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Abstract  

There is growing demand for a more efficient use of polymers that originate from renewable 

feedstocks due to the depleting supply of fossil fuels, based on economic and environmental 

reasons. As a result, lignin has attracted renewed interest as a resource for various bioproducts. 

Lignin is a natural biopolymer with a high carbon content and is composed of aromatic moieties, 

with a high level of polar functionalities. This makes it a unique precursor for certain high-value 

applications, such as in biofuels, bioplastics, composite materials, carbon fibers and activated 

carbons and as a source of phenolic monomers and fine chemicals.  

Industrial lignins are formed as byproducts of pulping processes (such as kraft, sulfite or alkaline 

pulping) or result from the biorefining process, where carbohydrates are used for sugar 

production. Lignin’s intrinsic structure is significantly modified during the processing of 

lignocellulose, resulting in the formation of more diverse, condensed and less reactive raw 

materials. Since molecular mass and polydispersity are the most important parameters affecting 

the chemical reactivity and thermal properties of lignin, additional process steps to improve the 

quality of crude technical lignins, including kraft lignin, are needed. Solvent extraction is a 

potentially useful technique for further improving the polydispersity of technical lignins. 

This work summarizes the impact of solvent fractionation on the chemical structure, antioxidant 

activity, heating value, and thermal and sorption properties of industrial hardwood and softwood 

kraft lignins. The purpose was to understand the correlation between certain structural features 

in the lignin fractions and their properties to select the appropriate solvent combinations for 

specific applications of lignin raw materials.  

Four common industrial solvents, namely, ethyl acetate, ethanol, methanol and acetone, in 

various combinations were used to separate both spruce and eucalyptus kraft lignins into 

fractions with lower polydispersities. Gel-permeation chromatography analysis was used to 

evaluate the efficiency of the chosen solvent combination for lignin fractionation. The 

composition and structure of the lignin material were characterized by elemental analysis, 

analytical pyrolysis (Py-GC/MS/FID) and 31P NMR spectroscopy. The thermal properties of the 

lignin samples were studied by thermogravimetric analysis. Proximate analysis data (ash, 
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volatile components, organic matter and fixed carbon) were obtained through the direct 

measurement of weight changes during the analysis, while the high heating values (in MJ/kg) 

were calculated according to equations suggested in the literature. The sorption properties of 

fractionated kraft lignins were studied with respect to methylene blue dye.  

Additionally, lignin fractions with different molecular weights (and therefore various chemical 

structures) that were isolated from both softwood and hardwood kraft lignins were incorporated 

into a tunicate cellulose nanofiber (CNF)-starch mixture to prepare 100% bio-based composite 

films. The aim was to investigate the correlation between lignin diversity and film performance. 

The transmittance, density and thermal properties of the films were investigated, as were their 

mechanical properties, including the tensile stress and Young’s modulus.  

This part of the study addressed the importance of lignin diversity on composite film 

performance, which could be helpful for tailoring lignin applications in bio-based composite 

materials based on the material’s specific requirements. 
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Kraft lignin, successive solvent fractionation, molecular weight, structural analysis, thermal 

stability, heat capacity, antioxidant activity, methylene blue sorption, tunicate cellulose 

nanofiber-starch lignin composites films, film properties.   
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Sammanfattning  

Det finns en växande efterfrågan på en effektivare användning av polymerer som härrör från 

förnyelsebara råvaror, på grund av den försämrade tillgången av fossila bränslen, men också 

baserat på ekonomiska och miljömässiga skäl. Som ett resultat har lignin väckt förnyat intresse 

som en resurs för olika bioprodukter. Lignin är en naturlig biopolymer med hög kolhalt, består 

av aromatiska delar, och ett stort antal polära funktionaliteter. Detta gör det till ett unikt 

startmaterial för vissa högkvalitativa applikationer, såsom biobränslen, bioplast, 

kompositmaterial, kolfibrer och aktiverade kolväten och som en källa till fenoliska monomerer 

och finkemikalier. 

Industriella ligniner bildas som biprodukter av pappersmassaprocesser (såsom kraft, sulfit eller 

alkalisk pappersmassetillverkning av lignicellulosa) eller vid bioraffinaderiprocesser, där 

kolhydrater används för sockerproduktion. Strukturen hos lignin modifieras signifikant under 

dessa kemiska behandlingar, vilket resulterar i bildandet av mer polydispert, kondenserat och 

mindre reaktivt råmaterial. Eftersom molekylvikten och polydispersiteten är de viktigaste 

parametrarna som påverkar lignins kemiska reaktivitet och termiska egenskaper, krävs 

ytterligare processteg för att förbättra kvaliteten på råa tekniska ligniner, inklusive kraftlignin. 

Lösningsmedelsfraktioneringar är potentiellt användbara tekniker för ytterligare för minskning 

av polydispersitet av tekniska ligniner. 

Detta arbete sammanfattar effekten av lösningsmedelsfraktionering på den kemiska strukturen, 

antioxidantaktiviteten, termiska- och sorption segenskaperna hos industriella lövveds- och 

barrved kraft ligniner. Syftet är att förstå korrelationen mellan vissa strukturella särdrag i 

ligninfraktionerna och deras egenskaper för att välja lämpliga lösningsmedelskombinationer för 

specifika tillämpningar av lignin som råmaterial. 

Fyra vanliga industriella lösningsmedel, etylacetat, etanol, metanol och aceton, användes i olika 

kombinationer för att separera både gran- och eukalyptus kraft ligniner i fraktioner med lägre 

polydispersiteter. Analys med Gel-permeations kromatografi användes för att utvärdera 

effektiviteten hos den valda lösningsmedels kombinationerna för lignin fraktionering. 

Sammansättningen och strukturen hos lignin materialet karakteriserades genom elementanalys, 
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analytisk pyrolys (Py-GC/MS/FID) och 31P NMR spektroskopi. De termiska egenskaperna hos 

lignin proverna studerades genom termogravimetrisk analys. Proximala analysdata (aska, 

flyktiga komponenter, organiskt material och fast kol) erhölls genom direkt mätning av 

viktförändringar under analysen, medan de höga värmevärdena (i MJ/kg) beräknades enligt 

ekvationer som föreslagits i litteraturen. Sorption segenskaperna hos fraktionerade kraft ligniner 

studerades med hjälp av ett färgämne, metylenblått. 

Ligninfraktioner från barrved och lövved med olika molekylvikt och skillnader i kemiska 

strukturer användes för att framställa 100% biokompositfilmer tillsammans med nanocellulosa 

från sjöpung och stärkelse. Syftet var att undersöka korrelationen mellan lignin diversitet och 

filmprestanda. Filmens transmittans, mekaniska egenskaper - inklusive dragspänningen och 

elasticitetsmodul - densitet och termiska egenskaper hos filmer undersöktes. 

Denna del av studien undersöker betydelsen  av lignin diversitet på kompositfilmprestanda, 

vilket kan vara till hjälp för att skräddarsy lignins applikationer i biobaserade kompositmaterial 

baserat på deras specifika krav. 

 

 

Nyckelord  

Kraft lignin, successiv lösnings medels fraktionering, moleky lvikt, struktur analys, termisk 

stabilitet, värme kapacitet, antioxidant aktivitet, metylenblå sorption, cellulosa nanofibrer-

stärkelse-lignin kompositer filmer, film egenskaper. 

 

 

 

 

 



 

7 

 

List of publications 

 
Paper Ⅰ: Solvent fractionation of softwood and hardwood kraft lignins for more efficient  

uses: compositional, structural, thermal, antioxidant and sorption properties  

Ayumu Tagami, Claudio Gioia, Maris Lauberts, Tetyana Budnyak, Rosana Moriana, 

Mikael E. Lindström, Olena Sevastyanova 

Manuscript.   

 

Paper Ⅱ: Lignin-modified tunicate cellulose nanofiber (CNF)-starch composites: impact of  

lignin diversity on film performance 

Ayumu Tagami, Yadong Zhao, Galina Dobele, Mikael E. Lindström, Olena Sevastyanova  

Manuscript.   

 

Contributions of the author to the papers:  
 
Paper Ⅰ  Principal author of the manuscript.  

        The majority of the experimental design and work, some manuscript preparation.   

 

Paper Ⅱ Principal author of the manuscript.  

     The majority of the experimental work, some of the manuscript preparation.  

     The analysis of the film properties was carried out together with Yadong Zhao.    

 

Other related publications 
 
1)  Investigation of lignin melting performance via a comparison between lignin from pulping  

process and lignin from hydrolysis process 

Tong Han, Nanta Sophonrat, Ayumu Tagami, Olena Sevastyanova, Pelle Mellin, Weihong Yang  

Revised version submitted to “Fuel”.    

 



 

8 

 

2)  Carving a sustainable future  

Ayumu Tagami  

Chemical Today, Web-based interviews (academics), 16th January 2018 

 

Conference contributions 
 
1)  The impact of the fractionation method on the chemical structure and reactivity of  

industrial Kraft lignins  

Ayumu Tagami, Claudio Gioia, Maris Lauberts, Galina Dobele, Tatiana Dizhbite,  

Mikael E. Lindström, Olena Sevastyanova  

7th Nordic Wood Biorefinery Conference 2017, Stockholm, Sweden, 2017, Poster 

 

2)  Fractionation of Technical Lignins for more Efficient Uses in Biofuels and  

Biobased Materials  

Ayumu Tagami, Claudio Gioia, Rosana Moriana, Mikael E. Lindström, Olena Sevastyanova  

19th International Symposium on Wood, Fibre and Pulping Chemistry, Porto Seguro,  

Bahia-Brazil, 2017, Oral presentation 

 

3)  The impact of the fractionation method on the chemical structure and reactivity of  

industrial Kraft lignins  

Ayumu Tagami, Claudio Gioia, Maris Lauberts, Galina Dobele, Tatiana Dizhbite,  

Mikael E. Lindström, Olena Sevastyanova  

Cellulose Materials Doctoral Students Conference 2017, Graz, Austria, 2017, Oral presentation 

 

4)  Lignin as functional filler in tunicate nano cellulose-starch composite films with  

emphasis on lignin diversities-film performance interrelation 

Ayumu Tagami, Yadong Zhao, Mikael E. Lindström, Olena Sevastyanova  

15th European Workshop on Lignocellulosics and Pulp, Aveiro, Portugal, 2018, Poster 



 

9 

 

Abbreviations: 

LCC          Lignin-carbohydrate complexes 

CNF                               Cellulose nanofibers 

HHV         High heating value 

DP          Degree of polymerization 

SEC           Size exclusion chromatography 

Mn          Number average molecular weight 

Mw         Weight average molecular weight 

PDI         Polydispersity index 

CFB lignin                     Black liquor lignin prepared by ultrafiltration by the company  

            CleanFlow Black 

N2           Nitrogen atmosphere 

O2           Oxygen atmosphere 

31P-NMR      31Phosphorus nuclear magnetic resonance spectroscopy 

Py/GC-MS      Pyrolysis gas chromatography-mass spectrometry  

DPPH●         2,2-diphenyl-1-picrylhydrazyl 

ABTS●+        2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)  

ORAC       Oxygen radical absorbance capacity 

TGA          Thermogravimetric analysis 

SEM          Scanning electron microscope  
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1. Introduction 

Technical lignins are generated as a byproduct in pulp and paper manufacturing using kraft, sulfite, and 

soda chemical processes. The estimated annual global production of lignin in the pulp making industry 

is ca. 70 million tons (Lora, 2008). Lignin is also a major byproduct in production of second-generation 

bioethanol and bio-based platform chemicals from the carbohydrate part of biomass using organosolv, 

hydrolysis and some other novel chemical processes. The amount of lignin waste will grow due to 

increasing requirements to replace fossil-derived fuels and chemical commodities with biomass. This 

would result in the accumulation of an enormous amount of so-called biorefinery lignins. The utilization 

of these types of technical lignins will be necessary to make biorefinery processes more economical and 

to avoid a number of environmental problems (Ragauskas et al, 2014; Rabinovich et al, 2015). 

In papermaking, lignin is commonly used as a low-grade fuel for process operations to recover energy 

and chemicals. However, the utilization of lignin as a fuel is not economically efficient, as the value of 

lignin as fuel ($0.18 /kg) is much less than an estimate for lignin used in chemical conversion ($1.08-

1.51 /kg) (Vishtal et al, 2011). Only 1–2% of technical lignins are used in non-fuel high-value 

applications, such as oil well drilling additives, concrete additives, dyestuff dispersants, agricultural 

chemicals, animal feed and other industrial binders (Gosselink et al, 2004; Gargulak et al, 1999; Satheesh 

Kumar et al, 2009). However, as a part of the integrated forest biorefinery concept, value-added utilization 

of technical lignin is critical, with a primary aim to produce high-value products, such as chemicals and 

biopolymers, while improving the efficiency and profitability of core operations (Duval et al, 2016; 

Laurichesse et al, 2014; Ragauskas et al, 2014). 

Lignin as an abundant low-cost biopolymer with a high carbon content, aromaticity and functionality and 

is an industrially important precursor for the production of a large range of products, as shown in Figure 

1 (Gosselink, 2011). Carbon fibers and phenolic resins represent the highest value-added products from 

lignin, utilizing its polymer structure. For these applications, the highly heterogeneous, complex and 

polydispersed structure of technical lignins, along with their uncertain reactivity, represent major 

obstacles to the wide-scale commercial valorization of lignins. Additional processing of technical lignins, 

such as fractionation (to improve PDI) and chemical modifications (to improve chemical reactivity), are 

needed to convert technical lignins into raw materials that would be attractive for the polymer industry.  



 

14 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Potential applications for technical lignin (reproduced from Gosselink, 2011). 

 

1.1  Lignin in nature 

Lignin is one of the most abundant biomacromolecules (after cellulose) in nature and one of the three 

major components in wood together with cellulose and hemicelluloses.  

In wood, depending on the type, the lignin content varies from 20 to 40 wt% (on dry basis). It is a major 

component in structural cell walls to provide rigidity and physical strength to the plants and to help the 

internal transportation of water and nutrients (Glasser, 2000; Sjöström, 1981).  

