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ABSTRACT 

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

heating values, and thermal and sorption properties of industrial hardwood and softwood kraft lignins. The 

aim was to develop a simple approach for the obtaining of lignin fractions with a tailored properties for 

the certain material applications.  Four common industrial solvents, namely, ethyl acetate, ethanol, 

methanol and acetone, in various combinations efficiently separated both spruce and eucalyptus kraft 

lignins into fractions with low polydispersities. The ethanol fraction of spruce and the ethyl acetate fraction 

of eucalyptus afforded the highest yields. 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 was 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, volatile components, organic matter and fixed carbon) were 

obtained through the direct measurement of weight changes in each experimental curve, and 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. The clear 



correlation between certain structural features in the lignin fractions and the properties of the lignin 

provides useful information for selecting the appropriate solvent combinations for specific applications of 

lignin raw materials, including as antioxidants, biofuels or sorbents in water treatment processes.  
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1. INTRODUCTION 

Based on increasing pressure to use biomass more efficiently, lignin has attracted renewed interest as a 

resource for various bioproducts (Duval et al., 2016; Laurichesse et al., 2014; Ragauskas et al., 2014). 

Lignin is a natural biopolymer composed entirely of aromatic moieties giving it a high carbon content, 

which makes it a unique precursor for a certain high-value applications, such as in biofuels, adhesives, 

carbon fibers and activated carbons and as a source of phenolic monomers and fine chemicals (Richard J. 

A. Gosselink, 2011). Lignin is generated in large quantities as the main byproduct from the pulp and paper 

industries. Based on the amount of chemical pulp produced annually, the amount of lignin generated 

annually is estimated to be approximately 70 Mt (Lora, 2008). However, the majority of the lignin from 

the pulp and paper industry is used for energy and is burned during the chemical recovery step. However, 

to increase pulp production, removing the surplus kraft lignin prior to the recovery boiler step and using 

the lignin for higher value applications can be beneficial (Nowak et al., 2018, Wallberg et al., 2003). A 

commercially available kraft lignin recovery process is the LignoBoost process, in which a portion of the 

kraft lignin dissolved in the black liquor is isolated by sequential precipitation based on variations in the 

pH (Tomani, 2010). Another technique with commercial potential is ultrafiltration of black liquor by using 

ceramic membranes with different molecular weight cut-offs. In this way, a lignin fraction with a certain 

molecular weight range can be selectively isolated from the black liquor (Colyar et al., 2008; Sevastyanova 

et al., 2014; Wallberg et al., 2003). The development of second-generation ethanol and various biorefinery 

processes that focus on the production of platform chemicals from the carbohydrate fraction of biomass 

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 (Rabinovich et al., 2015). 

In nature, lignin is one of the main components of wood and the second most abundant biomacromolecule. 

Chemically, lignin is composed of a combination of three main aromatic monomers: coumaryl alcohol, 

coniferyl alcohol and syringyl alcohol. The structure of technical lignins vary substantially from native 



lignin based on the extraction process used (sulfite, sulfate alkaline, organosolv, etc.) due to the harsh 

conditions involved, including high temperatures and the addition of various chemicals (Gellerstedt and 

Lindfors, 1984; Laurichesse et al., 2014). Technical isolation, in addition, further influences the natural 

heterogeneity of the material, resulting in chemically modified biopolymers of varied purity, 

polydispersity and functionality. Such heterogeneity is the main factor limiting the use of technical lignins 

in value-added applications (Vishtal and Kraslawski, 2011).   

Since molecular mass and polydispersity (as given by the polydispersity index (PDI)) are the most 

important parameters affecting the chemical reactivity and thermal properties of lignin, an additional 

pretreatment step to improve the quality of crude technical lignins, including kraft lignin, is necessary. 

Selective precipitation and ultrafiltration of the black liquor using ceramic membranes as well as solvent 

extraction are potentially useful techniques. Many researchers have examined and tried to improve solvent 

fractionation methods since the early 1980s (Mörck et al., 1986). Dichloromethane, methanol, propanol 

(Ponpmarenko et al., 2014), hexane (Wang et al., 2010), ethyl acetate (Li et al., 2012) and other solvents 

(Sun et al., 2000; Ropponen et al., 2011) have been applied to obtain different lignin fraction. In all cases, 

lignin fractions with lower average molecular weights (Mw values) and low PDI values could be obtained. 

However, some of these solvents (such as dichloromethane and hexane) have associated health and safety 

issues as well as undesired environmental impacts, and they must be replaced by more sustainable media. 

Based on these considerations, Duval et al. (2016) suggested a refining method for spruce LignoBoost 

kraft lignin involving only safe and environmentally friendly organic solvents that are already being used 

in the industry. They used four solvents (ethyl acetate: EtOAc, ethanol: EtOH, methanol: MeOH, and 

acetone) to obtain different Mw fractions in a range of 750-17740 g/mol based on the Hansen solubility 

parameters. Lignin fractions with improved PDI values were obtained according to this protocol. A similar 

approach using only “green” chemicals was applied by Jääskeläinen et al. (2017), and EtOH, acetone, 

propylene glycol monomethyl ether (PGME) were tested for the fractionation of industrial spruce kraft 

lignin from Metsä Fibre. The main difference between this protocol and the previously reported method 

was that aqueous solutions of the solvents were used to dissolve the lignin. The kraft lignin fractions of 

various Mw’s were precipitated by the addition of water as a nonsolvent. Such an approach can be useful 

when large quantities of moist industrial lignin need to be processed. However, large volumes of diluted 

solvents have to be handled, and the recovery of solvents can consume a substantial amount of energy. In 

recent a work (Lauberts et al., 2017), ionic liquids (ILs) based on 1-buthyl-3-methylimidazolium [Bmim] 

cation and chloride ([Bmim]Cl), dimethylphosphate ([Bmim]Me2PO4), acetate ([Bmim]OAc) and tosylate 

([Bmim]OTs) anions were used for the fractionation of alder soda lignin, a byproduct of the chemical 

processing of black alder wood. The purity and certain properties of the obtained fractions were compared 

with those of fractions obtained by sequential extraction with dichloromethane, n-propanol and methanol. 



