibilizer. In 

fact, the amine groups in KH550 and epoxy groups in KH560 could effectively interact with 

carboxyl and hydroxyl groups of PLA and lignin. Chen et al reported that alkylation of kraft 

lignin using bromododecane improved the compatibility between lignin and polypropylene 35. 

Liu et al showed that grafting of lignin with vinyltrimethoxysilane (VTMS) can improve the 

compatibility of lignin with polybutylene adipate-co-terephthalate (PBAT) via the formation 

of network structure in the blend36. 

Application of Lignin-Thermoplastic Composites 

For packaging and biomedical applications, generated poly(lactic acid) (PLA)/lignin 

nanoparticle composite incorporating cinnamaldehyde (Ci),  showed a higher UV-light barrier 

property and biodegradable properties37, 38. Furthermore, The biomedical applications of 

lignin reinforced thermoplastic have recently been investigated in a series of studies, including 

the development of an additive for tablet manufacturing, 3D printed antioxidant wound 

dressing and a recent study in which the antioxidant and antimicrobial properties of lignin 

were used to create completely green composites with polybutylene succinate (PBS)39. Lignin-

based composite can also be used to create multipolarity-related products such as emulsions 

and dispersants; in agriculture for plant and animal nutrition and soil formation; and in high 

purity applications such as food and cosmetics containing gels or emulsifiers, active 

substances with antibacterial, antioxidant, and antiviral properties, and in biomedical 

applications40. The well-known and commercially available lignin-based thermoplastics are 

ARBOFORM® (made of lignin, natural fibers, and additives) and XylomerTM (made of 

lignin/polymer blends). ARBOFORM® and XylomerTM can both be used to produce materials 

with desired shapes using the same machinery that is used for petroleum-based 

thermoplastics. At high lignin concentrations, thermoplastics such as kraft lignin-poly (vinyl 

acetate), lignin-based polyurethanes, and coconut shell lignin-polyurethanes were produced 

with relatively high physical and chemical properties41. 

Conclusion and Perspective 

The supply of lignin has been abundantly increased due to the development of the paper and 

biorefinery industries, stimulating the conversion of lignin from low-value waste to value-

added products. And lignin is mainly used as the co-polymer with other polymer monomers in 

thermoplastic composites, including matrix, initiator, reinforcing filler, and compatibilizer 

owing to its structural heterogeneity and processability. However, the brittleness of lignin-

based thermoplastic polymers leads to poor mechanical properties, which limits the utilization 

of thermoplastic polymers with high lignin content. Therefore, lignin is mainly blended with 

other polymers or as copolymers in thermoplastic. 
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Lignin has been the most essential aromatic polymer derived from renewable resources; it has 

a distinct and complex chemical structure, is plentiful in nature, and does not compete with 

the food supply chain. Future research will most likely focus on developing nanomaterials for 

advanced applications (energy storage, thermoelectric devices, biosensors, controlled drug 

delivery, gene therapy, and theranostic systems). To establish the complex interactions of 

these newly designed materials with living tissues, to assess targeting cues, and to provide 

solutions based on controlled release mechanisms, chemical/enzymatic degradation activity 

under physiological conditions must be tailored, and elimination procedures to avoid tissue 

accumulation and side effects must be realized42. When these principles are founded, lignin is 

likely to contribute to the advancement of 3D printing and bioprinting technologies. Finally, 

the chemical and functional versatility of lignin will have a significant influence on its value, 

requiring specific approaches to processing and chemical modification. The next steps in this 

direction will involve a better understanding of the structure/property/function interactions 

in these materials, as well as the potential of tuning the macroscopic properties of the 

materials via nanoscale control of structure, morphology, and chemistry12. 
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Abstract 

Lignin is a complex macromolecule, and its complete structure is yet to be determined. In this 

mini-review, the advantage and disadvantages of NMR analysis and molar mass determination 

of lignin are discussed. NMR is a powerful method for investigating the structure of lignin. With 
1H and 13C NMR, quantification of hydroxyl groups can be made, however, some derivatization 

is often required prior to the analysis. 31P NMR can also be used for quantifying hydroxyl and 

carbon groups as well as distinguishing between aliphatic, condensed and uncondensed 

hydroxyl groups. The development of 2D-NMR has allowed for more accuracy and the 

possibility of determining the complete structure of lignin in the analyzed sample. The main 

challenges with NMR are the overlapping of signals and difficulties with quantitative analyses. 

The most common way to elucidate the molar mass of lignin is by size exclusion 

chromatography (SEC) coupled with different types of detectors.  The most advanced method 

used for molar mass determination is SEC coupled with multi-angle light scattering (MALS). 

With SEC-MALS, the absolute molar mass can be determined without the need to use 

standards. However, the accuracy of this technique is still discussed. As the lignin structure is 

so complex, several different methods need to be utilized to receive the most accurate 

characterization. 

Introduction 

Lignin is the most abundant aromatic polymer on Earth and can be found in the secondary cell 

walls of plants. It provides the plant with rigidity and contributes to the plant with defense 

against pathogen invasion.1,1 Lignin is an amorphous polymer rich in polyphenolic material 

generated via an enzyme-mediated dehydrogenative polymerization of the three monomers 

p-coumaryl (H), coniferyl (G) and sinapyl alcohol (S) (Figure 1). 2 The alcohols have similar 

structures, where phenol is connected to a three-carbon chain (Cα, Cβ, Cγ) from the C1 of the 

ring. The G structure has a methoxy group at C3 and the S structure has a methoxy group also 

at C5.3 The most abundant interunit linkage in lignin is the alkyl-aryl ether bond (β-O-4) and 

together with the other common linkages, it is depicted in Figure 1.  