Chemically, the structure of lignin is very complex and heterogeneous (Sjöström, 1981; Laurichesse et 

al, 2014). Lignin is an amorphous biopolymer, composed of a combination of three main phenylpropanoid 

monomers: coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (shown in Figure 2). There are three 

major phenolic structural elements, p-hydroxyphenyl (H, from coumaryl alcohol), guaiacyl (G, from 

coniferyl alcohol), and syringyl (S, from sinapyl alcohol) that originate from the abovementioned three 

aromatic alcohols. Generally, softwood lignins mainly consist of guaiacyl lignin, while hardwood lignins 

consist of both guaiacyl lignin and syringyl lignin, and lignin in grasses contain all of the three major 

phenolic structural elements in various proportions. These abovementioned monolignols are covalently-

connected with each other during biosynthesis to form a polymer with primary linkages of C-C 
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(condensed bonds) and C-O-C (ether bonds) (Henriksson, 2017). Recent examples of native lignin 

structures are shown in Figures 3 and 4.  

 

 

 

 

 

 

 

 

 
Figure 2. Structure of coumaryl alcohol (left), coniferyl alcohol (center) and sinapyl alcohol (right). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Hypothetical structure of softwood lignin structure including LCC  

(suggested by Prof. G. Henriksson, KTH, Stockholm). 
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Figure 4. Example of native lignin structures (Reprinted with permission from Crestini et al, 2011. 

Biomacromolecules. 12 (11), 3928-3935. Copyright 2018, American Chemical Society). 

 

The β-O-4 ether linkages have the highest content in the lignin molecule (greater than 50%). Other 

important linkages in the lignin molecule are α-O-4, 5-5, β-β, 4-O-5, β-5, and β-1 (Sjöström, 1981; 

Laurichesse et al, 2014). Additionally, lignin structures contain a variety of functional groups, such as 

methoxy groups, aliphatic and phenolic hydroxyl groups, and carbonyl and carboxyl groups. Both types 

of hydroxyl groups are the characteristic functional groups in lignin that determine its reactivity and 

constitute the reactive sites that can be used in macromolecular chemistry (Duval et al, 2014; Laurichesse 

et al, 2014). 

During the chemical isolation processes using different chemicals and reaction conditions, the structure 

of technical lignins is significantly modified, depending on the process used. That is why each type of 

technical lignin should be characterized separately prior to its use in materials. 
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1.2  Technical lignins  

Technical lignin is the main byproduct from the pulping process, and the structure of lignins varies 

substantially due to the different pulping methods and conditions (Gellerstedt et al, 1984; Vishtal et al, 

2011;  Laurichesse et al, 2014). Technical lignins can be divided broadly into two main categories: sulfur 

lignins and sulfur-free lignins (Laurichesse et al, 2014). Kraft lignin and lignosulfonate are categorized 

as sulfur lignins, while soda lignin and organosolv lignin are categorized as sulfur-free lignins, as 

summarized in Figure 5 and Table 1.  

 

 

 

 

 

 

 

 

 

Figure 5. Composition of wood and four different pulping processes.  

 

Table 1. Characterization of pulping processes and the resulting technical lignins. 

  Sulfur processes Sulfur-free processes 

  Kraft pulping Sulfite pulping Solvent pulping Soda pulping 

  (Kraft lignin) (Lignosulfonate) (Organosolv lignin) (Soda lignin) 

Pulping condition Alkali pulping Acidic pulping - Alkali pulping 

    Ca (HSO3)2 + SO2 Ethanol   

Applied chemicals NaOH + Na2S Mg (HSO3)2 + SO2 Acetic acid NaOH 

    NaHSO3 + SO2 
Other organic 

solvents 
  

Solubility of  

obtained lignins 

Alkali,  

organic 

solvents 

Water Alkali 
Most  

organic solvents 

Commercial 

viability 
Industrial Industrial Only experimental Industrial 
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The different conditions during these pulping processes result in lignins with large variations in their 

molecular weight, PDI, solubility in water and organic solvents, and content of various functional groups. 

All these affect the reactivity of technical lignins, to various degrees (Svärd et al, 2016). 

The kraft pulping process is the most common chemical pulping process in the world and gives rise to 

the easily available kraft lignin. Kraft lignin has several characteristic properties that distinguishes it from 

native lignin and other technical lignins. It contains a larger amount of phenolic groups due to the 

extensive cleavage of ß-aryl bonds during kraft pulping. It contains a significant amount of condensed 

structures formed as a result of the severe cooking conditions (Gierer et al, 1970).  The weight-average 

molecular weight of kraft lignin obtained from black liquor can vary from approximately 600 to 180000 

Da (Mörk et al, 1986). Consequently, the main limitations for the use of kraft lignin in value-added 

applications is its poor quality relating to its non-homogeneous molecular weight distribution, the 

impurities originating from both the wood itself and process elements, and the varying amounts of 

functional groups.  

Several processes exist for the recovery of lignin from black liquor, including Westvaco, LignoBoost, 

and the LignoForce System. The LignoBoost process is a commercially available process, developed in 

Sweden. It is used to isolate a solid kraft lignin powder from the pulping black liquor, with a reproducible 

molecular weight and content of impurities, such as ash and sulfur. LignoBoost lignin is one type of kraft 

lignin that is becoming available and suitable for industrial applications (Tomani, 2010). The selective 

precipitation and ultrafiltration of pulping black liquor is another potentially useful technique to extract 

kraft lignin material with improved properties from the black liquor. Generally, ceramic membranes are 

used for ultrafiltration, which allows for the separation of lignin fractions of different Mw ranges (Colyar 

et al, 2008; Sevastyanova et al, 2014; Wallberg et al., 2003).  

The sulfite pulping process is one of the most successful processes and is widely applied to industrial-

scale production, as is the kraft pulping process. The major manufacturing company of lignosulphonates 

are Borregaard Ligno Tech, Tembec, and Nippon Paper Industries.  Compared with the kraft pulping 

process, the main difference in sulfite pulping is the cooking condition; the kraft pulping process uses 

alkaline conditions, while the sulfite pulping process typically uses acidic conditions (Table 1). 

Lignosulfonates are the only technical lignin that are water soluble, they contain also a variety of 

functional groups such as carboxylic groups, phenolic and aliphatic hydroxyl groups and sulfonic acid 

groups This feature enables them to be used in many industrial applications, such as in binders (Zhang et 

al, 2002), dispersing agents (Fagerholm et al, 1999), cement additives (Grierson et al, 2005) and 
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surfactants (Palmqvist et al, 2006). In addition, the Mw of lignosulfonates are typically higher than that 

of the other technical lignins.  

The application of the soda pulping process is limited to annual fiber crops, such as straw, flax, bagasse 

and some hardwoods. Soda lignin is categorized as a sulfur-free lignin, and its molecular weight 

equivalent to that of kraft lignins (Mn of kraft lignins: 1000-5000, soda lignins: 800-3000) (Laurichesse 

et al, 2014). The content of silicate and nitrogen are usually high due to the type of the raw material 

(grasses) used.  

The solvent pulping process can use a variety of solvents; for example, methanol, ethanol, acetone, acetic 

acid, and any other solvent. The most commonly used solvents are ethanol and acetone. The solvent 

pulping process results in high-quality cellulose and lignin. Organosolv lignin usually has the highest 

lignin content, with lower PDI and glass transition temperatures. One particular feature is that organosolv 

lignin is the only lignin that can dissolve in a wide range of organic solvents. They have also lower degree 

of condensation as compared to kraft lignin and have a result of  higher reactivity (Gordobil et al, 2016).   

 

1.3  Characterization of technical lignins 

The main properties of technical lignins are molecular weight, content of functional groups, and chemical 

structure. The differences of these characteristics greatly influence their possible applications, such as 

their use as antioxidants, in composite material and resins.  

Molecular weight is the most important parameter affecting the physico-chemical properties of lignin 

(Kubo et al, 1998; Li et al, 2000; Yoshida et al, 1990; Sevastyanova et al, 2014; Gioia et al, 2018). Among 

the numerous classical methods for molar mass determination, such as light scattering, ultracentrifugation, 

vapor pressure, and osmometry (Marton and Marton 1964; Dolk et al. 1986), high-performance SEC has 

used in broad applications for the quantitative analysis of lignin (Pellinen et al, 1985; Chum et al, 1987; 

Faix et al, 1992; Gellerstedt, 1992; Glasser et al, 1993). This is due to the several advantages of the SEC 

method, such as its wide availability, short analysis time, low sample demand, and determination of molar 

mass distribution over a wide range. However, it was shown that the choice of calibration standards, 

column and solvent may significantly affect the resulting molecular weight values of the lignin samples 

(Baumberger et al, 2007).  
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The content of functional groups such as aliphatic hydroxys, phenolic hydroxyl (condensed and non-

condensed) and carboxyl groups are measured by 31P NMR analysis (Granata et al, 1995). Structural 

characterization of lignin samples utilizes the analytical pyrolysis method (Py-GC/MS) (Faix et al, 1992; 

Ponomarenko et al, 2014) and Fourier transform infrared spectroscopy (FT-IR). These two methods are 

very useful for studying the chemical composition and structure of complex and insoluble natural 

materials. 

The thermal stability and resistance to oxidative degradation are measured by thermogravimetric analysis 

(TGA) - a useful method for the investigation of the physico-chemical properties of lignin (Canetti et al, 

2006). This because molecular changes like vaporization, oxidation and thermal degradation result in 

weight loss.  

 

1.4  Upgrading of technical lignins  

The molecular mass and PDI are two of the most important parameters of technical lignins that affect 

their chemical reactivity and thermal properties, including thermal stability and resistance to oxidative 

degradation. However, due to their complicated structure and process conditions, the PDI of technical 

lignins is usually high, and the purity of these lignins is low. Therefore, additional pretreatment is needed 

to improve the quality of technical lignins to enable their use in high value-added applications. For this 

reason, we focused on two types of methods, membrane filtration and solvent fractionation, to improve 

lignin quality regarding their PDI and purity. Detailed information on this research is given below. 

Selective precipitation, ultrafiltration of black liquor using ceramic membranes, and solvent fractionation 

are all potentially useful techniques. The membrane filtration technique is used in a wide range of fields, 

including food industry, water purification, and pharmaceuticals. It has been demonstrated that this 

method can be used in the pulp and paper industries to selectively extract kraft lignin in the specific 

molecular weight range, depending on the membranes used. Several studies for the separation of kraft 

lignin from pulping black liquor have been conducted (Sevastyanova et al, 2014, Brodin et al, 2009; 

Wallberg et al, 2003; Aminzadeh et al, 2018). 

The solvent fractionation method is another approach to improve the quality of technical lignins (Duval 

et al, 2016; Jääskeläinen et al, 2017). The study of solvent fractionation started in the early 1980s 

(Mörck et al, 1986). Solvents such as dichloromethane, methanol, propanol (Ponopmarenko et al, 2014), 

hexane (Wang et al, 2010), ethyl acetate (Li et al, 2012) and others (Sun et al, 2000; Ropponen et al, 
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2011) have been applied in lignin fractionation. In all cases, lignin fractions with a lower Mw and low 

PDI could be obtained. However, some solvents, e.g., dichloromethane and hexane, are regarded as 

having health and safety issues and an undesired environmental impact; these solvents were required to 

be replaced by more non-toxic chemicals. According to such considerations, Duval et al (2016) suggested 

a fractionation method that involved four safe and environmentally friendly organic solvents, such as: 

ethyl acetate, ethanol, methanol, and acetone. They could obtain various Mw fractions from LignoBoost 

spruce kraft lignin between 750-17740 g/mol that were related to the Hansen solubility parameters.  

A similar approach to use only safer chemicals was applied by Jääskeläinen et al (2017). These authors 

tested ethanol, acetone, and propylene glycol monomethyl ether (PGME) solvents. They used spruce kraft 

lignin (from Metsä Fibre), and the main difference in their method was that sequential solvent 

fractionation was performed using the soluble fractions obtained by changing the concentrations of one 

solvent (the concentration was adjusted by adding water). From Duval’s method, the higher yields of low 

Mw fractions (ethyl acetate and ethanol fraction) were obtained; however, Jääskeläinen’s method resulted 

in a higher yield of high Mw fractions.  

The chemical characterization of lignin fractions obtained by various fractionation methods  

demonstrated an improved PDI (Sevastyanova et al, 2014), chemical reactivity of the lignin fractions and 

their successful application in adhesives (Claudio et al, 2018), antioxidants (Ponomarenko et al, 2014), 

dye removal (Domínguez-Robles et al, 2018).  

 

1.5  Lignin applications 

Due to their unique structures and diversity, technical lignins have various types of potential applications, 

as shown in Figure 1. These include their use in the production of fine chemicals, polymeric materials, 

composite materials, fuel, cement additives, antioxidants and carbon materials.   

Lignin is an excellent energy source and is suitable for the production of electricity, fuel, steam and 

syngas (Laurichesse et al, 2014). Lignin, like other biomass components, is potentially attractive as a 

solid biofuel for pyrolysis, gasification and combustion processes. The main advantage of using biomass 

or its components such as lignin when compared to traditional fossil fuels include the reduction of 

greenhouse gas emissions, its abundance and sustainability, and its low price (Garcia et al, 2014; Shen et 

al, 2010). The presence of volatiles and the fixed carbon content are two important parameters during the 

thermal conversion of biomass or its components (Moriana et al, 2014), and lignin, in general, possess 
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fewer volatiles and a higher fixed carbon content than biomass (Shen et al, 2010). Pyrolysis, combustion 

and gasification processes are the most applied techniques in thermal technology (Farag et al, 2015), as 

they can directly generate solid (carbon), liquid and gaseous products (Garcia et al, 2014; Farag et al, 

2015). The products and conversion yields depend mainly on the nature of the lignin, its composition and 

structure, although processing conditions such as the heating rate and temperature may also have a certain 

influence (Shen et al, 2010). Proximate analysis is one of the most important characterization methods 

when considering biomass thermal conversion for energy production. There are, however, a limited 

number of studies available concerning assays of the proximate analysis of lignin (Gordobil et al, 2014; 

Farag et al, 2015). 