The chemical characterization of the lignin fractions obtained by these methods showed decreased 

polydispersity and improved chemical reactivity, and the fractions were successfully used in adhesives 

(Gioia et al., 2018), as antioxidants (Aminzadeh et al., 2918; Luberts et al., 2017; Ponomarenko et al., 

2014) and as sorbents (Domínguez-Robles et al., 2018).  

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 extracted by four “green” solvents (EtOAc, 

EtOH, MeOH, acetone) which are commonly used in industry. The extraction yields, Mw values, 

antioxidant properties, higher heat values (HHVs) and sorption properties of spruce (softwood) and 

eucalyptus (hardwood) LignoBoost kraft lignin fractions were compared. Different combinations of the 

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

solvents combinations on the Mw and functionality was assessed. The overall goal was to develop a robust 

fractionation protocol for the obtaining of lignin fractions with predictable properties appropriate for the 

intended material uses. 

 

2. EXPERIMENTAL 

2.1 Materials 

Softwood (Norwegian spruce) and hardwood (Eucalyptus grandis) lignins with moisture contents of 6.4 

and 5.1% and ash contents of 0.6 and 1.2%, respectively, were obtained by the LignoBoost process 

(Tomani et al., 2010). EtOAc (ACS reagent, ≥ 99.5%) and EtOH (absolute) for extraction were purchased 

from Sigma-Aldrich. MeOH (analytical grade, MeOH) and acetone (GPR RECTAPUR, ≥ 99.5%) were 

purchased from VWR.  

All common chemicals, including methylene blue, glacial acetic acid, neat acetyl bromide, tetrahydrofuran 

(HPLC grade, THF), N,N-dimethylformamide (DMF), pyridine, endo-N-hydroxy-5-norbornene-2,3-

dicarboximide (e-HNDI), 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, and CDCl3-d, used in 

various analysis were of analytical grade and were purchased from Sigma-Aldrich, VWR, and Fisher 

chemical.  

 

2.2 Methods  

2.2.1 Solvent extraction 



Four solvent fractions were obtained according to the fractionation protocol suggested by Duval et al. 

(2016) as shown in Figure 1. Before extraction, the lignin samples were dried at a room temperature for 

one day (24 h) to adjust the moisture contents to approximately 5%. Lignin samples (20 g dry weight) 

were placed in 200 mL of solvent and stirred for 2 h. Then, 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 another solvent (in the solvent order of EtOAc, EtOH, MeOH, and 

acetone). The soluble fraction was concentrated on a rotary evaporator. After this, 60 mL of pure water 

was added, and the lignin sample was freeze dried for one day (24 h). The insoluble material in each of 

the solvents fractions was dried overnight in a vacuum oven at 40 °C. All yields were calculated based on 

the dry weight of the fractions.  

The lignin fractions were named based on their corresponding lignin source and the specific solvent used 

for fractionation, namely, SL EtOAc, SL EtOH, SL MeOH, SL Acetone, and SL Insoluble for spruce lignin (spruce 

LignoBoost lignin: SL Initial) and HL EtOAc, HL EtOH, HL MeOH, HL Acetone, and HL Insoluble for eucalyptus 

lignin (eucalyptus LignoBoost lignin: HL Initial).  

 

 

 

 

 

 

 

Figure 1. Scheme of solvent fractionation and names of the soluble and insoluble fractions. 

 

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 portions of sorbent samples in flasks containing 

25 mL of solutions of methylene blue dye of different concentrations ranging from 0.004 to 1 g/L at 25 °C 

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

paper filter. Spectrophotometric analysis of the methylene blue in the aqueous phase at equilibrium was 

performed using a UV-Vis spectrophotometer (Shimadzu, UV2550) with a square cuvette (optical path 



length l = 1 cm). The measurement was carried out at λ = 664 nm. The amounts of adsorbed substances 

were calculated from 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.  

 

2.3 Analysis 

2.3.1 Molecular weight determination 

Molecular weights were determined by size-exclusion chromatography (SEC) according to Guerra et al. 

(2006). A Waters instrument system (Waters Sverige AB, Sollentuna, Sweden) consisting of a 515 HPLC-

pump, 2707 autosampler and 2998 photodiode array detector (operated at 254 and 280 nm) was used for 

this analysis. Lignin samples (5 mg, moisture content was approximately 5%) were stirred for 2 h at room 

temperature in 900 μL of glacial acetic acid and 100 μL of acetyl bromide (Asikkala et al., 2012). After 

acetic bromination, the mixture of glacial acetic acid and acetyl bromide was removed under nitrogen (N2). 

The residue was dissolved in 1 mL of HPLC-grade tetrahydrofuran (THF), and the resulting solution was 

filtered through a 5-μm syringe filter.  

HPLC-grade THF that had been filtered through a 2-μm PTFE membrane filter and degassed was used as 

the mobile phase. The flow rate of the mobile phase was 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 the UV signal 

was recorded at 254 and 280 nm. Calibration was performed at 254 nm using polystyrene standards with 

nominal MW values ranging from 480 to 176,000 Da. The final analysis was performed using the intensity 

of the UV signal at 280 nm with the help of Waters Empower 3 build 3471 software. 