The amount of lignin in plants varies between species as well as the ratio of H, G and S. In most 

softwoods, the lignin content is 24-33%, 19-28% in temperate-zone hardwoods, 26-35% in 

tropical hardwoods and 11-27% in nonwoody fiber plants.4 Hardwood lignins contain a 

similar amount of G and S units, with low levels of H, whereas softwoods usually contain high 

mailto:daryna.diment@aalto.fi
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amounts of G units, with a low amount of H.3 Hardwood lignin is usually more linear compared 

to softwood lignin, which is due to hardwood lignin having less C-C interunit linkages, and the 

higher amount of methoxy groups in the S unit compared to the G unit causes steric hindrance 

for the lignin chain and less additional linkages are formed.5 

 

Figure 1. Structures of the monomeric lignin units (H=p-coumaryl alcohol, G=coniferyl alcohol and 

S=sinapyl alcohol) and interunit linkages (A=β-O-4, B=β-β & α-O-γ and C=β-5 & α-O-4).4 

Lignin has been considered a by-product and has mainly been used for low-value applications 

such as low-grade burner fuel. Due to the ever-increasing need for renewable sources to 

replace fossil-based feedstock, lignin has become an attractive alternative due to the high 

content of aromatics. To be able to utilize the full potential of  lignin, a comprehensive 

understanding of the structure is needed. However, lignin is a complex polymer and there are 

many challenges in elucidating its structure, and standard procedures to characterize lignin 

are still needed. In this review, methods and challenges with characterizing lignin will be 

discussed, with a focus on NMR and molar mass determination. 

Characterization with NMR 

To efficiently valorize lignin, a comprehensive structure investigation must be provided. 

Among the most popular analytical methods of lignin characterization, nuclear magnetic 

resonance (NMR) spectroscopy takes a leading role in lignin structure development. 

Throughout the years, NMR spectroscopy has been proven to be both a reliable and effective 

characterization method in lignin chemistry. Spectroscopic methods outperform degradation 

methods in terms of lignin analysis as the complete lignin structure can be detected.6,7 More 

importantly, NMR techniques bear higher resolution compared to other presented 

spectroscopic methods for lignin analysis which include both ultraviolet-visible (UV-vis) and 

infrared (IR) methods along with Raman spectroscopy. Consequently, a more comprehensive 

and considerable amount of lignin structural information can be extracted from each single 

spectroscopic NMR technique.7 

1H NMR 
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At the beginning of the NMR techniques development, proton NMR (1H NMR) was employed in 

the majority of lignin samples for reliable and fast structure characterization. Nevertheless, 

due to the highly complex polymeric structure of lignin and a huge number of protons from 

arising signals from different lignin subunit structures and interunit linkages, it gets difficult 

to distinguish the signals properly in the overlapped proton spectrum of lignin.  

13C NMR 

The breakthrough in lignin chemistry is associated with the development of quantitative 13C 

NMR spectroscopy. Of particular note is that 13C NMR is a powerful tool in lignin 

characterization which allows for the detection of a significant amount of lignin polymer 

structure. To specify, it enabled the possibility to extract the information on the  presence of 

different important units such as condensed and uncondensed aromatic and aliphatic carbons 

and detect the aryl ether subunits within the molecule.7 A more common approach implies the 

use of  13C NMR only for the investigation of a few specific units.8 Another considerable point 

in 13C NMR characterization is that the poor abundance of the natural 13C isotope decreases 

the sensitivity of the method and requires a sufficiently long acquisition time and a high 

concentration of the investigated sample. Even though it allows for improving the sensitivity 

of the 13C NMR signals, but simultaneously also limits its implementation in a routine lignin 

characterization analysis. Apart from it, numerous attempts have been conducted to enhance 

the signal-to-noise (S/N) ratios of the given spectroscopic technique.6 Considering everything, 

a well-established quantitative 13C NMR remains an extremely popular and reliable tool in the 

structural characterization of lignin as it enables a comprehensive understanding of the 

changes in lignin structure during pulping and several isolation processes.6,7 

Two-Dimensional (2D) NMR 

Another major development in lignin analytics underlies in the development of the 2D NMR 

technique.7,9 Nonetheless, it includes experimental accuracy, which is sometimes hard to 

provide properly. Moreover, the given approach does not allow for an assignment of 

quaternary carbon.7 The popularity of the 2D HSQC NMR technique is predetermined by its 

unique set of characteristics which allows for providing comprehensive structural data of 

lignin macromolecule.10-12 It establishes direct C−H signals simultaneously in two dimensions. 

Specifically, the assignment of the main lignin building linkages both ether and carbon can be 

provided by 2D HSQC spectra. Overall, the two regions of the common 2D HSQC lignin 

spectrum reflect the side-chain detected areas which are placed in the range of δC/δH=50–

90/2.5–6.0 ppm, while the aromatic-related signals arise within the characteristic region of 

δC/δH=100–150/5.5–8.5 ppm.10 The former region (side-chain) of the 2D HSQC spectrum is a 

source of information on the lignin structural linkages (β-O-4, β-β, β-5, etc.).10 

31P NMR Spectroscopy 

Phosphorous NMR spectroscopy is a recently developed yet efficient and quick method to 

quantify various hydroxyl groups in different types of lignins. Additionally, the given 

spectroscopy technique outperforms all other methods not only in terms of the detection of 

hydroxyl groups in lignin macromolecule, but it also provides exceptional accuracy along with 

significant signal resolution.10 Another valuable characteristic of the 31P NMR spectroscopy is 

that it enables the detection of the aromatic hydroxyl groups which belong to different lignin 
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subunits (S, G and H) along with the instant determination of aliphatic hydroxyl groups and 

carboxyl ones.10,13,14 

Challenges with NMR Spectroscopy 

The solubility of lignin samples in deuterated solvents can be a limiting factor when 

performing NMR measurements. This can be avoided by modifying the lignin, e.g., by 

acetylation, however, it is important to keep the modification in mind when interpreting the 

data as there might be shifts in the obtained signals.15 Absolute quantitative data from NMR 

analysis is difficult to achieve as the measurements are done by relative comparisons of 

analyses, and absolute values are not obtained.16 Furthermore, the high variability in the 

isolation and preparation of lignin samples and the variety in lignin structure depending on 

the wood source makes it difficult to achieve quantitative measurements. The main challenge 

with 1H NMR and 13C NMR is the overlapping of signals, which makes it difficult to obtain 

quantitative data. This is, however, reduced with the use of 2D NMR, as the 1H is correlated to 
13C.7, 17 Mathematical equations can, in some cases, be utilized to overcome the overlapping, 

and quantitative data can be obtained.7 With 13C NMR and 2D NMR, often more than 12h is 

required for one sample to receive reliable spectra, which makes these techniques rather time-

consuming.17  With the use of a cryoprobe, the analysis time can be considerably shortened. 18 