Lignin is a polymer and has aromatic structures and large number of functional groups. It has a high 

potential for use as a raw material in the polymer industry in lignin-based polymers such as thermoplastics, 

thermosets (epoxy and phenolic resins), elastomers, and as a component in biodegradable composites. 

Lignin can be incorporated without any modification into other commercial polymers, thereby 

introducing new or improved properties (Sahoo et al, 2011). Often, the addition of lignin has a positive 

impact on thermal properties and on the oxidative stability because it acts as an antioxidant (Espinoza-

Acosta et al, 2016). Due to its large number of various functional groups, lignin has a great potential to 

be chemically modified, which can result in improved reactivity and lead to the manufacturing of value-

added polymeric materials with new or improved properties (Dournel et al, 1988). Usually, the aim of 

the chemical modification is (Laurichesse et al, 2014): 

  

 (1) To create new chemical active sites via the following reactions: amination, hydroxyalkylation, 

alkylation/dealkylation, nitration, halogenation;  
 

(2) Chemical modification of hydroxyl groups through the following reactions: etherification, 

esterification, phenolation, oxidation/reduction, sylilation, reaction with isocyanates (Figure 6).  

 

Positive results were reported when chemically modified lignin was used to synthesize polyurethane and 

polyester polymers (Delebecq et al, 2013). Additionally, lignin degradation products were used in the 

synthesis of polyhydroxy styrene derivatives, polyethers and polyesters (Hatakeyama et al, 1990).  
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Figure 6. Example of some types of reaction to functionalize the hydroxyl groups in lignin.   

 

As a polymer with a high carbon content (approximately 50~60%), lignin is a good candidate for use in 

the manufacturing of carbon materials. Activated carbon and carbon fibers are the most interesting 

applications, as they represent high value-added products from lignin, as shown in Figure 1. Currently, 

the development of lignin-derived carbon materials is a rapidly growing research area. Many review 

papers on the conversion of lignin to valuable carbon materials, including carbon fibers (Baker et al, 

2013), carbon adsorbents (Rabinovich et al, 2015), catalysts or electrodes for electrochemical devices 

(Norgren et al, 2014; Puziy et al, 2018) have been recently published. Approximately 80~85% of the total 

production of activated carbon is derived from nonrenewable coal-based resources; therefore, lignin can 

partially substitute the nonrenewable coal-based resources. Carbon fibers have also attracted the 

particular attention of researchers. Commercially, carbon fibers are mostly produced from 

polyacrylonitrile (PAN) (90%). As a bio-renewable, abundant, and low-cost byproduct, lignin is an 

attractive precursor to replace PAN.   
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1.6  Purpose of this project  

The main purpose of this study was to investigate the correlation between the Mw and certain structural 

features and the properties of kraft lignins of different origins (softwood and hardwood) extracted by four 

“green” solvents (ethyl acetate, ethanol, methanol, and acetone), which are commonly used in industry. 

The extraction yields, Mw values, antioxidant properties, HHVs and sorption properties of the softwood 

and hardwood LignoBoost kraft lignin fractions were compared. Different combinations of the 

abovementioned solvents were tested for sequential fractionation of the lignin, and the impact of these 

solvent combinations on the Mw and functionality was assessed. Additionally, the effect of solvent 

fractionation on the kraft lignins obtained by membrane filtration using a ceramic membrane with a 

molecular weight cutoff of 5000 Da (CFB lignin) was investigated. The four-step sequential solvent 

fractionation was applied in this case. 

Lignin fractions with different molecular weights and varied chemical structures were incorporated into 

a tunicate CNF-starch mixture to prepare 100% bio-based composite films. The aim was to investigate 

the correlation between lignin diversity and film performance. 

The overall goal was to develop a robust fractionation protocol for obtaining lignin fractions with 

predictable properties that are appropriate for the intended material uses. 
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2. Experimental  

2.1  Materials  

The industrial kraft lignin, both softwood (Norway Spruce, simplified Spruce) and hardwood (Rose Gum 

(Eucalyptus grandis), simplified Eucalyptus) lignin were obtained by the LignoBoost process (Tomani 

et al, 2010). Moisture contents of spruce LignoBoost lignin was 6.4%, eucalyptus LignoBoost lignin was 

5.1%. Ash contents of spruce LignoBoost lignin was 0.6%, eucalyptus LignoBoost lignin was 1.2%. 

Softwood lignin obtained by ceramic membrane filtration was provided by Swedish company CleanFlow 

Black (CF lignin).  

Prehydrolysis-kraft cooking-bleaching method was applied, to obtain tunicate cellulose from Ciona 

intestinalis (Zhao et al, 2014). Enzymatic pretreatment was performed to prepare tunicate CNF and 

adjusted to a concentration of 0.5%,w/w. The DP of obtained tunicate CNF was 4200 and crystallinity 

index was 94%. A charge density of tunicate CNF was 43 μmol/g, crystal size was 7.7 nm, and Iβ ratio 

was 89.9% (Zhao et al, 2015; Zhao et al, 2017). Commercial starch (water soluble, 80% amylopectin and 

20% amylose, Sigma S-9765, Mw: 342.30) was used, without any other pre-treatment. 

EtOAc (ethyl acetate, ACS reagent, ≥ 99.5%) and EtOH (ethanol, absolute) used to solvent fractionation 

were purchased from Sigma-Aldrich (Sweden). MeOH (methanol, analytical grade) and acetone (GPR 

RECTAPUR, ≥ 99.5%) were purchased from VWR International AB(Stockholm, Sweden). Another all 

common chemicals, methylene blue, glacial acetic acid, neat acetyl bromide, THF (tetrahydrofuran, 

HPLC grade), DMF (N,N-dimethylformamide), pyridine, e-HNDI (Endo-N-hydroxy-5-norbornene-2,3-

dicarboximide, 40 mg/ml), 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, CDCl3-d, used in 

various analysis were in analytical grade and purchased from Sigma-Aldrich, VWR, and Fisher chemical.  

 

2.2  Methods  

2.2.1  Solvent fractionation 

Four solvent fractionations were performed, according to Duval et al (2016) (shown in Figure 7). Before 

fractionation, the moisture content needed to be adjusted (to approximately 5%) for the material lignin 

samples; therefore, the lignin samples were dried in a fume hood at room temperature for one day (24 

hours). After moisture content adjustment, 20 grams of LignoBoost lignin (bone-dry) was added to 200 
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ml of solvent and stirred for 2 hr at room temperature. Next, the soluble and insoluble fractions were 

separated by using a Buchner funnel with filter paper (Munktell, Sweden, Grade 3).  

After filtration, the insoluble fraction was resuspended in the next solvent (solvent order:  EtOAc, EtOH, 

MeOH, and acetone). The soluble fraction was evaporated on a rotary evaporator (IKA RV10 basic, 

VWR). Next, approximately 15 ml of acetone was added to redissolve the soluble fraction. After 

redissolving, 60 ml of pure water was added and evaporated again. After evaporating, the lignin sample 

was freeze-dried for one day. The insoluble sample in each solvent fraction was dried overnight in a 

vacuum oven (VACUCELL, MMM Medcenter Einrichtungen GmbH, Germany) at 40 °C. All yields 

were calculated based on the dry weight of the fractions.  

The starting lignin materials (LignoBoost lignins and CFB lignin) are denoted in this work as the Initial 

(SL Initial, HL Initial, and CFB Initial). The soluble fractions obtained by the four-solvent fractionation process 

denoted as: SL EtOAc, SL EtOH, SL MeOH, SL Acetone, and SL Insoluble for softwood (spruce) lignin fractions, and 

HL EtOAc, HL EtOH, HL MeOH, HL Acetone, and HL Insoluble for hardwood (eucalyptus) lignin fractions. Similarly, 

the abbreviations CFB EtOAc, CFB EtOH, CFB MeOH, CFB Acetone, and CFB Insoluble are used for softwood CFB 

lignin in this thesis.  

 

 

 

 

 

 

 

 

 

Figure 7. The solvent fractionation scheme and the soluble and insoluble fraction names. 
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2.2.2  Batch adsorption experiments 

The adsorption equilibria for aqueous solutions of dyes were studied using a static method. Batch 

adsorption experiments were performed by shaking 0.05 g of each lignin fraction in flasks containing 25 

ml of a solution of methylene blue dye at different concentrations, ranging from 0.004 to 1 g/l, at 25 °C 

for 24 hr at a shaking rate of 110 rpm. After adsorption, the sorbent was separated by filtration through a 

paper filter (Munktell, Sweden, Grade 3). Spectrophotometric determination of methylene blue in the 

equilibrated aqueous phase was performed using a UV-Vis spectrophotometer (UV2550, Shimadzu, 

Japan) with a square cuvette (optical path length l = 1 cm). The measurement was carried out at λ = 664 

nm. The amount of adsorbed substance was calculated by the following equation: 

 

𝑞𝑒 = (𝑐𝑜 − 𝑐𝑒) ·
𝑉

𝑚
,          (1) 

 

where co is the concentration of the initial solution, ce is the equilibrium concentration of the dye, V is the 

volume of the equilibrium solution, and m is the mass of the adsorbent.  

 

2.2.3  Preparation of lignin-tunicate CNF-starch films 

Starch was dissolved in water (0.5%) under continuous stirring at 90 °C to obtain a clear solution, which 

was cooled to room temperature. Each lignin samples were dissolved in acetone/water (4:1, v/v) with a 

concentration of 0.5%. Then, 4 ml of the 0.5% tunicate CNF suspension prepared above, after blending 

with 4 ml of starch solution and 2 ml of lignin solution, was directly cast on Petri dishes and dried at 

50 °C overnight to form composite films. The blank CNF-starch film was fabricated by mixing 4 ml CNF 

suspension and 4 ml starch solution without lignin solution, followed by the casting and drying conditions 

mentioned above.  
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2.3  Characterization of lignin samples 

2.3.1  Molecular weight determination  

Molecular weight properties were determined SEC method. One method was performed according to 

Guerra et al (2006), using the Waters instrument system (Waters Sverige AB, Sollentuna, Sweden) was 

applying and they consisting of a 515 HPLC-pump, 2707 autosampler and 2998 photodiode array detector 

(operated at 254 and 280 nm). Initial acetobromination of lignin samples was used to improve the 

solubility of lignin samples. 5 mg of lignin samples (moisture content was approximately 5%) were stirred 

for 2 hr at a room temperature in 900 μl of glacial acetic acid and 100 μl of acetyl bromide (Asikkala et 

al, 2012). After acetobromination, mixture of glacial acetic acid and acetyl bromide were removed by 

applying the N2. The residue was dissolved in 1 ml of HPLC grade THF, and the resulting solution filtered 

through a 5 μm syringe filter.  

HPLC-grade THF, filtered through a 2 μm PTFE membrane filter and degassed, was used as the mobile 

phase. The flow rate of the mobile phase was set to 0.3 ml/min. Separation was achieved on Waters 

Ultrastyragel HR4, HR2 and HR0.5 4.6 × 300 mm solvent-efficient columns connected in series and 

operated at 35 °C. A sample volume of 20 μl was injected into the GPC instrument and UV signal was 

recorded at different wavelengths, 254 and 280 nm. Calibration was performed at 254 nm using 

polystyrene standards with nominal MW’s ranging from 480 to 176000 Da.  The final analysis was 

performed using the intensity of the UV signal at 280 nm with a help of Waters Empower 3 build 3471 

software.  

In the second method, the molecular weight of the lignin samples was characterized by size exclusion 

chromatography using an SEC 1260 Infinity instrument (Polymer Standard Services, Germany) coupled 

to a dual system detector (UV, RI). DMSO+0.5% LiBr (w/w) was used as the mobile phase. The 

separation system consisted of a PSS GRAM Precolumn, PSS GRAM 100 Å and PSS GRAM 10000 Å 

analytical columns thermostated at 60 °C and connected in series. Pullulan standards with Mws within 

the range 708 - 342 Da were used for the standard calibration. The pullulan standards with nominal masses 

of 708 kDa, 337 kDa, 194 kDa, 47.1 kDa, 21.1 kDa, 9.6 kDa, 6.1 kDa, 1.08 kDa and 342 Da were used 

for standard calibration. 3 mg of lignin samples (moisture content was approximately 5%)   were stirred 

for 2 hr at a room temperature in 1ml of DMSO + 0.5% LiBr (w/w). After completely dissolved lignin 

samples, to filtrate each solvents and use analysis (Baumberger et al, 2007).  
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2.3.2  31P-NMR  

31P NMR analysis was used for the quantification of functional groups of each lignin fractions (Granata 

et al, 1995; Argryopolous, 1994). 28~32 mg of each lignin samples were weighed and dissolved in 100 

µl of DMF and 100 µl of pyridine. e-HNDI and chromium (Ш) acetylacetonate (Aldrich, 5 mg/ml) were 

used as an internal standard and relaxation reagent, respectively.   In addition, 100 µl of 2-chloro-4,4,5,5-

tetramethyl-1,3,2-dioxaphospholane was used as a phosphorylating reagent, and the derivatized sample 

was dissolved in 400 µl of CDCl3 prior to analysis. The 31P NMR experiment was performed with a 90 ° 

pulse angle, inverse-gated proton decoupling and a delay time of 10 s. For analysis, 256 scans with a time 

delay of 5 s and a total runtime of 29 min were collected.    

 

2.3.3  Analytical pyrolysis (Py-GC/MS/FID) 

Analytical pyrolysis (Py-GC/MS/FID) was done according to Ponomarenko et al (2015) by using a 

Frontier Lab (Fukushima, Japan) Micro Double-Shot Pyrolyzer Py-2020iD. Approximately 1~2 mg of 

each samples were used for analysis (residual moisture content < 1%). The oven program was:  held at 

60 °C for 1 min, ramped at 6 °C/min to 270 °C, and held at 270 °C for 10 min. The individual compounds 

were identified based on GC/MS data in the NIST 147.LI13 MS library (Frontier Lab Fukushima, Japan). 