 

2.3.2 31P NMR analysis 

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

et al., 1995; Argryopolous, 1994). A lignin sample (28-32 mg) was weighed and dissolved in 100 µL of 

DMF and 100 µL of pyridine. Endo-N-hydroxy-5-norbornene-2,3-dicarboximide (e-HNDI) (Sigma-



Aldrich, 40 mg/mL) and chromium (Ш) acetylacetonate (Aldrich, 5 mg/mL) were used as an internal 

standard and relaxation reagent, respectively. In addition, 2-chloro-4,4,5,5-tetramethyl-1,3,2-

dioxaphospholane was used as a phosphorylating reagent, and the derivatized sample was dissolved in 

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 were collected 

for a total runtime of 29 min.  

 

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

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

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

sample was used for analysis (residual moisture content <1%). The oven program was as follows: held at 

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

were identified based on the 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 areas of the relevant peaks were summed and normalized to 100%; the data 

for five repetitive pyrolysis experiments were averaged. The 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 the corresponding component divided by 

the sum of the area of all used peaks multiplied by 100% (Alves et al., 2006). The areas originating from 

CO2 and peaks from carbohydrates and lignin that overlapped with minor products were not used for the 

calculations. The retention times of the peaks used for quantification were between 6 and 53 min. 

2.3.4 Thermogravimetric analysis 

Thermogravimetric analyses were carried out with a TGA/SDTA851 METTLER TOLEDO. The thermal 

degradation behaviors of the lignins were determined by testing 5-10 mg samples under a N2 atmosphere 

(50 mL/min) at a heating rate of 10 °C /min from 25 °C to 800 °C as described earlier (Gordobil et al., 

2016). To compare the resistance of lignin fractions to oxidative degradation, they were tested in an 

oxygen (O2) atmosphere (50 mL/min) using the same heating rate and temperature range as used in 

experiments with N2 (Ponomarenko et al., 2014).   

For a proximate analysis, the atmosphere was switched from N2 to O2 during one run. This 

thermogravimetric method consisted of a heating ramp of 50 °C/min from 25 °C to 120 °C (3 min) 

followed by a new 100 °C/min heating ramp from 120 °C to 950 °C. Then, the samples were cooled to 

450 °C and reheated to 800 °C under an O2 atmosphere (Moriana et al., 2014). The proximate analysis 



data (ash, volatile content, organic matter and fixed carbon) were obtained through the direct measurement 

of weight changes in each experimental curve as shown in Figure 2. The HHV (MJ/kg) was calculated 

according to the following equations suggested by García et al. (2014):   

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

(127.7*Content of carbon) + (19.6*Content of oxygen)                      (2) 

 

Figure 2. Example graph of proximate analysis using both N2 and O2 atmospheres.  

 

 

2.3.5 Elemental analysis 

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

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

of 1:1 to 1:3 depending on the nature of the sample), which prevented contact between the glass column 

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

placed into the device autosampler.  

2.3.6 Antioxidant tests 

The antioxidant activity of each lignin fraction was evaluated according to methods published earlier 

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

was performed as described by Dizhbite et al. (2004). The absorbances of the lignins and DPPH● solutions 

were measured at 517 nm 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 an absorbance of 0.800 ± 0.030 at 734 nm and then 

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

ABTS (2 mM) with 50 mM PBS (containing 8.18 g of NaCl, 0.27 g of KH2PO4, 3.58 g of NaHPO4 x 

11H2O, and 0.15 g of KCl in 1 L of distilled water). If necessary, the pH of each solution was adjusted to 

7.4 with 0.1 M NaOH. The ABTS●+ solution was produced by mixing 50 mL of stock solution with 200 

μL of K2S2O8 (70 mM) aqueous solution. The mixture was kept in the dark at room temperature for 15-

16 h before use. The sample solution (0.03 mL) was mixed with 3 mL of the ABTS●+ solution in a 

microcuvette with a path length of 1 cm. The absorbance at 734 nm was read at room temperature after 

10 min. A PBS solution was measured as the blank sample. The IC50 value is the concentration of an 

antioxidant required to inhibit 50% of free DPPH· and ABTS radicals. Lower IC50 values are associated 

with higher radical scavenging activities. In this test, the IC50 of the reference antioxidant, Trolox (6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, a water-soluble derivative of vitamin E), was 

(4.1±0.2) mg/L. An ORAC assay was performed according to the method described by Prior et al. (2005) 

with a FLUOstar Omega microplate reader (BMG LABTECH, Germany). A 96-well plate was used, and 

the fluorescein solution was added to blank solution, Trolox, and a lignin sample. The microplate was 

covered and incubated in the microplate reader for 15 min at 37 °C. Then, an AAPH solution was injected 

into the wells using a multichannel pipette, and the fluorescence (Ex. 485 nm, Em. 520 nm) was measured 

every 66 s for approximately 90 min (81 cycles). The final ORAC values were calculated using the 

regression equation (Y = aX + b) between the Trolox concentration (50 to 200 μM in PBS) and the net 

area under the fluorescein decay curve. The antioxidant activities of the lignin samples determined in the 

ORAC assay are expressed in terms of Trolox equivalent (TE) antioxidant capacity for one gram of a 

sample. A higher TE value indicates a higher antioxidant capacity. 

 

3. RESULTS AND DISCUSSIONS  

3.1 Yield, molecular weights and structural diversities of the lignin fractions  

Spruce and eucalyptus kraft lignins were refined by a sequential four-step solvent fractionation process 

involving EtOAc, EtOH, MeOH and acetone, resulting in five fractions for each sample including the 

remaining insoluble residue. Additionally, to predict the yield for each individual fractionation step, one-

step fractionations using each solvent directly as described in Duval et al. (2016) were performed for both 

lignin samples. Before the fractionation procedure, the moisture contents of the lignin samples were 

adjusted 5% w/w since a higher humidity in the starting materials could lower the concentration of solvent 

and affect the Mw of the resulting fraction.   