The reproducibility of quantitative 31P has shown to be a challenge, especially for less 

abundant signals, which could be due to the inconsistency of the lignin structure itself. 18 

Determination of Molar Mass 

Not only the structure of lignin but also the molecular weight of lignin will affect the high-value 

application of lignin. As an important component of lignocellulosic biomass, many studies have 

been devoted to the study of the structure and application of  lignin. However, the complex 

structure of lignin makes its structural characterization and molecular weight determination 

difficult.  

Gel Permeation Chromatography or Size Exclusion Chromatography (GPC/SEC) is the primary 

analytical tool commonly used for polymers, primarily for its quantitative characterization of 

molecular weight and molecular weight distribution data. Usually, one chromatographic 

column containing microporous packing materials with appropriate characteristics was used 

to separate the dissolved samples according to molecular size/volume. Then, appropriate 

detection instruments were used to analyze the separated samples.  

As we all know, biomass lignocellulosic raw materials for obtaining lignin are abundant, 

including softwood, hardwood and non-wood. From different fractionation processes and 

different raw materials, we will get different types of lignin. These factors will affect the 

molecular weight distribution of lignin.19 It is difficult for us to obtain lignin consistent with 

the original lignin structure. Typically, the types of technical lignin we get include kraft lignin, 

lignosulfonates, organosolv lignin and biorefinery lignin.20 This is one of the reasons why 

lignin molecular weight detection is challenging. Our knowledge of their chemical structures 

is still partial. 

The current basic status of lignin molecular weight determination is shown in Figure 2.21 Until 

now, common lignin molecular weight measure methods include Gel Permeation 

Chromatography (GPC) with a refractive index (RI) detector calculated by standards and Size 
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Exclusion Chromatography-Multi-Angle Light Scattering (SEC/MALS) without standards. 

There is an ongoing discussion in the field around the accuracy of these methods and the fact 

that different methods give different results and that different laboratories obtain different 

results. 

One method is to analyze the Mw after the derivatization of lignin, which is usually done by 

acetylation. The lignin samples were acetylated to improve their solubility in the subsequent 

GPC eluent (THF). Acetylation with pyridine and acetic anhydride usually takes a long time 

(more than 72 h).22, 23 Compared to this acetylation method, one acetobromination method 

was developed to improve the dissolution time. This process was finished in 30 min using 

acetyl bromide in an excess of glacial acetic acid.24 Of course, lignin can also be dissolved 

directly in an aqueous solvent without derivatization. For example, lignin can be dissolved in 

0.1% NaOH, then diluted with eluent (tris-acetate buffer, 20 mmol L-1, pH 7.4) and injected 

directly for molecular weight determination.25 Although different attempts have been made to 

dissolve, it is still a challenge to find suitable standards for the calculation. In particular, the 

method of derivatization is not applicable to lignosulfonates. 

 

Figure 2. Current Status of Lignin Molecular Weight Determination.17 

The above detection usually uses an ultraviolet (UV) or RI detector, for accurate molecular 

weight measurements, light scattering detectors are increasingly being incorporated into 

GPC/SEC systems, eliminating the need for traditional external calibration methods. When a 

molecule is irradiated with laser light, the intensity of the scattered light is directly related to 

its molecular weight.26  

SEC/MALS method for lignin determination using a light scattering detector no longer requires 

standards to calculate molecular weight, and typically uses a solvent salt systems (eg. 

DMSO/0.05 M LiBr, DMF/0.05M LiBr) as the eluent phase. Of course, this method also requires 

complete dissolution of the lignin sample in order to detect relatively accurate molecular 

weight distribution values. But in this process, we need to know the corresponding dn/dc 

value. The dn/dc value depends on eluent solvent viscosity and the purity of lignin samples. If 

lignin samples have relatively high carbohydrate content, the dn/dc value may be relatively 

low than high purity lignin. Another challenge is that the fluorescence of the lignin itself can 

interfere with the detection of the detector. However, for some types of lignin samples, a 
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fluorescence filter could be applied to the MALS detector to avoid interference. This was 

however not suitable for lignin samples such as hardwood organosolv lignin and soda straw 

lignin. Another suggested alternative is to minimize the fluorescence interference could be to 

use longer wavelengths.27 

Other Characterization Methods 

Fourier transfer infrared (FTIR) spectroscopy is a rapid technique that gives information on 

functional groups and their relative proportions in lignin.4 Important regions to look for in 

lignin spectra are 3700-2750 cm-1 and 1800-900 cm-1, which are assigned to OH groups and 

methyl groups, respectively.28 Furthermore, there is often a sharp band in the region between 

1710-1600 cm-1 that is typical for ether and carbonyl groups linked to aromatic groups. 