The relative areas of the peaks of individual compounds were calculated from the GC/FID data using 

Shimadzu software. The molar areas of the relevant peaks were summed and normalized to 100%; the 

data for five repetitive pyrolysis experiments were averaged.  

Contents of lignin (lignin derivatives, L), carbohydrates (C), sulfur-containing compounds (S-containing) 

and other identified compounds were calculated as the ratio of the sum of the areas of the peaks from 

corresponding component  divided by the sum of the area of all used peaks multiplied by 100% (Alves et 

al., 2006). The area originated from CO2, an overlapping peaks from carbohydrates and lignin and minor 

products was not used for the calculations. The retention times used for quantification were 6 to 53 min.  

 

2.3.4  Antioxidant tests  

The antioxidant activity of each lignin fractions were evaluated according to methods published earlier 

(Ponomarenko et al, 2014; Prior et al, 2005; Dizhbite et al, 2004). DPPH● radical scavenging assay was 

performed described by Dizhbite et al (2004). Absorbances of the lignin fractions at 517 nm and DPPH● 
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solutions were measured after 15 min using a Perkin Elmer Lambda 650 UV/VIS spectrophotometer. 

ABTS●+ was produced by reacting 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid (ABTS) with 

potassium persulfate (K2S2O8) (Baltrusaityte et al, 2007). The ABTS●+ solution was diluted with 

phosphate buffered saline (PBS), pH=7.4, to obtain the absorbance of 0.800 ± 0.030 at 734 nm and mixed 

with the lignin solution. The absorbance at 734 nm was measured after 10 min. A stock solution of ABTS 

(2 mM) with a 50 mM PBS, constituted of 8.18 g NaCl, 0.27 g of KH2PO4, 3.58 g of NaHPO4 x 11H2O, 

and 0.15g KCl in 1l of distilled water. The pH of solutions was adjusted to 7.4 with 0.1 M NaOH.  

The ABTS●+ solution was produced by mixing a 50 ml of stock solution with 200 μl of K2S2O8 (70 mM) 

aqueous solution. The mixture was kept in the dark at room temperature during 15~16 hr before use. The 

sample solution (0.03 ml) was mixed with 3mL of the ABTS●+ solution, in a 1 cm path length 

microcuvette. The absorbance at 734nm was read at room temperature after 10 min. APBS solution was 

measured as a blank sample. IC50 is the concentration of an antioxidant required for 50% inhibition of 

free radical DPPH● and ABTS●+. The lower IC50 value are associated with a higher radical scavenging 

activity. In this test, IC50 for the reference antioxidant, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-

carboxylic acid, water-soluble derivative of E vitamin), was (4.1±0.2) mg/l.  

The ORAC assay was performed according to the method described in Prior et al (2005) with a FLUOstar 

Omega microplate reader (BMG LABTECH, Germany). A 96-well plate was used with blank solution, 

Trolox, and each lignin samples, to which the fluorescein solution was added. The microplate was covered 

and incubated in the microplate reader for 15 min at 37 °C. Then, 2,2'-Azobis(2-amidinopropane) 

dihydrochloride (AAPH) solution was injected into the well using a multi-channel pipette, and the test, 

fluorescence measurements (Ex. 485 nm, Em. 520 nm) were taken every 66 sec. The measurements 

finished approximately 90 min (81 cycles). The final ORAC values were calculated using a regression 

equation (Y=aX+b) correlating the Trolox concentration (50 to 200 μM in PBS) and the net area under 

the fluorescein decay curve. In the ORAC assay for lignin samples, the antioxidant activity is expressed 

in terms of Trolox equivalent (TE) antioxidant capacity, on one gram of a sample. The higher the TE 

value is, the higher the antioxidant capacity is. 

 

2.3.5  TGA (lignin)  

Thermogravimetric analysis was carried out with a TGA/SDTA851 METTLER TOLEDO according to 

previously published methods (Gordobil et al, 2016). To check a thermal stability, 4.8~5.2 mg of each 
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lignin fractions were tested in N2 atmosphere (50ml/min), heating rate was 10°C/min, start temperature 

was 25°C and end temperature was 800°C. Comparison of the resistance to oxidative degradation, we 

tested same lignin fractions in O2 atmosphere (50ml/min), using the same heating rate and temperature 

range as we used in the experiments of N2 atmosphere (Ponomarenko et al, 2014).   

The proximate analysis data (ash, volatile, organic matter and fixed carbon) was obtained through the 

direct measurement of weight changes in each experimental curve for both N2 and O2 atmosphere during 

one run shown in Figure 6 (Moriana et al, 2014). The proximate analysis data (content of volatile, fixed 

carbon, organic matter, ash) were obtained through the direct measurement of weight changes (Figure 8). 

The HHV (MJ/kg) was calculated according to equations suggested in literature (García et al, 2014; 

Cordero et al, 2001) and following previous publications (Gordobil et al, 2016).  Equations were as 

follows.  

 

HHV (from Cordero) = (354.3*Fixed carbon) + (170.8*Volatiles)              (2) 

HHV (from García) = (1.08*10000) - (98.4*Ash content) + (113.3*Fixed carbon) - (165.3*Moisture          

content) + (127.7*Content of carbon) + (19.6*Content of oxyzen)              (3) 

 

Figure 8. Example graph of proximate analysis using both N2 and O2 atmosphere.  
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2.3.6  Elemental analysis  

Elemental composition was determined using a TCD-equipped Vario MACRO CHNS (Elementar 

Analysensysteme GmbH) device. Homogenized samples were mixed with burning catalyst WO3 (ratios 

1:1 to 1:3 depending on samples nature), which also prevents glass column contact with sodium, 

potassium or other metals.  Mixtures were packed into aluminum foil, pressed into tablets and placed into 

device autosampler.  

 

2.4  Characterization of lignin-tunicate CNF-starch composite films  

2.4.1  Density measurement  

A micrometer (NSK, Japan) was applied to determine the thickness of the films. The density of the films 

was calculated based on the weight, surface area, and thickness. Density was reported as the average of 

at least three film specimens. 

 

2.4.2  SEM  

All samples were coated with gold with a uniform thickness (3~5 nm) using a Cressington 208HR high-

resolution sputter coater before observation using SEM. Then, morphological analysis was performed 

using a S-4800 Field Emission Scanning Electron Microscope (Hitachi, Japan).  

 

2.4.3  UV-Vis transmittance determination  

The percent light transmission (T%) of the films was measured using UV-240 (Shimadzu, Japan) 

equipment. To facilitate comparison between samples, readings were all recorded at 650 nm. Film 

specimens with a rectangular shape were placed in a spectrophotometer test cell directly for measurement, 

with the air as the reference. The transparency was assessed based on the transmittance value (T% = I/I0, 

where I and I0 were the intensities of emergent and incident radiation, respectively) of the composite 

films. 
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2.5.4  Tensile tests 

The mechanical properties of the composite films, including the tensile strength and Young’s modulus, 

were determined using an Instron 4411 mechanical property tester installed with a 500-N load cell 

(Instron Ltd., Norwood, MA, USA). The conditions include an initial grip distance of 25 mm and grip 

separation rate of 5 mm/min. At least 3 specimens from each film were tested, and the average number 

was reported.  

 

2.5.5  TGA (films)   

TGA for composite films was conducted in both N2 and O2 atmospheres using the same heating rate and 

temperature range as used in lignin fractions. 1.8~2.2 mg of samples were using tests and the first 

derivative of the thermogravimetric curve (DTG) was used to identify the maximum decomposition 

temperatures (Tmax). 
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3. Results and discussion  

3.1  Results of solvent fractionation (Paper Ⅰ and Ⅱ) 

3.1.1  Effect of the moisture content of lignins on their solvent fractionation 

To investigate the variation in the molecular weight values obtained by the two SEC methods used at the 

Department of Fibre and Polymer Technology, KTH, Stockholm, two SEC systems using DMSO/LiBr 

and THF as eluents were tested for the measurement of molecular weight of the obtained lignin fractions 

for spruce and eucalyptus kraft lignin. This resulted in five fractions for each sample, including an 

insoluble residue sample. In the latter case, the lignin samples were acetobrominated prior to the analysis, 

according to Guerra et al (2006), as described in the Experimental section. The correlation between the 

two analyses is shown in Figure 9. A straight-line correlation between both of the Mw values and a high 

R-squared value (R2 = 0.9891) were observed. According to the trendline equation (y = 0.9199x + 192.29), 

the Mw from THF was smaller than the Mw from DMSO/LiBr. From these results, we could confirm a 

good correlational relationship for the two SEC systems.  

 

 

 

 

 

 

 

 

 
 

Figure 9. Comparison of the resulting Mw values (from THF and DMSO/LiBr). 

 

Adjustment to an appropriate concentration of solvent is essential in the solvent fractionation process 

(Jääskeläinen et al, 2017). Therefore, the effect of the lignin’s moisture content in the four-step solvent 

fractionation was assessed. The results are shown in Table 2. The Mw was measured by SEC using 
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DMSO/LiBr as eluent. Both of the raw material’s moisture content was high (spruce lignin: 24.4%, 

eucalyptus lignin: 9.7%); therefore, both raw materials were dried overnight (24 hr) at room temperature.  

Table 2. The effect of moisture content on the yield and molecular weight of lignin fractions for solvent 

fractionations, as measured by SEC, LiBr/DMSO. 

 

Low moisture content High moisture content 

(Spruce: 6.4%, Eucalyptus: 5.1%) (Spruce: 24.4%, Eucalyptus: 9.7%) 

Yield Mn Mw PDI Yield Mn Mw PDI 

% g/mol g/mol - % g/mol g/mol - 

 SL Initial  - 1310 6840 5.2 - 1240 5660 4.6 

 SL EtOAc  24.5 410 890 2.2 35.2 740 1200 1.6 

 SL EtOH 32.5 1110 2330 2.1 19.4 1190 2280 1.9 

 SL MeOH 8.2 1560 3250 2.1 8.8 1530 3080 2.0 

 SL Acetone 14.7 3060 6530 2.1 6.4 2970 6360 2.1 

 SL Insoluble 20.0 6040 20920 3.5 30.3 3210 19930 6.2 

 HL Initial  - 560 2000 3.6 - 560 2000 3.6 

 HL EtOAc  35.2 350 710 2.0 43.1 410 840 2.1 

 HL EtOH 32.8 670 1340 2.0 27.8 730 1540 2.1 

 HL MeOH 15.4 1390 2600 1.9 11.1 1150 2570 2.3 

 HL Acetone 6.1 1690 3560 2.1 6.3 1530 3460 2.3 

 HL Insoluble 10.5 2800 9580 3.4 11.9 2600 8850 3.4 

 

For the spruce lignin, a remarkable difference was observed for SL EtOAc. For SL EtOAc, if we used a higher 

moisture content sample, the fractionation yield and Mw were higher than when using a lower moisture 

content sample. A similar trend was observed for HL EtOAc, but the difference for SL EtOAc was greater 

than for the eucalyptus fraction. The yield of the EtOH fraction for both spruce and eucalyptus were 

smaller if we used a high moisture content material due to the effect of increasing the yield of the EtOAc 

fraction. The yield of SL Acetone fraction was low if we used a high moisture content sample, and SL Insoluble 

showed a reverse trend. On the other hand, no significant difference was observed for HL MeOH, HL Acetone 

and HL Insoluble. These results indicate the necessity of adjusting the moisture content to obtain 

reproducible results.    

 

3.1.2  Fractionation yields and Mw obtained by a four-step solvent fractionation  

To ascertain the yield of the solvent fractionation for each lignin, fractionation using each solvent 

individually (one-step solvent fractionation) was carried out according to Duval et al (2016). Before the 
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fractionation procedure, the moisture content of the sample was adjusted to 5% (w/w). The correlation 

between the predicted and experimental yields is shown in Figure 10.  

 

 

Figure 10. Correlation between experimental yields and predicted yields obtained by one-step and four-

step solvent fractionation (Black: Spruce, Red: Eucalyptus).  

 

 

The main difference between the predicted and experimental yields concerns the EtOH fractions for both 

spruce and eucalyptus lignins. Such incongruence is due to the fact that removal of lower Mw lignin 

during the first EtOAc fractionation step allows a better permeability of EtOH into lignin materials during 

the next fractionation (EtOH) in the sequential four-step process, allowing a more efficient removal in 

comparison with direct (one-step) EtOH fractionation.  

Values for the predicted and experimental yields and Mw parameters are shown in Table 3. Molecular 

weight distribution curves obtained by SEC are shown in Figure 11 and 12. The obtained results were 

consistent with those previously described by Duval et al (2016), except for the predicted yield. For both 

the spruce and eucalyptus fractions obtained by the four-step solvent fractionation, the lowest Mw found 

for both EtOAc fractions, as well as the highest Mw, were for the insoluble fractions. The lowest Mw 

was 950 g/mol (HL EtOAc), and the highest was 19930 g/mol (SL Insoluble). PDI values were improved for 

both types of lignins as a result of solvent fractionation. The Mw of each spruce lignin fraction was 

generally higher than for the corresponding eucalyptus lignin fractions that were obtained with the same 
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solvents. However, it is possible to obtain fractions with similar Mw values when using different solvents; 

for example, SL EtOH (Mw: 2280) and HL Acetone (Mw: 2170) (Figure 12).  

 

 

Table 3. Yield and Mw of lignin fractions obtained by four-step solvent fractionation. 

 
Yield  Mn Mw PDI 

Predicted (%) Experimental (%) g/mol g/mol - 

 SL Initial  - - 1490 6650 4.5 

 SL EtOAc  24.5 24.5 740 1200 1.6 

 SL EtOH 14.6 32.5 1190 2280 1.9 

 SL MeOH 11.1 8.2 1530 3080 2.0 

 SL Acetone 19.1 14.7 2970 6360 2.1 

 SL Insoluble 30.7 20.0 3210 19930 6.2 

 HL Initial  - - 900 1980 2.2 

 HL EtOAc  36.2 35.2 650 950 1.5 

 HL EtOH 18.1 32.8 870 1390 1.6 

 HL MeOH 27.2 15.4 1220 2170 1.8 

 HL Acetone 4.4 6.1 1570 3150 2.0 

 HL Insoluble 14.1 10.5 1780 8570 4.8 
 
     
 

 
Figure 11. Molecular weight distribution curves for both spruce and eucalyptus lignin fractions obtained 

by four-step solvent fractionation (left: Spruce, right: Eucalyptus).  
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Figure 12. Comparison of Mw values for spruce and eucalyptus fractions obtained by  

four-step solvent fractionation. 