A comparison of the predicted and experimental yields is shown in Figure 3. The main discrepancy for 

both lignin samples concerns the EtOH fraction. This incongruence could be explained by the fact that the 

removal of lower Mw lignins during the initial EtOAc fractionation step allows EtOH to better permeate 

the lignin material during the subsequent step, improving the efficiency of the lignin extraction and thus 

increasing the yield relative to the direct application of EtOH.   

 

 

 

 

 

 

 

 

 

Figure 3. Experimental yields vs predicted yields obtained by direct (one-step) and sequential (four-step) 

solvent fractionation (Black color: Spruce, Red color: Eucalyptus) 

 

The Mw values, the yields of the soluble fractions, and the Mw distributions curves for the obtained 

samples are shown in Table 1 and Figures 3 and 4. Most of the obtained results, except for the predicted 

yields, are consistent with those previously described by Duval et al. (2016). For both the spruce and 

eucalyptus fractions obtained from the sequential four-step solvent fractionation process, the lowest Mw 

values (around or just above 1000 g/mol) were recorded for the EtOAc fractions, and the highest Mw 

values (8000-20000 g/mol) for both spruce and eucalyptus lignins were reordered for the insoluble 

fractions. The 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 eucalyptus lignin fraction obtained 

with the same solvent. However, it is possible to obtain fractions with similar Mw values when using 

different solvents, for example, SL MeOH (Mw: 3080) and HL Acetone (Mw: 3150) (Figure 5).  

 

 

 



Table 1. Yields and Mw values of lignin fractions obtained by sequential four-step solvent fractionation.  

  
Yield Mn Mw PDI 

% g/mol g/mol - 

 SL Initial  - 1490 6650 4.5 

 SL EtOAc  24.5 740 1200 1.6 

 SL EtOH 32.5 1190 2280 1.9 

 SL MeOH 8.2 1530 3080 2.0 

 SL Acetone 14.7 2970 6360 2.1 

 SL Insoluble 20.0 3210 19930 6.2 

 HL Initial  - 900 1980 2.2 

 HL EtOAc  35.2 650 950 1.5 

 HL EtOH 32.8 870 1390 1.6 

 HL MeOH 15.4 1220 2170 1.8 

 HL Acetone 6.1 1570 3150 2.0 

 HL Insoluble 10.5 1780 8570 4.8 
 
 

 

Figure 4. Molecular weight distributions curves for spruce and eucalyptus lignin fractions obtained by 

sequential four-step solvent fractionation (left: Spruce, right: Eucalyptus). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Comparison of Mw values for spruce and eucalyptus fractions obtained by four-step 

fractionation.  



 

The contents of functional groups in the initial lignin samples and in the solvent fractions were calculated 

based on the 31P NMR spectra using the peak assignments suggested by Balakshin et al. (2015). The 31P 

NMR spectra for both the spruce and eucalyptus fractions are shown in Figures S1 and S2. The contents 

of aliphatic hydroxyl groups (aliphatic-OH), carboxyl groups, and total phenolic groups (total phenolic-

OH) are shown in Figure 6. The contents of guaiacyl-condensed-hydroxyl groups (G-cond-OH), guaiacyl-

noncondensed-hydroxyl groups (G-non-cond-OH), syringyl hydroxyl groups (S-OH), 5-substituted 

phenolics (total 5-substituted-OH, sum of S-OH and G-cond-OH), p-hydroxyphenyl hydroxyl groups (p-

H-OH) are summarized in Table 2. The ratio of the contents of noncondensed (G-non-cond-OH) to 

condensed (G-cond-OH) phenolic units (N/C ratio) is also given in Figure 5. The spruce fractions 

generally contained higher amounts of aliphatic-OH groups, and both the spruce and eucalyptus EtOAc 

fractions contained the lowest aliphatic-OH and the highest total phenolic-OH contents. The insoluble 

fractions showed the opposite trend, the highest aliphatic-OH and lowest total phenolic-OH contents are 

shown in Figure 5. A significant peak was observed between 146-147 ppm (shown in Figure S-2, 

surrounded by a broken line), and this peak corresponds to the shifts of the phosphorylated alcohol groups 

in EtOH (Jääskeläinen et al., 2017, Pue et al., 2011). After solvent fractionation, complete removal of the 

EtOH was difficult (Kalliola et al., 2012), so residual EtOH carried forward into the next fraction. The 

peak from the EtOH was in the aliphatic-OH region, and the effect of the residual EtOH was between 

3.8~11.5%. The presence of S-OH was detected only in the eucalyptus lignin fractions, and HL EtOAc had 

the highest content of S-OH. No significant difference was observed in the contents of p-H-OH based on 

lignin origin or solvent applied. The N/C ratio can be an indirect indicator of the reactivity of the lignin 

material (Gordobil et al., 2016). Both EtOAc fractions show high N/C ratios, with the spruce EtOAc 

fraction having the highest value (Figure 6). This lignin fraction could be a good candidate for chemical 

modification for use in polymeric applications such as in thermosets (Gioio et al., 2018).  

 



 

Figure 6. Contents of functional groups (aliphatic-OH, carboxyl group, and total phenolic-OH) and the 

ratio of G-non-cond-OH/G-cond-OH in the fractions obtained by four-step solvent fractionation (from 

31P NMR). 

 

Table 2. Contents of G-cond-OH, S-OH, total-5-substituted-OH, G-non-cond-OH, and p-H-OH in 

fractions obtained by four-step solvent fractionation (from 31P NMR). 

  

G-cond- 
S-OH 

Total-5- G-non- 
p-H-OH 

OH substituted-OH cond-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 2.1 - 2.1 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 



 

3.2 Characterization of the lignin fractions by Py-GC/MS  

Analytical pyrolysis is a common tool for the characterization of macromolecular materials that are poorly 

soluble in organic solvents (Faix et al., 1992). The results of analytical pyrolysis are shown in Table 3. 