Overlapping of bands in FTIR spectra of macromolecules is a limiting factor for obtaining 

detailed information and is difficult to avoid without implementing mathematical techniques. 4 

Attenuated total reflection (ATR)-FTIR combined with statistical methods, such as partial least 

squares (PLS) and principal component analysis (PCA) modeling, has shown to be promising 

in obtaining more detailed sample information, e.g., lignin purity, S/G/H ration, interunit 

linkages, Mn and MW.29-31 

Pyrolysis gas chromatography-mass spectrometer (Pyr-GC-MS) has been used for degradation 

studies and for determining and understanding the monomeric composition of lignin. This 

method has become a standard for determining the H/G/S ratio of the material. 32 However, 

the most significant limiting factor is the inability to detect structures larger than lignin 

dimers. With matrix-assisted laser desorption (MALDI), larger fragments of lignin can be 

measured (up to about 16000 Da).33 MALDI coupled to mass detectors such as time-of-flight 

(TOF) can give information on, e.g., average MW, the number of repeating units within lignin 

and type of end-groups.34 The sample matrix can interfere with the detection when utilizing 

MALDI, which complicates the interpretation of the obtained spectra. Silica (TLC grade)  has 

been shown to be compatible with lignin as a MALDI matrix with reduced background noise. 35 

Conclusion 

The characterization of lignin is difficult due to the complexity and the fact that the total 

structure of native lignin is still unknown. Many powerful methods help us understand lignin 

and, therefore, increase the valorization possibilities of lignin. NMR is a powerful method that 

can give structural information and especially the development of quantitative 13C was of 

importance as it allowed for the detection of significant amounts of the lignin polymer 

structure. Another important technique is the 2D HSQC NMR which allows higher resolution 

compared to 1D NMR. SEC is the most used analytical procedure for molar mass determination 

of lignin and the connected detectors are typically RI or MALS. MALS is the most advanced 

method and does not need a standard for determining the molar mass, however, a dn/dc value 

is needed which depends on the viscosity of eluent and purity of lignin. Therefore, higher 

sample purity will give better results. Another challenge that affects the accuracy of the molar 

mass determination is the interference of fluorescence, which in some cases can be fixed with 

a filter, however, a solution to completely remove the interference is yet to be reported. As 

there is no perfect method for characterizing lignin, the best way is to use different 

complementary types of methods to obtain the most valuable and accurate elucidation. There 

are limiting factors with each technique such as overlapping, interference with sample 
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matrices, accuracy and time consumption. As the interest in lignin increases the effort in 

developing more sensitive and powerful characterization methods rises, the characterization 

of lignin will become more efficient. 
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Abstract 

Lignin is the cheapest and most abundant aromatic biopolymer. One possible approach toward 

the high-value-added application of lignin is using it as an alternative for the petroleum-based 

components in plastics. However, directly blending lignin with polymer is not straightforward 

because the polarity of lignin molecules usually leads to strong self-interactions. In this 

scenario, lignin is often modified chemically to be covalently compatible with the polymer 

matrix via various co-polymerization methods. In addition, developing different interactions 

between lignin and polymer to improve their interfacial adhesion and dispersion in plastics 

has been studied in the last few decades, and the resulting material was sometimes had 

superior mechanical properties. Fractionation of lignin structure with defined properties is 

also a possible way to tailor the interfacial adhesion. In this mini-review, the existing 

strategies, mainly including covalent and non-covalent compatibilization, for improving the 

compatibilization of lignin with polymer are presented. In addition, advanced tools, such as 

three-dimensional (3D) printing, for utilizing lignin blends/composite and future research 

directions for lignin copolymers are discussed. 

Introduction 

Due to its functionality and abundance, lignin is receiving increased research attention as we 

strive to obtain renewable industrial substituents for petroleum-based components. Today, 

there are several approaches for lignin isolation from lignocellulosic biomass where the 

industrially established processes are kraft and sulfite pulping. Meanwhile, these processes do 

not consider lignin as their primary product. Due to the significant modification of the isolated 

aromatic moieties originating from kraft and sulfite plants, new methods are being developed 

where a compromise is made in the overall modification of the main constituents of the 

biomass. Among these are organosolv,1 while also systems employing deep eutectic solvents 

and ionic liquids have received attention.2,3 All of these offer the potential for less lignin 

modification relative to its native state. Another factor influencing isolated lignin suitability is 

the raw material as the original lignin structure is different in hardwoods, softwoods, and 

herbaceous crops.4 
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Because of the potential different lignin chemistries, their properties in blends and composites 

will be different.5 For example, when producing polyurethanes from hardwood lignins 

extracted with acetic acid, ethanol or acetone based solvents, the amount of lignin hydroxyls 

determined the extent of polymer cross-linking, thus directly influence the thermal properties 

of the obtained polyurethanes.6 A certain strategy is to change the extent of secondary bond 

formations through alkylation or alkoxylation in blends, and therefore the associated thermal 

response.5 Interestingly, when esterifying hydroxyl groups in lignin with dicarboxylic acids, 

the chain-length of the specific dicarboxylic acid was found to determine the final glass 

transition of the material due to reduced cross-linking density and enhanced molecular 

mobility.7 Alkylation has also been used to lower the glass transition temperature, meanwhile 

increases are also reported.8 Thus, it is likely essential to consider all potential secondary 

interactions into account when justifying blend or copolymer miscibility and compatibility. 

Now, aiming to compose copolymer systems taking all such considerations into account is a 

daunting task, especially considering the fact that lignin isolates are highly heterogeneous. One 

of the methods to elucidate the contribution from lignin, is through solvent fractionation. For 

example, it has been found that upon solvent fractionation of kraft lignins, the fraction 

containing the fewest native motifs (β-O-4’, β-5’, and β-β’) and low content of aliphatic 

hydroxyl groups, displayed greater tensile strength and elongation at break when employed 

in blends with polyethylene.9 This fraction also experienced the lowest molar mass which was 

attributed to better compatibility with polyethylene. This fraction also displayed the lowest 

glass transition temperature, indicative of an overall low polymer-polymer coherency for 

lignin, which could be beneficial for specific applications. However, the analyses stop at this 

point, and it is in general very hard to correlate any other specific, structural factors to 

properties in polymer blends. An additional approach is to also consider motif compatibility, 

both lignin-lignin, and lignin-copolymer and copolymer-copolymer compatibility. In addition 

to the most apparent secondary interactions, one could also account for how segments of 

aliphatic motifs interact with each other and with aromatic segments. For a long time, it has 

been evident that aliphatic motifs carry significant bonding potential, 10 as does aliphatic with 

aromatics, and aromatics. 11,12 

Based on recent progress, we focus on prospective application of lignin as a macromonomer 

in the construction of polymers using covalent or non-covalent compatibilization methods in 

this review. 