 

 

3.1.3  The effect of the fractionation on the functionality of lignin  

The content of functional groups for each lignin sample were calculated based on 31P NMR spectra using 

the peak assignments suggested by Balakshin et al (2015). Examples of the 31P NMR spectra for both 

Initial lignins are shown in Figure 13. Aliphatic hydroxyl groups (aliphatic-OH), carboxyl hydroxyl 

groups (carboxyl-group), phenolic hydroxyl groups (total phenolic-OH), guaiacyl condensed hydroxyl 

groups (G-cond-OH), syringyl hydroxyl groups (S-OH), guaiacyl non-condensed hydroxyl groups (G-

non-cond-OH) and p-hydroxyphenyl hydroxyl groups (p-H-OH) were obtained by quantitative 31P NMR 

spectroscopy (Figure 11, refer to Balakshin et al, 2015). The total 5-substituted hydroxyl group (total-5-

substituted-OH) was the sum of the syringyl, guaiacyl condensed and non-condensed hydroxyl groups.  
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Figure 13.  Example of 31P NMR spectra for both spruce and eucalyptus, Initial.  

 

 

Samples of 31P NMR spectra for both lignin fractions are shown in Figure 14. The calculated summary is 

shown in Figure 15 and Table 4. All spruce fractions contained higher amounts of aliphatic-OH, carboxyl 

groups, and total phenolic-OH compared with the eucalyptus fractions. For both types of lignin, EtOAc 

fractions had the lowest aliphatic-OH and the highest carboxyl group and total phenolic-OH contents; the 

insoluble fraction shows the reverse trend. A significant peak was observed between 146-147 ppm (Figure 

14, dotted line box), which corresponded to the shifts of phosphorylated alcohol groups in EtOH 

(Jääskeläinen et al, 2017; Pue et al, 2011). After fractionation, complete removal of EtOH was not 

achieved (Kalliola et al, 2012); therefore, residual EtOH remained in the lignin and carried over to the 

next fraction. These peaks included aliphatic-OH regions, and the effect of residual EtOH was between 

3.8~11.5%. 
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   Figure 14. Signal assignment of quantitative 31P NMR spectra (Left: Spruce, Right: Eucalyptus).  

 

 

 
Figure 15. Comparison the of solvent fraction contents of aliphatic-OH, carboxyl groups, and total 

phenolic-OH, and the ratio of guaiacyl-non-condensed-OH/guaiacyl-condensed-OH. 
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Table 4. Content of lignin fraction functional groups obtained by four-step solvent fractionation. 

 
G-cond-OH S-OH 

Total-5- 

substituted-OH 

G-non- 

cond-OH 
p-H-OH 

mmol/g mmol/g mmol/g mmol/g mmol/g 

 SL Initial  2.0 - 2.0 2.1 0.2 

 SL EtOAc  1.8 - 1.8 3.1 0.2 

 SL EtOH 2.1 - 2.1 2.3 0.2 

 SL MeOH 2.0 - 2.0 2.0 0.2 

 SL Acetone 2.2 - 2.2 1.7 0.2 

 SL Insoluble 1.6 - 1.6 1.3 0.2 

 HL Initial  0.9 2.3 3.2 0.9 0.1 

 HL EtOAc  0.8 3.0 3.8 1.1 0.1 

 HL EtOH 0.9 2.5 3.4 1.0 0.1 

 HL MeOH 0.9 2.1 2.9 0.9 0.1 

 HL Acetone 0.9 1.9 2.8 0.8 0.1 

 HL Insoluble 0.8 1.2 2.0 0.6 0.1 

 

 
Considering the ratio of G-cond-OH and G-non-condensed-OH (N/C ratio), both EtOAc fractions showed 

a higher N/C ratio and SL EtOAc (having the highest value) (Figure 15). The higher N/C ratio is related to 

a higher chemical reactivity (Gordobil et al, 2016); therefore, both EtOAc fractions could be suitable for 

various types of modifications for use in polymeric applications, such as in thermosets (Gioio et al, 2018).     

 

 

3.1.4  Structural characterization of lignin fractions by analytical pyrolysis  

One of the most common methods for the characterization of large and complex materials, especially 

those that are poorly soluble in organic solvents, is analytical pyrolysis (Faix et al, 1992; Meier et al, 

1992; Gutierrez et al, 1996; Rodriges et al, 2001; Ohra-aho et al, 2005; Ponomarenko et al, 2015; 

Svärdet al, 2016). The results of analytical pyrolysis, with a focus on the specific structural features, are 

reported in Table 5. The chemical composition of each fraction for both types of lignin are shown in 

Tables 6 and 7. The syringyl/guaiacyl ratios (S/G ratio), calculated from both the 31P NMR and Py-

GC/MS methods, are compared and shown in Figure 16.  

A previous study reported that higher contents of methoxylated lignin units, double bonds in the Cα 

position and units with shortened side chains ((ArC1+ArC2)/ArC3) in lignin pyrolysis products usually 

indicates a higher antioxidant activity (Ponomarenko et al, 2014; Pror et al, 2005; Dizhbite et al, 2004). 

Based on the results shown in Table 5, the highest value of (ArC1+ArC2)/ArC3 was for HL EtOAc; therefore, 
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this fraction was expected to have higher antioxidant activities than the corresponding spruce fractions 

(Ponomarenko et al, 2014).  

 

Table 5. Specific structural features of different types of lignins obtained by Py-GC/MS. 

 

Saturated 

side chain 

Cα=Cβ 

bonds 

O-atoms in  

side chain 
(ArC1+ArC2)/ArC3 

% % % - 

 SL Initial  33.5 19.0 10.9 2.9 

 SL EtOAc  30.3 15.4 12.5 3.4 

 SL EtOH 35.8 18.0 9.6 3.4 

 SL MeOH 38.8 15.9 9.8 3.7 

 SL Acetone 35.8 18.6 11.7 2.9 

 SL Insoluble 33.1 22.0 13.3 2.3 

 HL Initial  24.3 21.5 15.7 2.7 

 HL EtOAc  24.5 16.1 20.5 4.6 

 HL EtOH 29.9 21.7 10.0 2.8 

 HL MeOH 27.1 22.8 9.2 2.2 

 HL Acetone 26.9 24.1 11.5 1.9 

 HL Insoluble 22.3 32.1 12.0 1.5 

 

 

Both of the insoluble fractions had the highest content of carbohydrates compared with the Initial and 

other fractions; these results were similar to those previously reported (Sevastyanova et al, 2014; Duval 

et al, 2016). The lowest content of carbohydrates was in both of the acetone fractions; hence, the acetone 

fraction was expected to have higher thermal stability and higher HHV.  

Both EtOAc fractions had the highest contents of lignin derivates, despite the lowest Mw and PDI values, 

compared with the other fractions; therefore, we could conclude that the EtOAc fraction is the purest 

fraction. In addition, EtOAc fractions had higher contents of guaiacyl and syringyl derivates; therefore, 

they were expected to have higher antioxidant activities (Guera et al, 2006; Granata et al, 1995).  

Regarding the S/G ratio, the 31P NMR and Py-GC/MS results showed a clear linear correlation (Figure 

15). A previous study demonstrated that the S/G ratio was related to the pulping, bleaching and bioethanol 

production methods (Gonzalez-Vila, 1999; Yoo et al, 2018). For example, if the S/G ratio is higher, 

smaller amounts of active alkali were needed for pulping to obtain a similar kappa number; therefore, it 

has a positive effect on the bleaching process (Gonzalez-Vila, 1999).  
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Table 6. Composition of spruce lignin fractions determined by Py-GC/MS. 

    Initial EtOAc EtOH MeOH Acetone Insoluble 

Carbohydrates (C) 

 %, from 

chromatogram 

2.5 2.5 2.0 2.1 1.7 7.0 

Lignin derivates (L) 46.4 48.9 45.1 40.2 42.6 38.3 

Summary: C+L = 100% 48.9 51.4 47.1 42.3 44.3 45.2 

Summary: Carbon dioxide,  

  Methanal, Water, Methanol 
46.7 43.9 47.4 52.4 51.9 51.2 

S-containing 2.7 1.8 2.3 3.3 2.3 2.3 

Carbohydrates (C) %, from C+L 5.1 4.8 4.3 4.9 3.9 15.4 

  Acid, Ester 

%, from C 

26.2 23.5 31.9 31.6 39.7 20.5 

  Aldehyde, Ketone 21.0 13.0 16.7 10.1 21.3 39.2 

  Cyclopentane derivates 28.6 45.8 27.9 21.5 20.1 9.6 

  Furan 21.8 17.8 22.6 34.0 18.4 21.4 

  Pyran 2.4 0 1.0 2.9 0.6 4.2 

  Sugars 0 0 0 0 0 5.2 

Lignin derivates (L) %, from C+L 94.9 95.2 95.7 95.1 96.1 84.6 

  Guaiacyl derivates (G) 

%, from L 

83.8 84.6 84.6 82.2 82.7 85.3 

  Phenyl derivates  11.7 11.1 11.4 13.1 12.9 11.4 

  Benzyl derivates  4.6 4.3 4.0 4.7 4.4 3.3 
 

Table 7. Composition of eucalyptus lignin fractions determined by Py-GC/MS. 

    Initial EtOAc EtOH MeOH Acetone Insoluble 

Carbohydrates (C) 

 %, from 

chromatogram 

2.0 1.5 1.8 1.7 1.3 5.9 

Lignin derivates (L) 54.8 61.2 53.4 48.2 55.1 44.1 

Summary: C+L = 100% 56.8 62.6 55.1 50.0 56.4 50.0 

Summary: Carbon dioxide,  

  Methanal, Water, 

Methanol 
39.3 32.4 39.6 46.2 40.5 46.2 

S-containing 3.0 2.5 4.2 2.8 2.3 2.7 

Carbohydrates (C) %, from C+L 3.4 2.4 3.2 3.5 2.3 11.7 

  Acid, Ester 

%, from C 

35.9 57.1 47.7 44.5 54.3 22.0 

  Aldehyde, Ketone 14.9 12.1 16.5 16.8 18.6 31.7 

  Cyclopentane derivates 14.9 17.5 15.9 15.0 14.7 7.4 

  Furan 16.4 9.4 11.9 21.4 12.4 22.4 

  Pyran 2.6 0 0.6 2.3 0 10.8 

  Sugars 15.4 4.0 7.4 0 0 5.8 

Lignin derivates (L) %, from C+L 96.6 97.6 96.8 96.5 97.7 88.3 

  Guaicyl derivates (G) 

%, from L 

27.3 24.9 28.7 28.7 31.7 35.7 

  Syringyl derivates (S)   66.3 69.1 63.9 64.1 60.6 57.1 

  G+S derivates  93.6 94.0 92.6 92.7 92.3 92.9 

  Phenyl derivates 4.6 4.4 5.4 5.3 5.8 5.3 

  Benzyl derivates 1.8 1.6 2.0 2.0 1.9 1.8 
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Figure 16. S/G ratio (from 31P NMR) vs S/G ratio (from Py-GC/MS) obtained by sequential four-step 

solvent fractionation of eucalyptus lignin.  

 

 

 

3.1.5 Reproducibility and effect of reduction of the number of solvents 

To evaluate the effect of reducing the number of solvents used for the solvent fractionation process, two 

additional fractionation experiments were performed. One fractionation protocol used both the initial and 

two solvents for the sequential fractionation (so-called two-step fractionation). For spruce lignin, EtOAc 

and MeOH were used; for eucalyptus lignin, EtOAc and EtOH were used. The purpose was to assess the 

effect of reducing the number of solvents on the Mw and structural properties. The other protocol used 

only one solvent, EtOH (one-step fractionation).  

The results of the Mw and functional group contents are shown in Figure 17 and Table 8. The lignin 

fractions obtained by the four-step solvent fractionation are denoted as: SL EtOAc -4, SL EtOH -4, SL MeOH -4, 

SL Acetone -4, and SL Insoluble -4 (for spruce), and HL EtOAc -4, HL EtOH -4, HL MeOH -4, HL Acetone -4, and HL 

Insoluble -4 (for eucalyptus) fractions. Similarly, the two-step and one-step solvent fractions were named as 

SL EtOAc -2, SL MeOH -2, SL Insoluble -2, SL EtOH -1, SL Insoluble -1 and HL EtOAc -2, HL EtOH -2, HL Insoluble -2, HL 

EtOH -1, and HL Insoluble -1.  

A comparison of the results for SL EtOAc -4 and SL EtOAc -2, HL EtOAc -4 and HL EtOAc -2, and HL EtOH -4 and 

HL EtOH -2 demonstrated that the yield, Mw and content of functional groups were similar to the fractions 

obtained in the original experiment. This confirms the high reproducibility of the solvent fractionation 
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method as a means to obtain lignin samples with a specific Mw and certain functionality. If one of the 

fractionation steps was omitted, for example, in the case of the SL MeOH -2 (the EtOH fractionation step 

was skipped), the Mw was still comparable with that of SL MeOH -4, obtained by four-step solvent 

fractionation. However, the carboxyl group and total phenolic-OH contents were higher, and aliphatic-

OH was lower, than in SL MeOH -4; therefore, they were nearly the same as in SL EtOH -4, rather than SL 

MeOH -4. From these results, the functional group contents presented substantial differences, presenting 

values comparable with SL MeOH -4.   

A similar trend was observed when omitting the fractionation step of EtOAc. A comparison of the SL 

EtOH -4 and SL EtOH -1, and HL EtOH -4 and HL EtOH -1 results shows that the carboxyl group and total 

phenolic-OH contents for the one-step solvent fraction were higher than in the four-step solvent fraction. 