The insoluble fractions have the highest contents of carbohydrates, while the acetone fractions showed the 

lowest. The trend in these results is similar to that of the content of carbohydrates that was reported earlier 

(Sevastyanova et al., 2014; Duval et al., 2016); these functional groups accumulated in the higher Mw 

fractions and especially in the insoluble fractions. A previous study showed that low Mw fractions 

obtained by membrane ultrafiltration tend to have higher sulfur contents (Sevastyanova et al., 2014); 

however, in our work, no significant difference was observed, which could be due to the different method 

of fractionation (using porous membranes compared to solubilization of the lignin in a certain organic 

solvent). The EtOAc fractions had the lowest Mw values, lowest polydispersities and had the highest 

contents of lignin derivates, making these fractions the purest. The highest polydispersities and the lowest 

contents of lignin derivatives were observed in the insoluble fractions. These fractions also contained the 

highest contents of degradation products such as carbon dioxide, methanal, water, and methanol, 

confirming the presence of various nonlignin impurities in the samples. 

Compared with the eucalyptus fractions, the highest content of guaiacyl derivates (G) was in the HL EtOAc 

fraction, and HL Insoluble had the lowest content. Interestingly, the contents of syringyl derivates (S) follow 

the opposite trend; the HL Insoluble fraction had the highest content, and the HL EtOAc fraction had the lowest 

content. Since lignins with higher contents of lignin derivates according to analytical pyrolysis usually 

have higher antioxidant activities (Guera et al., 2006; Granata et al., 1995), both EtOAc fractions were 

expected to demonstrate higher antioxidant activities than other fractions.  

Concerning the S/G ratio, both 31P NMR and Py-GC/MS showed clear correlations (Figure 7). A previous 

study showed that the S/G ratio in native lignin can vary significantly based on the pulping, bleaching and 

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

ratio is higher, a smaller amount of active alkali is needed for pulping to obtain a similar kappa number 

(Gonzalez-Vila, 1999). The S/G ratio may also have an important effect on the chemical reactivity of 

various technical lignins.  

 

  

 

 



 

Table 3. Composition of the lignin fractions obtained by four-step solvent fractionation  

as determined by Py-GC/MS/FID analysis. 

      Initial EtOAc EtOH MeOH Acetone Insoluble 

SL 

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 

Sulfur content 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  

%, 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 

HL 

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 

Sulfur content 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 

  Guaiacyl derivates  

%, from L 

27.3 24.9 28.7 28.7 31.7 35.7 

  Syringyl derivates  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 



   

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Correlation between the S/G ratio obtained from 31P NMR and Py-GC/MS for the eucalyptus 

lignin fractions obtained by sequential four-step solvent fractionation. 

 

 

3.3 Thermal and proximate analysis of fractionated lignin 

The results of the thermal properties obtained by TGA (both N2 and O2 atmospheres) are shown in Table 

4 and Figure 8. The thermal stabilities of the lignin fractions (measured as the temperature at which 5% 

weight loss was obtained (T5%) on a dry basis in a N2 atmosphere), as expected, increased with increasing 

Mw (Ponomarenko et al., 2014; Sevastyanova et al., 2014). The exceptions to this trend were the softwood 

and hardwood residual fractions. These fractions demonstrated higher thermal stabilities than the initial 

lignin samples, but their degradation seemed to start at a lower temperature than was observed for the 

ethanol-acetone fractions. The maximum degradation temperatures (Tmax values) were also lower for the 

insoluble fractions. This behavior is probably due to the presence of carbohydrate impurities.   

More residue was also observed for the fractions with higher Mw values due to greater char formation. 

Similar results were reported for the kraft lignin fractions obtained by both membrane filtration and solvent 

extraction (Ponomarenko et al., 2014; Gordobil et al., 2016; Sevastyanova et al., 2014).  

 

 

 



 

Table 4. Thermogravimetric parameters of different types of lignins (both N2 and O2 atmospheres). 

  

Results from N2 atmosphere Results from O2 atmosphere 

T5% Tmax 
Residue at  

800 °C 
T5% Tmax 

Residue at  

800 °C 

  °C °C % °C °C % 

 SL Initial  276.3 ± 2.1 395.4 ± 1.4 41.3 ± 0.5 257.3 ± 0.0 450.0 ± 11.1 0.5 ± 0.5 

 SL EtOAc  211.3 ± 2.8 362.9 ± 5.9 34.9 ± 0.3 221.3 ± 2.4 471.5 ± 7.1 0.5 ± 0.0 

 SL EtOH 240.1 ± 1.1 394.0 ± 2.0 41.1 ± 1.4 259.1 ± 2.2 475.1 ± 4.8 0.5 ± 0.3 

 SL MeOH 255.0 ± 1.7 395.6 ± 0.3 43.9 ± 0.8 245.5 ± 1.4 412.9 ± 2.6 1.2 ± 0.1 

 SL Acetone 301.4 ± 0.8 397.6 ± 0.0 42.4 ± 0.2 258.4 ± 0.6 433.6 ± 6.7 0.3 ± 0.0 

 SL Insoluble 249.9 ± 2.5 387.4 ± 0.5 42.1 ± 0.1 250.5 ± 0.2 445.7 ± 0.8 2.0 ± 0.1 

 HL Initial  258.9 ± 1.3 376.4 ± 2.1 41.6 ± 0.2 259.3 ± 0.8 444.5 ± 3.6 1.3 ± 0.1 

 HL EtOAc  246.2 ± 3.1 374.7 ± 4.1 34.5 ± 0.5 243.2 ± 1.6 475.3 ± 10.8 0.3 ± 0.2 

 HL EtOH 239.0 ± 3.5 374.0 ± 3.3 38.8 ± 1.7 247.6 ± 3.9 443.3 ± 3.5 0.8 ± 0.2 

 HL MeOH 258.6 ± 0.4 359.5 ± 5.6 42.6 ± 0.9 239.1 ± 1.1 395.4 ± 3.2 1.1 ± 0.3 

 HL Acetone 280.0 ± 0.5 368.6 ± 3.7 43.3 ± 1.2 238.9 ± 1.1 387.5 ± 1.1 0.5 ± 0.0 

 HL Insoluble 251.2 ± 2.1 359.6 ± 0.7 40.1 ± 0.2 234.3 ± 0.1 364.7 ± 5.6 5.7 ± 0.0 