Covalent Compatibilization 

The chemical modification of lignin to functional macromolecules can provide useful handles 

for covalent integration of lignin with polymer materials. One of the most significant obstacles 

is the inherent heterogeneity of lignin, which hinder the chemical reactivity and steric 

accessibility in the process. Lignin fractionation methodologies, e.g., solvent extraction, have 

been strategically proposed to offer relatively homogeneous lignin fractions, in terms of 

narrow molar mass dispersity and enriched functional groups for chemical modification and 

polymerization with high efficacy.13 Gioia et al fractionated Kraft lignin by using sequential 

solvent extraction (EtOAc, EtOH, MeOH, and Acetone). The cross-linking efficacy of epoxidized 

lignin fractions with diamine is higher in low molar mass fractions with more hydroxyl groups, 

while the fractions with higher molar mass and more stiff interunit linkages retain higher 

thermo-mechanical properties of thermosetting lignin-containing epoxy resin.14 Above all, 
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lignin fractionation method provides a possibility to control lignin on molecular level to tailor 

the mechanical property of the final lignin composites. 

Polymeric modification of lignin via graft copolymerization represents an important avenue 

for improving the compatibilization because this method forms stable covalent linkages 

between lignin and synthetic functional polymers. Compared with graft-onto method that 

separately synthesized polymers and lignin are covalently integrated by efficient coupling 

reaction, significant research attention has been given to the graft-from strategy, where the 

synthesis of the lignin-macroinitiators is considered to be the most important step to further 

direct the polymerization of monomers from it.15 For example, latex films produced by in situ 

lignin-seeded semi-batch emulsion polymerization of butyl acrylate (BA) and methyl 

methacrylate (MMA), where the lignin macromolecules were functionalized with vinyl groups, 

exhibited enhanced tack and shear strength that allow for their use in pressure sensitive 

adhesive applications.16 Controlled radical polymerization, including atom transfer radical 

polymerization (ATRP) and reversible addition-fragmentation chain-transfer (RAFT),17 and 

ring opening polymerization (ROP),18 can control over the polymerization reaction (e.g., 

polymer chain length and obtain well-defined structures) as well as the physiochemical 

properties of the lignin-graft-polymer, which are universal strategies to enhance the material 

performance and broad the possibility of applications.19 One of the recent developments in 

lignin covalent copolymerization is the design of surface-active lignin-based macromolecular 

RAFT agent to eliminate the use of surfactant. For example, a RAFT agent composed of a 

hydrophilic polyacrylamide block and a hydrophobic lignin molecular chain can effectively 

initialize the copolymerization of BA and MMA and provides lignin-based hybrid acrylate resin 

with a better Young’s modulus and tensile strength.20 However, the lignin dosage was limit at 

only 5% in the acrylate resin. 

Non-Covalent Compatibilization 

Non-covalent compatibilization is also an effective method to improve the compatibility of 

lignin with polymers. Non-covalent interactions can be further divided into four categories: 

electrostatic interactions,21 π-effects,22 Van der Waals interactions,23 and hydrophobic 

effects.24 The main advantage of this method is that the structure of lignin will not be altered, 

which will maintain its property and performance. Non-covalent modification of lignin can be 

achieved by surfactant treatment, polymer winding,25 π - π interaction, and embedded 

molecule modification, which will provide modified lignin with improved dispersity in 

polymer matric. For example, Jiang et al.26 encapsulated lignin with polycation to form 

positively charged nanoparticles. These nanoparticles can be stably dispersed in NR latex to 

improve mechanical properties. Then, other researchers have discussed the role of 

polybutadiene-g-polypentafluorophenylethylene (PB-g-PPFS) as a non-covalent coupling 

agent between lignin and styrene butadiene rubber (SBR) in the preparation of compounds 

with high mechanical strength and low viscoelastic loss.27 The PPFs domain in PB-g-PPFS 

provides an electron defect π ring system, which can couple lignin with rubber through 

aromatic perfluoropentadiene interaction. The tensile strength was improved by 20% and 

10% for compounds of lignin and lignin–carbon black hybrid fillers, respectively. The loss 

tangent value reduced due to improved filler–rubber interactions promoted by PB-g-PPFS 

compounds. In recent years, lignin-based coupling agents have gained popularity in the non-

covalent compatibilization of lignin. Wu et al. prepared solvent-resistant LNPs via a 

combination of lignin solvent fractionation (e.g., sequential EtOH/H 2O extraction) with 
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hydrothermal treatment-assisted self-crosslinking. The coupling agent, fabricated by grafting 

D-lactide on the LNPs surface in chloroform (CHCl3), showed excellent dispersion and 

compatibility in poly(L-lactide) (PLLA) matrix as estimated by SEM, XRD, and DSC analysis. 

Consequently, the toughness of the resulted PLLA blends containing 10 wt% LNPs-PDLA 

coupling agent, in which the lignin is derived from residual lignin after sequential EtOH/H 2O 

fractionation, reached the highest value among the PLLA materials.28 Importantly, 

fractionation-dependent LNPs-PDLA coupling agent size can tailor the thermal crystallization 

and mechanical properties of the PLLA blends, which is beneficial for the specific application.  