Similarly, the content of aliphatic-OH was lower for the one-step solvent fraction than the four-step 

solvent fraction. These results demonstrate a trend similar to the two-step fractionation protocol.  

Based on the above results, the robusticity of the solvent fractionation method, regarding the fractionation 

of lignin with a certain Mw, can be confirmed. This demonstrates the possibility to redesign the solvent 

fractionation procedure in such a way that the number of solvents involved can be reduced. However, the 

yield of the corresponding fractions is different; the functionality of lignins obtained by protocols with a 

different number of solvents will also vary.  

 
 

 
Figure 17. Mw of two-step fractionation (left, Spruce-2 and Eucalyptus-2) and 1-step fractionation 

(right, Spruce-1 and Eucalyptus-1) compared with the four-step fraction (Spruce-4 and Eucalyptus-4). 
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Table 8. Yield, Mw and content of functional groups of lignin fractions, obtained by four-step,  

two-step, and one-step solvent fractionation.  

  
Yield Mn Mw PDI 

Aliphatic 

-OH 

Carboxyl 

group 

Total  

phenolic-OH 

% g/mol g/mol - mmol/g mmol/g mmol/g 

 SL Initial  - 1490 6650 4.5 2.0 0.5 4.3 

 SL EtOAc -4 24.5 740 1200 1.6 0.9 0.7 5.0 

 SL EtOH -4 32.5 1190 2280 1.9 1.9 0.5 4.6 

 SL MeOH -4 8.2 1530 3080 2.0 2.0 0.3 4.2 

 SL Acetone -4 14.7 2970 6360 2.1 2.0 0.3 4.1 

 SL Insoluble -4 20.0 3210 19930 6.2 2.7 0.2 3.1 

 SL EtOAc -2 24.2 720 1160 1.6 0.8 0.6 5.0 

 SL MeOH -2 36.1 1420 2930 2.1 1.9 0.4 4.5 

 SL Insoluble -2 39.6 2490 11240 4.5 2.5 0.3 3.6 

 SL EtOH -1 39.1 730 1490 2.0 1.2 0.5 4.9 

 SL Insoluble -1 60.9 940 6310 6.7 2.7 0.3 4.2 

 HL Initial  - 900 1980 2.2 1.3 0.3 4.2 

 HL EtOAc -4 35.2 650 950 1.5 0.7 0.3 5.0 

 HL EtOH -4 32.8 870 1390 1.6 1.5 0.4 4.5 

 HL MeOH -4 15.4 1220 2170 1.8 1.8 0.3 3.9 

 HL Acetone -4 6.1 1570 3150 2.0 1.8 0.2 3.6 

 HL Insoluble -4 10.5 1780 8570 4.8 2.3 0.2 2.7 

 HL EtOAc -2 36.1 630 940 1.5 0.6 0.3 5.0 

 HL EtOH -2 31.0 870 1420 1.6 1.4 0.4 4.5 

 HL Insoluble -2 32.9 1450 5200 3.6 2.2 0.2 3.4 

 HL EtOH -1 54.3 550 950 1.7 1.1 0.3 5.1 

 HL Insoluble -1 45.7 810 4200 5.2 1.9 0.2 3.9 
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3.2  Properties of fractionated lignins (Paper Ⅰ) 

3.2.1  Antioxidant properties (DPPH●, ABTS●+ and ORAC assay)  

Due to the stricter regulations regarding the use of synthetic antioxidants, interest in the use of natural 

compounds derived from forestry and agricultural residues as a stabilizer in the food industry, cosmetics, 

pharmaceuticals and plastics has increased significantly in the past years (Pokorný, 1991; Brewer et al, 

2011; Masek et al, 2015; Cerruti et al, 2009; Samper et al, 2013). Lignin, consisting of polyphenolic units, 

has been proven to be a promising candidate for such applications.  

Results from the various antioxidant tests for selected lignin samples are presented in Table 9. The lowest 

Mw and higher (ArC1+ArC2)/ArC3 fractions were both found to be EtOAc fractions, and they are 

expected to have a higher antioxidant activity. For comparison, both initial LignoBoost kraft lignins, SL 

MeOH and HL Acetone were used in the test. The Initial sample was a blank, and the Mw values of SL MeOH 

and HL Acetone were approximately 3000 Da, with lower contents of total phenolic-OH. 

Compared with spruce fractions, the eucalyptus fractions generally demonstrated a higher antioxidant 

activity due to their higher purity. As expected, HL EtOAc demonstrated the highest antioxidant activity 

(lower IC50 values in the ABTS●+ and DPPH● assays and higher TE values in the ORAC test) (Table 9).  SL 

EtOAc demonstrated lower IC50 values in the ABTS●+ and DPPH● assays compared with the other spruce 

samples but had lower TE values in the ORAC test. SL MeOH showed better antioxidant activities than SL 

Initial, but HL Acetone showed lower antioxidant activities than HL Initial.   

 

Table 9. Antioxidant properties compared with Mw values of approximately 1000 and 3000. 

 
Mw 

Total  

phenolic-OH 
ABTS●+ DPPH● ORAC 

g/mol mmol/g IC50, mg/l IC50, mg/l mmol/g, TE 

 SL Initial  6650 4.3 5.5 ± 0.1 23.7 ± 0.9 9.1 ± 0.1 

 SL EtOAc  1200 5.0 3.7 ± 0.1 15.0 ± 0.2 5.6 ± 0.3 

 SL MeOH 3080 4.2 4.2 ± 0.2 18.6 ± 0.5 8.4 ± 0.2 

 HL Initial  1980 4.2 3.8 ± 0.1 13.0 ± 0.3 6.8 ± 0.2 

 HL EtOAc  950 5.0 3.0 ± 0.2 11.2 ± 0.3 10.0 ± 0.4 

 HL Acetone 3150 3.7 3.7 ± 0.1 14.3 ± 0.3 3.5 ± 0.3 
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3.2.2  Thermal properties and HHV  

The thermal stability of polymers is an important parameter to know for thermal processing and 

to establish service life conditions. Therefore, the thermal properties of lignin are important when 

considering the impact of lignin addition to the polymeric systems (Canetti et al, 2006; Canetti et 

al, 2007; Bertini et al, 2012; Kubo et al, 2004).  

The results of thermal degradation in both N2 and O2 atmospheres, as determined by TGA analysis, are 

shown in Table 10 and Figures 18 and 19. Regarding the thermal stabilities (measured as the temperature 

at 5% weight loss (T5%) in N2 atmosphere), higher Mw fractions demonstrated a higher thermal stability, 

as expected, except for the insoluble fraction. This behavior is probably due to differences in the 

carbohydrate impurities.  

 

Table 10. Thermogravimetric parameters of each type of lignin fraction (N2 and O2 atmosphere). 

  

N2 atmosphere O2 atmosphere 

T5% Tmax 
Residue at  

800 °C 
T5% Tmax 

Residue at  

800 °C 

  °C °C % °C °C % 

 SL Initial  276.3 395.4 41.3 239.7 450.0 0.5 

 SL EtOAc  211.3 362.9 34.9 212.8 471.3 0.3 

 SL EtOH 240.1 395.3 41.1 242.0 478.5 0.4 

 SL MeOH 255.0 395.6 43.9 234.7 412.9 1.2 

 SL Acetone 301.4 397.6 42.4 251.5 433.6 0.3 

 SL Insoluble 249.9 387.4 42.1 244.0 449.3 2.0 

 HL Initial  258.9 376.4 41.6 243.3 444.5 1.3 

 HL EtOAc  246.2 374.7 34.5 238.0 475.3 0.3 

 HL EtOH 239.0 372.2 38.8 236.3 443.3 0.8 

 HL MeOH 258.6 359.5 42.6 229.5 395.4 1.1 

 HL Acetone 280.0 367.6 43.3 234.3 386.5 0.4 

 HL Insoluble 251.2 359.6 40.2 227.8 361.9 5.6 

 

 

A higher residue was also observed for the fractions with increased average Mw due to the higher char 

formation. Similar results were reported for both of the kraft lignin fractions obtained by membrane 

filtration and solvent fractionation (Ponomarenko et al, 2014; Gordobil et al, 2016; Sevastyanova et al, 

2014). In general, higher Mw fractions demonstrated a higher thermal stability (Ponomarenko et al, 2014; 

Sevastyanova et al, 2014); however, both softwood and hardwood insoluble fractions, despite having the 



 

49 

 

highest Mw, had lower thermal stabilities than the initial lignin samples and some of the lower Mw 

fractions.    

On the other hand, a higher resistance to oxidative degradation was observed for low Mw fractions 

(measured as the maximum decomposition temperature (Tmax) in an O2 atmosphere). These results were 

coincided with the results of the antioxidant tests (EtOAc fractions, especially HL EtOAc, demonstrated the 

best antioxidant properties). A clear trend was observed for the eucalyptus fractions, with the higher Mw 

fractions showing lower resistance to oxidative degradation, and they correlated with (ArC1+ArC2)/ArC3 

in the O2 atmosphere (measured as Tmax, Figure 19). 

 

 

Figure 18. DTG curves of each spruce (left) and eucalyptus (right) lignin fraction. 
 

 

Figure 19. The correlation of Tmax between (ArC1+ArC2)/ArC3 and total G+S derivates. 
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The results of the proximate analysis and the calculated results of the heating values (HHV, MJ/kg) are 

shown in Table 11. The calculation of HHV was based on the work by Gordobil et al (2016). Gordobil 

used two equations to calculate the HHV of lignin samples, which were based on work by García and 

coworkers (Garcia et al.,2014) and on work by Cordero and coworkers (Cordero et al., 2001). The main 

difference in the calculation of HHV was the number of parameters that they used (see Experimental 

2.3.5). The correlation of HHV obtained by the two equations is shown in Figure 20. The calculated 

results of HHV were very similar, or slightly higher, when using García’s equation except for both of the 

EtOAc fractions. Cordero’s equation uses two parameters only. The content of fixed carbon is used in 

both equations; however, the content of volatiles is only used in Cordero’s equation. The EtOAc fraction 

had the highest content of volatiles, but the content of fixed carbon was significantly lower than that of 

other fractions. For Cordero’s equation, a higher content of fixed carbon correlated with a higher HHV 

that could be obtained. For these reasons, the HHV values obtained in the EtOAc fractions were 

significantly different, but if the content of fixed carbon was similar, one can expect very similar results 

from both equations (García et al, 2014 and Cordero et al, 2001).  

 

Table 11. Calculated results of HHV, proximate analysis obtained by TGA and elemental analysis.  

  
Volatiles 

Fixed  Organic  Ash  
C H S O 

HHV 

carbon matter content Cordero García 

% % % % % MJ/kg 

 SL Initial  64.7 32.7 100 0.1 66.2 4.7 2.0 26.9 22.6 23.1 

 SL EtOAc  76.2 22.0 99.8 0.2 67.8 5.1 2.5 24.5 20.8 22.1 

 SL EtOH 65.6 32.1 99.3 0.7 66.2 5.0 2.0 26.6 22.6 23.1 

 SL MeOH 61.6 34.5 97.7 2.3 64.7 4.9 2.2 28.0 22.8 23.0 

 SL Acetone 59.1 37.1 97.8 2.2 65.8 4.8 1.7 27.4 23.2 23.5 

 SL Insoluble 63.6 32.1 97.4 2.6 61.9 4.8 1.8 31.4 22.2 22.4 

 HL Initial  64.7 30.7 97.9 2.1 62.4 4.5 2.6 30.3 21.9 22.2 

 HL EtOAc  73.4 24.6 99.1 0.9 64.6 4.7 2.4 28.1 21.2 22.1 

 HL EtOH 65.1 31.5 98.3 1.7 62.6 4.6 2.5 30.0 22.3 22.5 

 HL MeOH 61.6 34.5 97.7 2.3 62.4 4.6 2.6 30.2 22.8 22.8 

 HL Acetone 59.5 37.6 98.6 1.4 62.8 4.7 2.3 30.0 23.5 23.3 

 HL Insoluble 62.0 29.0 92.9 7.1 56.7 4.5 2.6 36.0 20.9 21.0 
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Figure 20. Comparison of calculated results of HHV (Cordero and García equation). 

 

When comparing our calculated HHV results with those previously reported by Gordobile et al (2016), 

we can see that the HHV values obtained for spruce lignin (SL Initial) were similar, but the HHVs for 

eucalyptus lignin (HL Initial) showed a significant difference. In this work, the HHV was approximately 

4.0 MJ/kg higher than previously reported. The main reason for this was the contents of ash and volatiles 

in the lignin samples. In the current study, eucalyptus lignin has a lower content of ash and a higher 

content of volatiles (Table 11); therefore, the calculated results were higher than previously reported.  

Comparing all solvent fractions for both lignins, we expected that both insoluble fractions would have 

the highest HHVs. However, both of the acetone fractions demonstrated the highest HHVs, and the 

insoluble fractions had lower HHV values than the other fractions. The acetone fractions had higher 

contents of fixed carbon and lower contents of carbohydrates; therefore, they had the highest HHVs. On 

the other hand, the insoluble fractions had lower contents of fixed carbon and higher contents of ash, 

which negatively affected the HHV values. Previous studies have shown that the HHV of lignin is almost 

twice as high as that of carbohydrate (Lawoko et al, 2009); hence, the high content of carbohydrates can 

be one of the main reasons why the insoluble fractions show lower HHVs. 

 

 

 



 

52 

 

3.2.3  Adsorption of methylene blue dye  

Based on the results of the one-step and two-step solvent fractionation procedures, we selected the SL 

EtOH -1, SL Insoluble -2, HL EtOH -1 and HL Insoluble -2 fractions to test their sorption properties. The aim was 

to compare the lignin samples that showed a significant variation in their functional group content and 

molecular size. The choice of lignin fractions was based on the fact that the EtOH fractions have higher 

contents of total phenolic-OH and carboxylic acid groups than the insoluble fractions (Table 8 and 12). 

Both fractions have different contents of functional groups and molecular weight values compared with 

those of the initial lignins. Methylene blue (cationic) dye was used as a model compound, and the sorption 

test was performed in a neutral aqueous solution. 