 

 

In contrast, greater resistance to oxidative degradation was observed for low Mw fractions (measured as 

the maximum decomposition temperature (Tmax) in an O2 atmosphere). A clear trend was observed for the 

eucalyptus fractions; higher Mw fractions showed lower resistances to oxidative degradation. These 

results suggested that low Mw fractions may have higher antioxidant activities, especially the HL EtOAc 

and HL EtOH fractions.  

 
Figure 8. DTG curves of spruce and eucalyptus lignin fractions obtained by four-step  

sequential solvent fractionation. 



 

The results of the proximate analysis, elemental analysis and calculated results of HHV (MJ/kg) are shown 

in Table 5. HHV was calculated based on the equations suggested by Garcia et al. (2014). The HHV of 

SL Initial was similar to the value reported previously, but the HHV of HL Initial was substantially different 

from that reported by Gordobil et al. (2016) (our result was approximately 4.0 MJ/kg). The main reason 

for the discrepancy was the contents of ash and volatile compounds, and the eucalyptus lignin used in the 

current work has a lower content of ash and a higher content of volatile compounds, which resulted in the 

HHV values determined here being greater. Based on the elemental analysis results, the EtOAc fractions 

had the highest contents of carbon, while the insoluble fractions had the lowest. No significant difference 

was observed in the content of sulfur, and these results were consistent with the Py-GC/MS results.    

Typically, samples with higher Mw values had higher HHVs, so the insoluble fractions were expected to 

demonstrate the highest HHVs. However, compared to the original lignin samples, the acetone fractions 

demonstrated highest HHVs, and the insoluble fractions had lower HHVs than the other fractions. The 

acetone fractions had higher contents of fixed carbon and lower contents of carbohydrates, which resulted 

in the highest HHVs. On the other hand, based on elemental analysis, the insoluble fractions had lower 

contents of fixed carbon and lower contents of carbon because of their high contents of carbohydrates and 

ash. Previous studies show that lignin’s HHV was almost twice as high as that of carbohydrates (Lawoko 

et al., 2009), meaning that the high contents of carbohydrates are the main reason why the insoluble 

fractions show lower HHVs.  

Table 5. HHV, proximate analysis obtained by TGA and elemental analysis (%, dry basis). 

  
Volatiles 

Fixed  

carbon 

Organic  

matter 

Ash  

content 
C H S O HHV 

% % % % % % % % MJ/kg 

 SL Initial  64.7 ± 0.1 32.7 ± 0.2 100.0 ± 0.0 0.1 ± 0.0 66.2 4.7 2.0 26.9 23.1 

 SL EtOAc  76.2 ± 0.5 22.0 ± 0.1 99.8 ± 0.3 0.2 ± 0.3 67.8 5.1 2.5 24.5 22.1 

 SL EtOH 65.6 ± 0.6 32.1 ± 0.2 99.3 ± 0.9 0.7 ± 0.9 66.2 5.0 2.0 26.6 23.1 

 SL MeOH 61.6 ± 0.5 34.5 ± 0.3 97.7 ± 0.2 2.3 ± 0.2 64.7 4.9 2.2 28.0 23.0 

 SL Acetone 59.1 ± 0.6 37.1 ± 0.2 97.8 ± 0.8 2.2 ± 0.8 65.8 4.8 1.7 27.4 23.5 

 SL Insoluble 63.6 ± 0.4 32.1 ± 0.3 97.4 ± 0.7 2.6 ± 0.7 61.9 4.8 1.8 31.4 22.4 

 HL Initial  64.7 ± 0.3 30.7 ± 0.1 97.9 ± 0.2 2.1 ± 0.2 62.4 4.5 2.6 30.3 22.2 

 HL EtOAc  73.4 ± 0.3 24.6 ± 0.6 99.1 ± 0.3 0.9 ± 0.3 64.6 4.7 2.4 28.1 22.1 

 HL EtOH 65.1 ± 0.5 31.5 ± 0.5 98.3 ± 0.1 1.7 ± 0.1 62.6 4.6 2.5 30.0 22.5 

 HL MeOH 61.6 ± 0.5 34.5 ± 0.3 97.7 ± 0.2 2.3 ± 0.2 62.4 4.6 2.6 30.2 22.8 

 HL Acetone 59.5 ± 0.7 37.6 ± 0.6 98.6 ± 0.1 1.4 ± 0.1 62.8 4.7 2.3 30.0 23.3 

 HL Insoluble 62.0 ± 0.4 29.0 ± 0.3 92.9 ± 0.1 7.1 ± 0.1 56.7 4.5 2.6 36.0 21.0 

 

 



3.4 Antioxidant properties 

In addition to the total phenolic content in the material, high content of methoxylated lignin units, double 

bonds in the Cα positions and units with short side chains ((ArC1+ArC2)/ArC3) in the lignin pyrolysis 

products usually indicate high antioxidant activities (Ponomarenko et al., 2014; Prior et al., 2005; Dizhbite 

et al., 2004). The specific structural features for all lignin samples as determined by Py-GC/MS are shown 

in Table 6. A previous study showed that higher values of (ArC1+ArC2)/ArC3 were correlated with higher 

antioxidant activities (Ponomarenko et al., 2014); thus, HL EtOAc was expected to have a higher antioxidant 

activity than the corresponding spruce fraction. However, the high content of oxygen-containing groups 

in HL EtOAc may have a negative effect on the overall antioxidant activity depending on the substrate.  