3D Printing 

Additive manufacturing (AM), also known as 3D printing, is a technique to produce objects by 

building them layer by layer, it can produce more complex parts with lower waste compared 

to traditional subtractive manufacturing techniques. Lignin is a relatively inexpensive 

feedstock that could substitute a percentage of currently used thermoplastic polymers, such 

as PLA and ABS, in fused deposition modeling (FDM).29 In blends of lignin and thermoplastics, 

the large number of polar functional groups of lignin results in strong interaction between 

lignin molecules. This makes lignin immiscible with most polymers, as the interaction between 

lignin and the polymer is much weaker and produces small lignin particles dispersed in the 

polymer matrix. The lignin polymer blend provides relatively good properties but usually poor 

deformability. The immiscibility of lignin can be combated by chemical modification, such as 

copolymerization, where long chains of the polymer is attached to the lignin molecule which 

reduces the lignin-lignin interaction and improves the miscibility.30 Lignin can also be 

introduced to stereo lithography (SLA) resins, SLA utilizes light to photopolymerize the resin 

layer by layer, producing an object. Early test to introduce lignin in resin discovered a couple 

of problems: dispersion, lignin concentration, crosslinking ability, and material properties. By 

mixing 1 % Kraft lignin in SLA resin crosslinking degree is reduced by half and ultimate tensile 

strength reduced by 85 %. This is due to the poor dispersion causing the lignin to settle to the 

bottom and blocking the light for photopolymerization, the lignin also does not participate in 

the crosslinked network. By copolymerization of lignin with chains containing acrylate or 

methacrylate these problems can be solved. Up to 15 % of lignin/methacrylate copolymer can 

be used in the SLA resin and the ultimate tensile strength is doubled. 15,29 

Future Research Directions 

Lignin nanoparticle (LNPs) surface-initialized co-polymerization would be a promising 

strategy to further improve the miscibility with polymer and increase the lignin content. LNPs 

have a large number of surface functional groups (e.g., phenolic hydroxyls, aliphatic hydroxyls, 

and carboxylic acids) where diverse chemistry can occur and allows the generation of three-

dimensional polymeric networks construction. LNPs also possess durable dispersity in water 

or in certain organic solvent, which can broad the application of lignin to free-radical emulsion 

polymerization in water medium. Furthermore, lignin also has an amphiphilic structure 

feature, which can be used as a polymeric surfactant for emulsion polymerization. For 

example, it has been demonstrated previously that the surface of LNPs can mediate the 

polymerization process and generate energy dissipative interactions with entangled polymer 

chains in toughening cellulose-polycaprolactone nanocomposites, polystyrene, poly(vinyl 

alcohol), pectin-polyacrylic acid hydrogels, etc.31-34 
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In the aspect of non-covalent interaction, the structure of lignin can provide good reaction 

conditions through π - π interaction or electrostatic adsorption, etc. Through non-covalent 

bonding, improving the compatibility of lignin with other materials has the advantages of 

simple reaction steps and simple reaction conditions. Therefore, it is particularly important to 

study the structure of lignin, for example using small-angle neutron scattering (SANS), 

establish the relationship between lignin structure and property. Meanwhile, the non-covalent 

bonding reaction mechanism combined with the relationship between the structure and 

properties of lignin, and the influence of process conditions on the reaction efficiency is very 

worthy of further research. 

The use of lignin copolymers in AM have resulted in a significant improvement for lignin 

content and material properties. But research is still needed to fully exploit some of the 

properties inherent to lignin, such as antioxidative and UV blocking properties. A lot of studies 

have been targeted at incorporating lignin in extrusion and light polymerization AM 

technologies, other AM technologies such as selective laser melting (SLM) and material jetting 

could also benefit from the properties brought by lignin.29 
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Abstract 

Lignin is one of the most common polymers in the nature and the most abudant  aromatic 

polymer that can be derived from the nature. Due to low reactivity and comlex structure direct 

application for polyeric lignin are somewhat restricted and therefore lignin valorization by 

depolymerization has gained increasing interest over the years. By depolymerization various 

small molecular weight hydrocarbons can be derived from lignin example as various aromatic 

alcohols. In this review novel catalytic methods of lignin depolymerization by oxidative and 

reductive treatment are summarized alongside different type of industrial proccesses for 

mentioned utilization of lignin.  

Oxidative Lignin Depolymerization 

Vanillin is the main phenolic product manufactured from lignin.  A representative direct lignin 

oxidation is the conversion of lignin to vanillin derivatives. Nitrobenzene oxidation [1] of 

isoeugenol to vanillin was firstly published in 1941. The process occurred under alkali 

condition at 160-180oC. Nitrobenzene as oxidant led to cleavage of Cα-Cβ bond of β-O-4 units 

and gave vanillin as major product. The aldehyde yield depends on wood source, softwood can 

give up to 25-30 wt% of vanillin yield. However, this method was not acceptable for industry 

since nitrobenzene is an expensive material and the reductant after reaction is diff icult to 

separate. O2 as an alternative green oxidant [2] with CuSO4 as catalyst was applied by industry 

for the production of bio-based vanillin. 

 

Scheme 1. Oxidative depolymerization of lignosulfonate[2].  

In recent years, a new approach for lignin depolymerization is sequential oxidation-cleavage 

methodologies [3]. This strategy allows selective oxidation of benzylic or secondary alcohols 

on β-O-4 structure, then aromatic monomer products can be generated after the second 

cleavage step. 
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In 2013, Stahl et al. firstly tested various stoichiometric oxidation methods towards β-O-4 

dimer model, they found nitroxyl type catalysts AcNH-TEMPO/HNO3/HCl in the present of 

oxygen gas [4] gave the best yield on selective oxidation on secondary benzylic alcohol. With 

the oxidized β-O-4 ketone in hand, the same group developed an aqueous formic acid/sodium 

formate redox neutral condition [5] for oxidative cleavage. This C-O cleavage method 

transformed β-O-4 unit into diketone as major product with 96% yield. Oxidized lignin ketone 

was also tested using this new method, 61.2 wt% of low molecular mass aromatics was 

obtained in soluble fractions. In addition, different types of lignin were evaluated by this 

aerobic oxidation-hydrolysis method such as mild acidolysis lignin. S and G derived diketone 

product was received up to 16.9 wt% after depolymerization, other major products including 

syringaldehyde, syringic acid and vanillin were also formed. 