The obtained results are presented in Table 12 and are shown in a diagram in Figure 21. As seen from 

Figure 21, there are similar tendencies in adsorption capacities of the Initial, EtOH -1 and Insoluble -2 

fractions of both spruce and eucalyptus lignins. Although, the adsorption capacity of Initial from spruce 

and eucalyptus was nearly the same, the capacity of EtOH -1 and Insoluble -2 was found to be higher for 

lignin from eucalyptus.  

 

Table 12. Methylene blue dye adsorption capacity of various types of lignins. 

Fraction 
Mw 

Total  

phenolic-OH 

Carboxyl 

group 

Adsorption 

capacity 
Error Error 

g/mol mmol/g mmol/g mg/g ± % 

 SL Initial  6650 4.3 0.5 25.9 2.6 10 

 SL EtOH -1 1490 4.9 0.5 26.9 5.4 20 

 SL Insoluble -2 11240 3.6 0.3 83.5 16.7 20 

 HL Initial  1980 4.2 0.3 26.1 3.9 15 

 HL EtOH -1 950 5.1 0.3 35.1 3.5 10 

 HL Insoluble -2 5200 3.4 0.2 101.5 5.1 5 

 

 

The highest adsorption capacities were observed for Insoluble -2 for both spruce and eucalyptus and were 

83.5 and 101.5 mg/g, respectively (Table 12). This could be related to the relatively higher content of 

aliphatic-OH and carboxyl groups, which likely operate as adsorption sites for positively charged dye 

molecules through electrostatic interaction. Additionally, the high Mw of Insoluble -2 and the presence 

of carbohydrates could be the reason for the retention of dye molecules in the canals and pores of the 

macromolecule fraction. These preliminary results indicate that the Insoluble -2 fraction of spruce and 
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eucalyptus lignin has a high potential to adsorb organic pollutants from aqueous solutions and could be 

applied in wastewater treatment processes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 21. Adsorption capacities of the Initial and fractionated spruce and eucalyptus lignin 

for methylene blue dye in a neutral medium. 
 

 

Many studies have attempted to use lignocellulosic materials, such as kraft lignins and lignosulfonates, 

for the removal of dyes and hazardous wastes (Basso et al (2002), Basso et al (2005), and Dupont et al 

(2003). These reports have suggested that technical lignin has much potential, and the main components 

of the adsorption of different dyes by wood-based materials includes lignin and cellulose. However, only 

a few studies have reported the correlation of using kraft lignin for the removal of methylene blue dye, 

and most of the previous reports did not describe the molecular mass contents of the lignocellulosic 

materials (Carrot et al, 2007).  

In Table 13, we summarize the comparative results of the methylene blue dye adsorption capacities of 

lignocellulosic materials based on the literature and on the current study. It can be clearly seen that both 

spruce and eucalyptus Insoluble fractions demonstrated the highest adsorption capacity when compared 

with other lignin-containing materials.  
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Table 13. Summarized results of methylene blue dye adsorption capacity of lignocellulosic materials.  

Lignin-containing material 
Adsorption  

capacity (mg/g) 
Reference 

 Raw Posidonia oceanica fibers 5.6  Ncibi et al, 2007 

 Organosolv lignin from rice straw 20.6  Zhang et al, 2016 

 SL Initial  25.9  This study 

 HL Initial  26.1  This study 

 SL EtOH -1 26.9  This study 

 Reticulated formic lignin from sugar cane bagasse 34.2  Consolin Filho et al, 2007 

 Pulasan peel 35.0  Ong et al, 2012 

 HL EtOH -1 35.1  This study 

 Rice husk 40.6  Vadivelan et al, 2005 

 Orange peel 48.3  Ong et al, 2012 

 Durian husk 48.5  Ong et al, 2012 

 Pineapple peel 50.5  Ong et al, 2012 

 Mangosteen peel 56.5  Ong et al, 2012 

 Treated walnut shells 65.7  Halysh et al, 2018 

 Pamelo peel 78.7  Ong et al, 2012 

 SL Insoluble -2 83.5  This study 

 HL Insoluble -2 101.5  This study 
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3.3  Additional fractionation of CFB lignin  

3.3.1  Mw and content of functional groups in CFB lignin  

In the current work, the additional effect of solvent fractionation on the kraft lignin obtained by membrane 

filtration using a molecular weight cutoff of 5000 Da (CFB lignin) was investigated. The four-step 

sequential solvent fractionation method was applied. The Mw and content of functional groups (aliphatic-

OH, carboxyl groups, and total phenolic-OH) are shown in Table 14. The initial Mw of CFB lignin is 

3030 Da. The PDI of CFB Initial lignin was smaller than that of SL Initial, and the content of total phenolic-

OH was larger than both the spruce and eucalyptus Initial lignin samples.  

 

Table 14. Mw and content of functional groups of CFB lignin. 

 
Mn Mw PDI 

Aliphatic 

-OH 

Carboxyl 

group 

Total  

phenolic-OH 

g/mol g/mol - mmol/g mmol/g mmol/g 

 SL Initial  1490 6650 4.5 2.0 0.5 4.3 

 HL Initial 900 1980 2.2 1.3 0.3 4.2 

 CFB Initial 1120 3030 2.7 1.6 0.4 4.8 

 

 

3.3.2  Composition of CFB lignin obtained by Py-GC/MS 

The results of the specific structural features and composition of CFB lignin that were obtained by 

analytical pyrolysis (Py-GC/MS) are reported in Tables 15 and 16. When compared to SL Initial and CFB 

Initial, no significant differences were observed in the content of saturated side chains, Cα=Cβ bonds, O-

atoms in the side chains, or calculated number of (ArC1+ArC2)/ArC3 (Table 15).  

The content of carbohydrates was very similar, but CFB Initial lignin had higher contents of lignin derivates 

and G derivates than did SL Initial (Table 16). Based on our previous results for spruce lignin samples, the 

higher content of G derivates indicate a positive effect on the thermo-oxidative stability; therefore, CFB 

Initial was expected to show positive results in the antioxidant tests and thermo-oxidative stability analysis.  

 

 

 

 

 



 

56 

 

Table 15. Specific structural features of CFB lignin obtained by Py-GC/MS. 

 

Saturated 

side chain 

Cα=Cβ 

bonds 

O-atoms in  

side chain 
(ArC1+ArC2)/ArC3 

% % % - 

 SL Initial  33.5 19.0 10.9 2.9 

 HL Initial 24.3 21.5 15.7 2.7 

 CFB Initial 31.5 20.0 13.7 2.9 
 

 

Table 16. Composition of CFB lignin obtained by Py-GC/MS. 

    SL Initial HL Initial CFB Initial 

Carbohydrates (C) 

 %, from 

chromatogram 

2.5 2.0 2.0 

Lignin derivates (L) 46.4 54.8 50.4 

Summary: C+L = 100% 48.9 56.8 52.3 

Summary: Carbon dioxide,  

  Methanal, Water, Methanol 
46.7 39.3 43.3 

S-containing 2.7 3.0 2.5 

Carbohydrates (C) %, from C+L 5.1 3.4 3.8 

  Acid, Ester 

%, from C 

26.2 35.9 26.8 

  Aldehyde, Ketone 21.0 14.9 17.2 

  Cyclopentane derivates 28.6 14.9 28.3 

  Furan 21.8 16.4 26.3 

  Pyran 2.4 2.6 1.5 

  Sugars 0 15.4 0 

Lignin derivates (L) %, from C+L 94.9 96.6 96.2 

  Guaicyl derivates (G) 

%, from L 

83.8 27.3 87.7 

  Syringyl derivates (S)   0 66.3 0 

  G+S derivates  83.8 93.6 87.7 

  Phenyl derivates 11.7 4.6 8.9 

  Benzyl derivates 4.6 1.8 3.3 

 

 

3.3.3  Antioxidant properties of CFB lignin  

The results from the various antioxidant tests for SL Initial, HL Initial, and CFB Initial are presented in Table 

17. As expected, CF Initial demonstrated higher antioxidant activities (lower IC50 values in ABTS●+ and 

DPPH● assays, and higher TE values in the ORAC test) than SL Initial. When compared with HL Initial and 

CF Initial, HL Initial demonstrated lower IC50 values in the DPPH● assays (no significant difference was 
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observed in ABTS●+) than CFB Initial, but the TE values in the ORAC test of CFB Initial were higher than 

HL Initial. In addition, CFB Initial lignin demonstrated the highest TE values in the ORAC test when 

compared to all other lignin samples. Considering these results, CFB Initial is expected to be very suitable 

for antioxidant applications.   

 

Table 17. Antioxidant properties of Initial spruce, eucalyptus and CFB lignin fractions. 

 
Mw 

Total  

phenolic-OH 
ABTS●+ DPPH● ORAC 

g/mol mmol/g IC50, mg/L IC50, mg/L mmol/g, TE 

 SL Initial  6650 4.3 5.5 ± 0.1 23.7 ± 0.9 9.1 ± 0.1 

 HL Initial 1980 4.2 3.8 ± 0.1 13.0 ± 0.3 6.8 ± 0.2 

 CFB Initial 3030 4.8 4.0 ± 0.1 16.8 ± 0.3 11.1 ± 0.2 

 

 

3.3.4  Fractionation yields and Mw obtained by the fractionation of CFB lignin  

The results of solvent fractionation (yield, Mw and PDI) for CFB Initial are shown in Table 18. A 

comparison of the Mw’s of the CFB lignin fractions and the spruce and eucalyptus lignin fractions is 

shown in Figure 22. As compared with the spruce fractions, the low Mw fractions, especially CFB EtOAc, 

demonstrated a higher yield than did SL EtOAc.  Accordingly, the yield of CFB EtOH was lower than SL EtOH 

because more lignin was dissolved in the first fractionation step The Mw of each CFB lignin fraction was 

higher than the eucalyptus fractions and lower than the spruce fractions. The highest Mw sample for 

Initial was SL Initial, followed by CFB Initial and HL Initial. The fractionation results of CFB lignin, in terms 

of Mw values, can be considered quite reasonable.  

 

    Table 18. Yield and Mw of CFB lignin fractions  

      obtained by four-step solvent fractionation. 
 

  
Yield Mn Mw PDI 

% g/mol g/mol - 

 CFB Initial  - 1120 3030 2.7 

 CFB EtOAc  35.0 630 960 1.5 

 CFB EtOH 28.3 840 1420 1.7 

 CFB MeOH 13.5 1170 2250 1.9 

 CFB Acetone 6.8 1860 4090 2.2 

 CFB Insoluble 16.4 1760 9320 5.3 
                                                 
                         Figure 22. Comparison of Mw for all fractions. 
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3.3.5 Content of functional groups in CFB lignin fractions  

The 31P NMR spectra of the CFB Initial and CFB lignin solvent fractions are shown in Figure 23.  The 

contents of functional groups (G-cond-OH, total-5-substituted-OH, G-non-cond-OH, p-H-OH, aliphatic-

OH, carboxyl group, and total phenolic-OH) and calculated ratio of G-non-condensed/G-condensed are 

shown in Table 19 and Figure 24.     

Among SL Initial, HL Initial, and CFB Initial, CFB Initial has the highest total phenolic-OH content and a higher 

aliphatic-OH group content than HL Initial; the highest aliphatic-OH group content was found in SL Initial. 

As a result, CFB lignin fractions have the highest total phenolic-OH, with CFB EtOAc having the highest 

value (5.6 mmol/g). A significant peak between 146-147 ppm was also observed, and the effects of 

residual EtOH on aliphatic-OH were between 4.9~6.1%.  

Significant differences were observed for the results of the G-non-condensed/G-condensed ratio. The 

trend was a same (the EtOAc fraction had the highest ratio, while the Insoluble fraction had the lowest), 

but the calculated results of the CFB lignin fractions were higher than those of the spruce and eucalyptus 

fractions (Figure 24). These results suggest that the CFB lignin fractions may be a potentially interesting 

candidates for chemical modification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23.  Signal assignment of quantitative 31P NMR spectra (CFB lignin fractions). 
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Figure 24. Solvent fraction contents of aliphatic-OH, carboxyl groups, total phenolic-OH, and ratio of 

guaiacyl-non-condensed-OH/guaiacyl-condensed-OH. 

 

 

Table 19. Content of functional groups of lignin fractions. 

 
G-cond-OH 

Total-5- 

substituted-OH 

G-non- 

cond-OH 
p-H-OH 

mmol/g mmol/g mmol/g mmol/g 

 CFB Initial  1.7 1.7 2.9 0.2 

 CFB EtOAc  1.6 1.6 3.8 0.2 

 CFB EtOH 1.8 1.8 3.0 0.2 

 CFB MeOH 1.9 1.9 2.3 0.2 

 CFB Acetone 2.0 2.0 2.1 0.2 

 CFB Insoluble 1.6 1.6 1.6 0.2 
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3.3.6  Thermal properties and HHV of CFB lignin fractions  

The thermal property analysis results obtained by TGA (N2 atmosphere) are shown in Table 20. The 

thermal stability (measured as T5% in N2 atmosphere) of the CFB lignin fractions was lower than the 

spruce lignin fractions. This can be due to the lower Mw. The results of the proximate analysis and the 

HHV calculated results are also shown in Table 20. The calculation formula for HHV was based on work 

by Cordero et al (2001). The CFB lignin fractions demonstrated a higher HHV than the spruce and 

eucalyptus fractions due to the higher content of fixed carbon. The highest HHVs were observed for the 

acetone fraction. These results suggest that CFB lignin fractions, especially CFB Acetone, could be a good 

candidate for use in biofuels.  

 

Table 20. Thermal stability, proximate analysis and HHV obtained by TGA. 