 

Table 6. Specific structural features in different lignin fractions obtained 

by a four-step solvent fractionation process. 

  

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 

 

 

Results from the ABTS•+, DPPH• and ORAC tests for selected lignin samples are reported in Table 6. The 

eucalyptus and spruce EtOAc fractions had the lowest Mw values and high contents of short side chains 

attached to the phenolic rings ((ArC1+ArC2)/ArC3); therefore, these fractions were expected to have higher 

antioxidant activities. For comparison, in addition to the EtOAc fractions, the initial lignins, SL MeOH and 

HL Acetone fractions were subjected to the antioxidant tests. The SL MeOH and HL Acetone fractions were 

included in the study because their Mw values were similar and at approximately 3,000. These fractions 

also had the lowest contents of total phenolic-OH and (ArC1+ArC2)/ArC3 fragments among the pyrolysis 

products, which would allow the role of these parameters to be evaluated. 



In general, the eucalyptus lignin fractions demonstrated higher antioxidant activities in all performed 

antioxidant tests (Table 7) probably due to their higher purity (lower contents of carbohydrate derivatives 

as shown in Table 3), lower polydispersity (Table 1) and higher content of methyl groups (Table 2). As 

expected based on its purity and structural features, the HL EtOAc fraction demonstrated the highest 

antioxidant activities (lowest IC50 values in the ABTS•+ and DPPH• assays and higher TE values in the 

ORAC test) than the other investigated fractions (Table 7). This result is in good agreement with the TGA 

data collected in an O2 atmosphere; the HL EtOAc fraction demonstrated slightly lower degradation 

temperature than the initial lignin fraction but a significantly higher degradation temperature than the other 

fractions. The highest maximum degradation temperature in an O2 atmosphere was observed for this 

eucalyptus fraction. The HL Acetone fraction showed reduced antioxidant properties compared to other 

eucalyptus lignin fractions. The SL EtOAc fraction demonstrated lower IC50 values than other spruce 

samples in the ABTS•+ and DPPH• assays, and these results were also in good agreement with the results 

of TGA in an O2 atmosphere. The SL MeOH and HL Acetone fractions showed lower degradation temperatures 

in the oxidative TGA tests than the corresponding EtOAc fractions, which appear to correlate with their 

performances in the ABTS•+ and DPPH• assays. The SL MeOH fraction showed better antioxidant activities 

than the SL Initial fraction in the ABTS•+ and DPPH• tests but lower antioxidant activities than the SL EtOAc 

fraction. The HL Acetone fraction showed lower antioxidant activities than HL EtOAc in all tests and lower 

antioxidant activities than the HL Initial fraction in the DPPH• and ORAC tests.   

These results suggested that both EtOAc fractions are of great interest for use as natural antioxidant 

additives in cosmetics, polymers and pet food.   

 

Table 7. Antioxidant properties of selected spruce and eucalyptus lignin fractions 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 

 

 

 



3.5 Reproducibility and the effect of reducing the number of solvents on the Mw and structural 

properties   

To determine the effect of reducing the number of solvents in the solvent fractionation procedure, two 

additional fractionation experiments were conducted. One fractionation protocol used the initial fractions 

and two solvents for the sequential extraction (two-step fractionation procedure). For spruce lignins, we 

used EtOAc and MeOH; for eucalyptus lignins, we used EtOAc and EtOH. The purpose of these 

experiments was to determine the effect of reducing the number of solvents on the Mw and structural 

properties. The other protocol uses only one solvent, EtOH (one-step fractionation). The Mw values and 

contents of functional groups are shown in Figure 9 and Table 8. To improve clarity, the lignin fractions 

obtained by four-step solvent fractionation are denoted 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. In a similar manner, the fractions obtained from two-step and one-step solvent fraction 

procedures were named SL EtOAc -2, SL MeOH -2, SL Insoluble -2, SL EtOH -1, SL Insoluble -1, HL EtOAc -2, HL EtOH 

-2, HL Insoluble -2, HL EtOH -1, and HL Insoluble -1. 

Comparing 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 for the fractions 

obtained from the 4-step and 2-step processes. This result confirms the solvent fractionation method is a 

highly reproducible means of obtaining lignin samples with a specific Mw and functionality. If one of the 

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

step was omitted), the Mw was comparable to that of the SL MeOH -4 fraction, which was obtained from 

the four-step solvent fractionation procedure. However, the contents of carboxyl groups and total 

phenolic-OH groups were higher and aliphatic-OH was lower in the SL MeOH -2 fraction than in the SL 

MeOH -4 fraction, and the values were more similar to those of SL EtOH -4 than SL MeOH -4. Based on these 

results, there are substantial differences in the contents of functional groups in the SL MeOH -2 fraction 

compared to the SL MeOH -4 fraction.   

A similar trend was observed when the EtOAc fractionation step was omitted. Comparing the results of 

the SL EtOH -4 and SL EtOH -1, HL EtOH -4 and HL EtOH -1 fractions shows that the content of carboxyl groups 

and total phenolic-OH in the fractions obtained from one-step solvent fractionation processes were higher 

than in those obtained from four-step solvent fractionation processes. Similarly, the content of aliphatic-

OH groups was lower in the fractions obtained from one-step processes than in those obtained from four-

step processes. The trend in these results is similar to that seen with the two-step fractionation protocol.  



The above results confirm the robustness of the solvent fractionation method in regard to the fractionation 

of lignin with a certain Mw. It is thus possible to redesign the solvent fractionation procedure to reduce 

the number of solvents. However, the yields of the corresponding fractions will vary as will the 

functionality of lignins obtained by protocols with different numbers of solvents. 

 

Table 8. Yields, Mw values and contents of functional groups of lignin fractions obtained by four-step,  

two-step, and one-step solvent fractionation procedures. 