 

Scheme 2. Chemoselective aerobic oxidation of lignin[4]. 

DDQ is a common dehydrogenation reagent of benzylic alcohol, Westwood developed catalytic 

DDQ/tBuONO/O2 catalytic system [6], this oxidation of β-O-4 models gave high yield and 

excellent selectivity on benzylic alcohol. In the second step Zn reductive cleavage, 6 wt% of 

aromatic ketone monomers were isolated. When this method was applied to organosolv birch  

lignin, the target β-O-4 ketone unit was obtained after determined by HSQC NMR. The 

oxidation/reduction of birch lignin was conducted in one-pot method, major phenolic 

monomer 8 product was isolated with 5 wt% yield. 

 

Scheme 3. DDQ/reductive cleavage of lignin[6]. 

Photocatalysis as environmentally begnin method was also taken into account for lignin 

depolymerization [7]. Stephenson’s group revealed using recyclable oxidant [4-AcNH-

TEMPO]BF4 for selective benzylic oxidation. Visible light-mediated Cα-O reductive cleavage 

was explored by screening various photocatalyst, the reaction carried out under LED 

irradiation and room temperature, Ir(ppy)2(dtbbpy)PF6 was the best catalyst for different β-

O-4 models, fragment hydroxyl phenyl ketone and phenol products were obtained in high yield 

after separation. 
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Scheme 4. Oxidation/photo mediated framentaion on lignin model[7].  

Selective primary alcohol oxidation of β-O-4 was also demonstrated by Bolm and coworkers, 

they revealed the combination of hypervalent iodine [8] (DAIB)/TEMPO system, which 

enables chemoselective oxidation of terminal alcohol to aldehyde in 43% yield. This method 

was extended to the oxidation of organosolv beech lignin. In following cleavage step, DL-

proline catalyzed retro-aldol reaction afforded benzylaldehyde and phenol products in high 

yield.  

 

Scheme 5. Hypervalent iodine oxidation/retro-aldol depolymerization[8]. 

Stahl’s group developed electrochemistry-based ACT-TEMPO oxidation [9] of lignin and β-O-4 

model. Under basic condition (pH=10), primary alcohol was selectively oxidized to carboxylic 

acid with 90% yield. In the second step, retro aldol reaction of carboxylic acid containing 

model occurred under basic aqueous condition, which afforded cleavage and gave aromatic 

aldehyde as major product. Next, oxidized lignin also enabled C α-Cβ cleavage by retro-aldol 

reaction. Under acidic condition, poplar lignin was depolymerized to 30 wt% aromatic 

monomer compounds. The highest yield was obtained in HCOOH/water=90:10 system. 

 

 

Scheme 6. One-pot electro oxidation/reductive cleavage methodology[9].  

Electrocatalytic oxidation/photocatalytic cleavage [10] sequential method was also 

investigated in lignin depolymerization. Stephenson et al. reported under 0.64V cyclic 

voltammetry, phthalimide (NHPI) generated N-oxyl radicals combined with 2,6-lutidine in 

catalytic amount gave the oxidation on secondary benzylic alcohol. After oxidation completed, 

addition of photocatalyst and DIPEA under photo irradiated flow condition, cleaved ketone as 

the major product was isolated in high yield accompanied with phenol. Pine lignin was also 

subjected in this protocol. HSQC indicated oxidation of unit under this catalytic system, GPC 

and GC-MS revealed monomeric and oligomeric β-O-4 units with lower molecular weight than 
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native lignin (∼43 wt % of oligomeric units, and up to 55 wt % of low molecular weight units) 

was generated after depolymerization. 

Reductive Lignin Depolymerization 

Reductive catalytic fractionation is one of the most promising methods to fractionate 

lignocellulose. First time reductive treatment of lignin dates to the late 1930s when Harris 

with his team reacted hard wood lignin with hydrogen in the presence of CuCr catalyst in a 

relatively harsh conditions to obtain aliphatic compounds [11]. Nowadays there is plenty of 

different catalyst based on different metal compounds as palladium, nickel, molybdenum, 

ruthenium, boron and traditional copper alongside with non-metal boron compounds [12]. 

Different Approaches 

Reductive approaches for lignin degradation focus mainly on the production of biofuels using 

hydrogen gas or hydrogen donor solvents [12]. Reduction of lignin requires catalyst that is 

capable of selective chain scission of C-O bonds but at the same time one of the biggest issues 

in reductive methods has been over reduction of the wanted end product especially aromatic 

compounds for biofuels. PdFe/C catalyst is one of the used ones with high selectivity towards 

benzene with the capability of not to over reduce and lead to ring opening [13]. Methods 

utilizing this catalyst tends to provide fairly clean mixtures of alkanes for biofuel applications 

[14]. 

In 2015 Cantat and co-workers presented the first reductive depolymerization of lignin with 

metal-free reaction at room temperature [15]. They used B(C6F5)3 as a Lewis acid catalyst and 

hydrogen and hydro silanes as reductants. In the study they achieved high isolated yields of 

several aromatic products shown in the scheme below with excellent selectivity. Yields were 

7-24% and 0.5-2.4% from the based-on lignin and lignocellulose respectively depending on 

the wood type. 

 

Scheme 7. Products of metal free reductive depolymerization of lignin.  