  N2 atmosphere O2 atmosphere   

  
T5% Tmax 

Residue at 

800 °C 
Volatiles 

Fixed  

carbon 

Organic  

matter 

Ash  

content 
HHV 

°C °C % % % % % MJ/kg 

 CFB Initial  258.0 383.5 40.7 65.6 31.7 99.6 0.4 22.5 

 CFB EtOAc  182.8 350.3 32.4 71.7 26.2 99.6 0.4 21.5 

 CFB EtOH 239.2 357.9 38.9 62.7 34.1 99.1 0.9 22.8 

 CFB MeOH 261.7 349.8 45.1 56.6 38.4 98.0 2.0 23.3 

 CFB Acetone 283.3 384.3 45.6 58.2 38.5 99.0 1.0 23.6 

 CFB Insoluble 265.7 372.5 42.1 57.1 35.6 95.7 4.3 22.4 
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3.4  Lignin-tunicate CNF-starch composite films (Paper Ⅱ)  

To evaluate the effect of each lignin fraction in the various types of composite films, we used tunicate 

CNF and starch to produce 100% bio-based films. Tunicates grow in the ocean, and their cellulose content 

is present as protein-cemented cellulose microfibrils (Zhao et al, 2016). Tunicates have many interesting 

characteristics. For example, the tunicate can undergo a chemical process as in kraft pulping that removes 

non-cellulose components, producing cellulose with high purity (Zhao et al, 2014). Tunicate cellulose 

differs from the cellulose originating from woody biomass; it has larger microfibrils, with different shape 

and higher purity (Zhao et al, 2017). After mechanical treatment, tunicate CNF with high crystallinity, 

large crystal size, high molecular weight, a large aspect ratio and excellent thermal stability are produced, 

which is further used as a reinforcement in many bio-based composite films (Zhao et al, 2015; Cao et al, 

2017).  

As described above, tunicate and tunicate CNF have many unique characteristics, but few studies have 

investigated the effects of lignin properties in tunicate CNF composite films. Therefore, the main purpose 

of this study was to investigate the relationship between lignin properties (i.e., Mw, content of functional 

groups, chemical structure) and film properties in 100% bio-based materials.  

 

3.4.1  Film appearance and morphology 

Both the spruce and eucalyptus lignin fractions obtained by the four-step solvent fractionation were used 

to prepare CNF-starch composite films (12 composite films, including one with each Initial lignin). A 

tunicate CNF-starch composite film, without any lignin fraction, was used as the blank sample in various 

tests. The purpose of this study was to evaluate the impact of lignin diversities in terms of molecular 

weight and functionalities on the performance of composite films.  

The digital photos of both the CNF-starch film and the various types of lignin-CNF-starch composite 

films are shown in Figure 25, and the results of transmittance tests are shown in Figure 26. Series A 

includes spruce fractions, and series B includes eucalyptus fractions. The number corresponds to each 

lignin fraction (1: EtOAc, 2: EtOH, 3: MeOH, 4: Acetone, 5: Insoluble). The blank CNF-starch film was 

colorless and showed high transmittance (46%). When compared to the blank sample, the transmittance 

of the lignin-CNF-starch films decreased by 6 to 18%. The primary factor for this was the color of the 

lignin fractions (brownish color); the darkness of the films was apparent, especially for the eucalyptus 
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lignin composites, which were darker than the spruce composites. There was a poorer distribution of the 

hardwood lignin fractions within the composite films compared with the softwood lignin fractions.  

 

 

Figure 25. Digital photos of CNF-starch film and lignin-CNF-starch films. 

(A: Spruce fractions, B: Eucalyptus fractions, 1: EtOAc, 2: EtOH, 3: MeOH, 4: Acetone, 5: Insoluble). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 26. Transmittance of lignin-CNF composite films containing various types of lignin fractions. 
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The SEM images of both the CNF-starch film and the lignin-CNF-starch films are shown in Figure 27. 

For all of the lignin-CNF composite films, except for A-4 and B-4, the lignin fractions were aggregated, 

and they formed different sizes of particles during film drying. A similar phenomenon was reported in 

previous studies (Baumberger et al, 1998; Baumberger et al, 1998), and the poor compatibility between 

lignin and starch was suggested as the main reason for particle formation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. SEM images of CNF-starch film and each type of composite film. 
 

 

When comparing the lignin particle size, both EtOAc fractions formed the largest particles, with a 

diameter of approximately 100~200 nm. The second largest particle size was found in both EtOH 

fractions (diameter of approximately 50 ~100 nm).  Interesting results were observed for the acetone 

fractions, no significant particles were observed in the composite films, and this resulted in the SL Acetone 

films having the highest transmittances (A-4: 18.2%). This might be due to the lignin’s higher solubility 

in acetone compared with other fractions. 
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3.4.2  Impact of lignin fractions on the mechanical properties of films  

The film density results are shown in Figure 28. The film density was correlated with certain lignin 

characteristics, especially aliphatic-OH content and Mw. Higher contents of aliphatic-OH made 

composite films denser due to the formation of hydrogen bonds between the cellulose and starch, which 

was related to the hydroxyl group and aliphatic-OH content of each lignin fraction. Regarding Mw and 

film density, film density was higher when higher Mw fractions were used. However, if the Mw was 

greater than 5000, the film density stabilized.  

 

 
 

Figure 28. The effect of aliphatic-OH content (left) and Mw (right) of lignin fractions on film density 

(Blue line: Blank film).  

 

 

The film mechanical properties results are shown in Figure 29. No clear correlation was observed when 

comparing the film density and the mechanical properties (tensile stress, tensile strain, Young’s modulus). 

However, we could observe significant effects on the film mechanical properties. Generally, tensile stress 

and tensile strain were higher if we added eucalyptus fractions rather than spruce fractions. The Young’s 
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modulus was nearly the same for films with similar film densities. These results correspond to those from 

a previous study (Baumberger et al, 1998).    

When comparing the content of total phenolic-OH and the Young’s modulus, higher total phenolic-OH 

fractions, especially SL EtOAc and HL EtOAc, demonstrated a higher Young’s modulus. The higher content 

of total phenolic-OH from lignin fractions enables the creation of hydrogen bonds with tunicate CNF in 

the composite films, reinforcing the network structure.  

 

 

Figure 29. The effect of lignin fractions on film properties (Blue line: Blank film). 

 

 

3.4.3  Impact of lignin fractions on the thermal stabilities of films 

To evaluate the effect of the various lignin fractions on the thermal stability and thermo-oxidative stability 

of composite films, TGA was performed in both an N2 and O2 atmosphere. All results are summarized in 

Table 21, and DTG curves for all composite films are shown in Figure 30.  
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In the N2 atmosphere, T5% of the blank CNF-starch film was 293.8 °C (shown in Table 21). This value 

was higher than that of all composite films (ranging between 278.7~291.3 °C); therefore, all  the lignin 

fractions had a negative effect on thermal stability. The T5% values for the spruce lignin fraction composite 

films were higher than those of the eucalyptus lignin fraction composite films; hence, adding spruce lignin 

fractions resulted in higher thermal stability. In the case of Tmax, no significant difference was observed 

between the spruce and eucalyptus lignin fractions. On the other hand, higher contents of residue at 

800 °C were observed in both the spruce and eucalyptus fraction composite films, which originated from 

the lignin component (Watkins et al, 2015). The lowest content of residue at 800 °C was seen in both of 

the EtOAc fractions, and the highest content of residue at 800 °C was seen in both of the Insoluble 

fractions.  

 

Table 21. T5%, Tmax, and residue at 800 °C of both spruce and eucalyptus lignin fraction composite 

films, obtained by TGA (in N2 and O2 atmospheres). 

  

TGA (N2) TGA (O2) 

T5% Tmax 
Residue at  

800°C 
T5% Tmax-1 Tmax-2 

Residue at  

800°C 

°C °C % °C °C °C % 

 Blank 293.8 354.7 10.3 281.0 325.2 423.6 0.8 

 SL Initial  283.5 354.8 17.2 281.0 319.0 433.2 0.5 

 SL EtOAc  278.7 359.9 12.4 279.3 320.1 443.8 0.6 

 SL EtOH 286.8 355.2 17.7 278.2 321.3 433.5 0.5 

 SL MeOH 286.8 354.2 16.4 284.2 321.5 425.9 0.9 

 SL Acetone 291.3 353.7 16.9 281.8 321.2 444.1 0.6 

 SL Insoluble 287.5 355.3 18.5 279.5 326.2 413.5 0.8 

 HL Initial  283.7 358.7 12.7 277.7 319.2 418.6 0.7 

 HL EtOAc  279.8 359.7 12.6 276.2 318.9 432.8 0.5 

 HL EtOH 281.5 355.9 15.8 274.7 311.4 439.4 0.4 

 HL MeOH 287.7 354.8 15.2 283.0 326.7 414.4 0.8 

 HL Acetone 289.7 356.2 14.6 284.5 326.1 419.9 0.8 

 HL Insoluble 287.8 357.6 17.4 278.7 331.3 384.4 1.3 
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Figure 30.  DTG curves of composite films containing spruce and eucalyptus lignin fractions. 

 

 

The thermo-oxidative stability was measured in an O2 atmosphere. When comparing the effect of the 

spruce and eucalyptus fractions on Tmax, no significant differences were observed in the N2 atmosphere, 

but in the O2 atmosphere two significant peaks were observed, between 300~350 °C (Tmax-1) and 

380~450 °C (Tmax-1), as shown in Figure 29. In the N2 atmosphere, only one peak was seen. Compared 

with the blank CNF film, the Tmax-1 was similar to that of all lignin-CNF composite films. However, for 

Tmax-2, some lignin-CNF composite films, especially SL EtOAc-, HL EtOAc-, and HL EtOH-containing films, 

demonstrated a higher Tmax-2. These results suggest that Tmax-2 might be more related to lignin degradation 

in the O2 atmosphere (Avelino et al, 2018). The residue at 800 °C was nearly the same for both the blank 

and composite films (Table 21).  

The correlation between lignin properties (Mw, content of total phenolic-OH, chemical structure 

(calculated results of (ArC1 + ArC2)/ArC3, percentage of saturated side chain) and the thermal properties of 

lignin-CNF composite films are summarized in Figure 31. When comparing the content of total phenolic-OH, 

(ArC1 + ArC2)/ArC3 and Tmax-2, higher values of total phenolic-OH and (ArC1 + ArC2)/ArC3 demonstrated 

higher thermo-oxidative stabilities of the corresponding lignin-CNF composite films in the O2 

atmosphere. As discussed in section 3.2.1 (antioxidant properties), the lignin fractions that have a higher 

value of (ArC1 + ArC2)/ArC3 demonstrated higher antioxidant capability. Our TGA results for the lignin-

CNF composite films in an O2 atmosphere were in close agreement with this. Fractions with a higher 
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content of total phenolic-OH obtained higher thermo-oxidative stability, and similar results were reported 

by Chenet al (2018) when investigating polypropylene-lignin composite films.   

 

 

Figure 31. The correlation between lignin properties (Mw, content of total phenolic-OH, and chemical 

structure) and composite films (Blue line: result of Blank film). 
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4. Conclusions  

• The solvent fractionation process of spruce and eucalyptus LignoBoost kraft lignin resulted in five 

different Mw fractions between 900~20000 Da and had low PDI values, in the range of 1.5~6.2. The high 

reproducibility of this solvent fractionation method with respect to the molecular weight was confirmed. 

The possibility to adjust the Mw and content of functional groups by using a combination of various 

solvents was demonstrated.  

• The lower Mw fractions, especially the EtOAc fractions, which contain a larger amount of phenolic 

groups, demonstrated higher resistance to oxidative degradation. These fractions also demonstrated 

higher antioxidant activities in various antioxidant tests, including DPPH● and ABTS●+ radical 

scavenging assays and an ORAC assay. Eucalyptus lignin fractions demonstrated higher antioxidant 

activity that spruce lignin fractions. The HL EtOAc fraction demonstrated the highest antioxidant activity 

in all of the applied antioxidant tests. This indicates that lower Mw fractions have a greater potential for 

use as antioxidants.  

• Conversely, the higher Mw fractions, especially the spruce and eucalyptus acetone fractions, 

demonstrated the best thermal stability and had high HHVs compared with original lignins and other 

lignin fractions. These results show that these Mw fractions (excluding the insoluble fractions) have the 

potential to be used in biofuels. Insoluble fractions demonstrated higher sorption properties than low Mw 

fractions; therefore, both of the Insoluble fractions have the potential to be used as sorbents in water 

purification.  

• Additional solvent fractionation of lignin using membrane fractionation (CFB lignin) was beneficial 

with respect to the PDI and for the preparation of lignin materials with improved properties, such as 

antioxidant or thermal properties. 

• The impact of the variations in lignin Mw and structure on the performance of composite materials, 

such as NFC-starch-lignin films, was investigated. Certain clear correlations were observed:  

 

 a.  The lignin aggregated to form particles in the composites due to their low compatibility with the 

        cellulose-starch composites, and the particle size was dependent on the extraction solvent used.  

 

    b.  Mechanically, the lignin imparted a lower tensile strain and higher Young’s modulus to the  

        films due to the inherent rigidity of lignin. 
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    c.  The thermal stability of the composite films in a nitrogen atmosphere had a clear positive   

  correlation with the molecular weight of softwood and hardwood lignin, but in general, the  

        addition of lignin somewhat deteriorated the thermal stability of the original film.  

 

    d.  The char formation was improved by the addition of the lignin fraction to the tunicate CNF-starch 

    films. Furthermore, the addition of lignin to the original composite films maintained or even  

    increased the thermo-oxidative stability of the films in oxygen. 

 

• In general, the study on the properties of CNF-starch-lignin films demonstrated the importance of lignin 

diversity on its utilization in composite materials. The origin-structure-performance relationships found 

in the current study are expected to facilitate lignin’s further development in the materials field. 
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Future work 

In summary, we could confirm a clear relationship between certain structural features in lignin fractions 

and the lignin properties. This information is very useful and provides us with a more informed choice of 

the fractionation method that will result in the desired lignin fractions with a specific Mw and content of 

functional groups for specific lignin-related applications.  

We will continue to investigate the relationships between the structural differences in lignin fractions and 

their influence in various industrial applications. Through our study, we would like to contribute to the 

development of the biorefinery field and expand the possibilities for wood and paper technologies that 

make efficient use of wood resources.  
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