  
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 31 870 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 

 

 



 

 
Figure 9. Comparison of the Mw values obtained following four-step and two-step fractionation 

procedures (left) or one-step fractionation procedures (right). 

 

3.6 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 ability to remove methylene blue dye 

from a neutral aqueous solution. The choice of lignin fractions was based on the fact that the EtOH 

fractions have higher contents of total phenolic-OH and carboxylic acid moieties values than the insoluble 

fractions (Table 8). Both fractions have different contents of functional groups and molecular weight 

values compared with those of the initial lignins. As a result, we aimed to compare the lignin samples 

showing significant variations in functional group content and molecular size. 

This study was conducted to evaluate the sorption capacities of the original and fractionated kraft lignins 

from hard and soft wood. The obtained results are compared in Table 9 and are shown in a diagram in 

Figure 10. As reported in Figure 10, the same trend in adsorption capacities was seen in the Initial, EtOH-

1 and Insoluble-2 fractions of both spruce and eucalyptus lignins. Although, the adsorption capacities of 

the initial fractions from spruce and eucalyptus were almost the same, the capacities of the EtOH-1 and 

Insoluble-2 fractions of the lignin from eucalyptus were higher than those of spruce. The highest 

adsorption capacities observed in the Insoluble-2 fractions of spruce and eucalyptus (83.5 and 101.5 mg/g, 

respectively, Table 9), which could be related to the relatively high total contents of aliphatic hydroxyl 

groups and carboxyl groups that may operate as adsorption sites for positively charged dye molecules 

through electrostatic interactions. Additionally, the high Mw of the Insoluble-2 fraction could cause the 

dye molecules to be retained in the canals and pores of the macromolecules. A relatively high error was 



observed (5-20%) for each measured sample, which could be related to the fractionation technic used since 

a large range of particles sizes was observed in the samples and different drying technics were used prior 

to the experiment. The obtained preliminary results indicate that the Insoluble-2 fractions from spruce and 

eucalyptus have high potentials for adsorbing organic pollutants from aqueous solutions and could be 

applied in wastewater treatment processes.  

 

Table 9. Adsorption capacities of fractionated and original kraft lignins concerning methylene blue dye. 

Material  

Adsorption 

capacity 

mg/g 

 SL Initial  25.9 ± 2.6 

 SL EtOH -1 26.9  ± 5.4 

 SL Insoluble -2 83.5 ± 16.7 

 HL Initial  26.1 ± 3.9 

 HL EtOH -1 35.1 ± 3.5 

 HL Insoluble -2 101.5 ± 5.1 

 

 

 

 
 

Figure 10. Adsorption capacities of initial and fractionated spruce and eucalyptus lignins 

for methylene blue dye in a neutral medium. 

 

Although only a limited number of papers describing the adsorption of methylene blue dye by kraft lignin, 

many studies have investigated the adsorption of dyes onto lignocellulosic materials. Most of these studies 

did not present the mass contents of lignin and cellulose in such materials (Carrot et al, 2007). Basso et al. 

(2002), Basso et al. (2005), and DuPont and Guillon (2003) suggested that lignin could be the main 

component responsible for adsorption by wood and other lignocellulosic materials. The comparison of the 

adsorption capacity of some lignocellulosic materials toward methylene blue dye is presented in Table 10. 

https://www.sciencedirect.com/science/article/pii/S0960852406004056#bib9
https://www.sciencedirect.com/science/article/pii/S0960852406004056#bib9
https://www.sciencedirect.com/science/article/pii/S0960852406004056#bib10
https://www.sciencedirect.com/science/article/pii/S0960852406004056#bib26


As clearly shown in the table, insoluble fractions from spruce and eucalyptus have a higher capacity 

compared with other lignin-contained materials. 

 

Table 10. Adsorption capacity of lignin-contained materials with respect to methylene blue dye 

Lignin-contained 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 

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

 Pulasan peel 35.0  Ong et al, 2012 

 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 

 
 

 

CONCLUSIONS 

Subjecting spruce and eucalyptus LignoBoost kraft lignin to solvent refining processes resulted in the 

isolation of five different fractions with low PDI values and Mw values of 900-20000 for each sample. 

The high reproducibility of the solvent fractionation method with respect to the Mw, polydispersity and 

the functionality of the lignin fractions was confirmed. The ability to tune the Mw of the lignin fraction 

by a simplified protocol was investigated.  

31P NMR spectroscopy demonstrated the correlation between the average molecular weight and the 

contents of various functional groups. For both types of lignin, the content of phenolic hydroxyl groups 

decreased with increasing average molecular weight, while the opposite trend was observed for the content 

of aliphatic hydroxyl groups. In general, the eucalyptus lignin fractions had higher antioxidant activities 

than the corresponding spruce lignin fractions, while the ethyl acetate eucalyptus fraction demonstrated a 

superior stabilizing effect in all the applied antioxidant tests: DPPH• and ABTS•+ radical scavenging assays 

and an ORAC assay. The high heating values of the lignin fractions were in the 20-24 MJ/kg range. 

Generally, the heating value increased with an increase in the average molecular weight; however, due to 

the accumulation of impurities, e.g., sugars and ash, this was not the case in the insoluble residue. The 

higher-molecular-weight fractions demonstrated better thermal stabilities and excellent sorption properties 



toward methylene blue dye compared with other obtained lignin fractions in this study and with recently 

published lignin-contained materials. The results indicate that insoluble fractions can be used as sorbents 

in water purification. 

The clear correlation between the Mw’s and certain structural features in the lignin fractions and the 

properties of the lignins will guide the selection of the appropriate fractionation method for the specific 

application of the lignin raw material. We will continue to investigate the relationship between the 

structure and the properties as well as the influence of those properties on various industrial applications.  
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