As it is known, lignocellulose pretreatment causes modifications in the lignin native structure 

by formation of C-C linkages. To reduce this effect, Luterbacher and co-workers [16] added 

formaldehyde during biomass pretreatment that resulted to soluble lignin fraction that was 

then converted to guaiacyl and syringyl monomers by reductive treatment close to theoretical 

yields. In this method formaldehyde stabilizes native lignin via formation of 1,3-dioxane 

moiety. After 6h of reductive treatment in 200 °C in the precence of Ru/C catalyst combined 

yield of monomers was 45% when in comparison without formaldehyde treatment yields with 

the same monomers were only 7%. When temperature was increased to 250 °C method 

resulted 78% yield with the same catalyst and reaction time. 
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One of the most recent innovations in the area was made when Wang and Co-workers invented 

a catalytic method that enabled to complete removal of oxygen and resulted in complete 

aromatic hydrocarbons with the yield of 35,5% [17]. Reaction was conducted with  direct 

hydrogenation of organosolv lignin with porous Ru/Nb2O5 in 250 °C. In this study catalytic 

activity was attributed to selective activation and strong absorption of different phenols and 

synergizing effect of Ru and NbOx compounds. Aliphatic alcohol moieties of the lignin itself act 

as a hydrogen donor alongside β-O-4 linkages dehydrogenates by ZnIn2S4 forming a ‘’hydrogen 

pool’’ where Cβ-O bonds underwent hydrogenolysis with hydrogen derived from this pool. 

These tactics leaded with 71-91% yield of phenols in the conversion of β-O-4 models and 10% 

yield of p-hydroxy acetophenone derivatives from organosolv lignin. 

Batch Type and Continuous Processes for Depolymerization 

Previously, most research in lignin depolymerization has been made in batch type processes. 

Latest interest has been nowadays in continuous type processes [18].  

Most of the continuous type process research has been made for plug-flow reactors (PFR). One 

research deals with continuous stirred tank reactor (CSTR) by Kristianto et al. [19]. At that 

research, acid hydrolysis lignin is converted into bio-oil. Due to fast heating rate, enhanced 

bio-oil yield and less solid residue were reached compared to batch-type process. With CSTR 

process better mixing and controllability can be achieved, compared to PFR-processes. Process 

provides also less carbon deposits that can stuck into the pipes.  

Continuous depolymerization has some advantages compared to batch-type processes. 

Processing time is shorter with continuous flow reactor. That reduces also energy 

consumption. Normal processing time is less than 30 minutes for depolymerization. Batch-

type process takes more than double the time. Continuous-type process allows also rapid 

heating and cooling. Some chemical reactions can occur during heating or cooling phase, so 

time shortening helps to control the process. Fast cooling prevents repolymerization 

reactions, where complex lignin structures form. Heating can be made fast if output flow is 

changed to stream going into reactor.  

Continuous-type processes are important for future lignin valorization. That also saves energy 

in sustainable point of view. More research is needed in process development to optimize 

processes [18]. 

 Technical lignins are complex and heterogeneous. Product mixtures need more processing 

before utilization. Well-defined fractions have been reached with new membrane separation 

for depolymerized lignins. Other separation techniques can be acidification, solvent extraction 

and adsorption. By using membrane, less solvent is needed due to molecular weight separation 

[20]. 
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Figure 1. Lignin depolymerization with batch and continuous type reactors [18].  

Recycling of catalyst 

It is important to separate catalyst from product in product quality and economical point of 

view.  Catalyst reusability has worked with following methods: (a) Separation of a magnetic 

catalyst by application of magnetic field, (b) Using a microporous catalyst cage, and (c) Liquid–

liquid extraction [21]. 

 

Figure 2. Different catalyst separating technologies [21]. 

Separation of magnetic catalyst is a simple process. Ni/C catalyst is used as catalyst for smaller 

fragments, that are converted into monometric phenols. It is highly active catalyst. Ni/C is 

magnetic, so it can be easily separated by magnet and then reused. Stability and reusability 

has been mentioned to be good. Raney Ni can be removed with same method [22].  
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Physical separation of catalyst with microporous gate has been invented by Abu-Omar-group 

[23]. Ni/C-catalyst and nickel-free cellulose residue were able to keep separated. After every 

use, ability to use Ni as catalyst, decreased after every instance of usage.  

Catalyst extraction from solid residue has been discussed in report of Sels and Co [24]. Ru/C 

catalyst could be recovered from decane phase. More polar pulp was located at the bottom of 

methanol phase. Yield was like with fresh catalyst. Only part of catalyst could be recovered 

(around 30%). 

Conclusions 

Recently reported lignin oxidation-depolymerization sequential methodologies have received 

tremendous progress, which gave access to aromatic compounds in a sustainable way. 

Selective oxidation occurred in either Cα or Cβ positions, a variety of cutting-edge synthetic 

methods were successfully applied to β-O-4 unit oxidation, such as TEMPO oxidation and 

electrocatalysis, Interestingly, photocatalysis and organocalysis as sustainable method were 

also applied to the bond cleavage of oxidized carbonyl units (ketone, aldehyde and carboxylic 

acid). Reactions using birch or poplar lignin high yields results of monomer products 

demonstrated their potentials to industrial application.  

Reductive depolymerization of lignin have a long history all the way from the late 1930s. It has 

been developed ever since and in the late years new greener and more efficient catalytic 

methods has been invented. Alongside traditional transitional metal-based catalysts there has 

been development with metal free catalytic systems based on boron compounds and latest 

achievements includes also depolymerization with fully oxygen free product pool. Yields close 

to theoretical ones has been achieved in certain products and future research may be 

concentrated to systems aiming for different products or making these reactions efficient 

enough to be used in industrial scale. Batch type-processes has been the most used process 

method in lignin utilization. Nowadays, new research confirm that continuous-type processes 

offer more rapid process times, which ensures that non-wanted reactions during heating and 

cooling remains in minimum. Different catalyst recycling technologies need to be further 

developed in sustainability and economical point of view.  
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