
 1 

From Acetone Fractionations to Lignin-Based Phenolic and 1 

Polyurethane Resins 2 

 3 
Maryam Arefmanesh†, Saeid Nikafshar‡, Emma R. Master†§§, and Mojgan Nejad*‡§  4 
  5 
†Department of Chemical Engineering and Applied Chemistry, University of Toronto, 200 College Street, 6 
Toronto, Ontario, M5S 3E5, Canada  7 
‡ Department of Forestry, Michigan State University, 480 Wilson Road, Michigan, 48824, United States  8 
§§ Department of Bioproducts and Biosystems, Aalto University, FI-00076 Aalto, Kemistintie 1, Espoo, 9 
Finland  10 
§*Department of Chemical Engineering and Material Science, Michigan State University, 428 S Shaw Lane, 11 
Michigan, 48824, United States  12 
Email:  Nejad@msu.edu  13 
Phone number: +1 (517) 355-9597  14 

Abstract  15 

In this study, acetone fractionation was used to increase the homogeneity of softwood 16 

kraft lignin for product development. The acetone soluble and insoluble fractions were 17 

analyzed in terms of elemental composition, chemical structure, and thermal properties. 18 

The phenolic hydroxyl content of the acetone soluble fraction increased by 24%. The 19 

acetone soluble fraction of kraft lignin was used to fully substitute phenol in phenolic 20 

resin formulation. The resulting formulated lignin-formaldehyde adhesive showed higher 21 

adhesion strength (4.3 MPa) compared to a lab formulated phenol-formaldehyde resin 22 

(3.4 MPa) with 100% wood failure after lap shear test. On the other hand, the acetone 23 

insoluble lignin fraction, which had 23% higher aliphatic hydroxyl content compared to 24 

the starting lignin, was used to entirely replace petroleum-based polyol in polyurethane 25 

resin formulation. Then a bio-derived solvent (dihydrolevoglucosenone, Cyrene) was 26 

used to dissolve the acetone insoluble lignin fraction to synthesize lignin-based 27 

polyurethane resin. Tailoring the structure of kraft lignin through solvent fractionation 28 

resulted in two fractions, which were used to replace 100% of two major petrochemicals 29 

(phenol and polyol) in the formulations of phenolic and PU resins, that would otherwise 30 

be challenging due to the heterogeneity of softwood kraft lignin.  31 
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1. Introduction 35 

Lignin is a natural polyphenolic compound containing both aromatic and aliphatic 36 

hydroxyl groups. Accordingly, lignin has been identified as a potential alternative to 37 

petroleum-derived phenol and polyols used to manufacture phenol-formaldehyde (PF) 38 

and polyurethane (PU) resins (Laurichesse and Avérous, 2014; Lora and Glasser, 2002). 39 

For example, lignin-based PF has been used to formulate wood adhesives, and lignin-40 

based PU has been applied in foams, elastomers, adhesives, and coatings (Duval and 41 

Lawoko, 2014; Zhao et al., 2016). Currently, the annual production of technical lignin is 42 

estimated at 100 million tonnes (Bajwa et al., 2019; Dessbesell et al., 2020), with 43 

softwood kraft lignin being the most produced technical lignin after lignosulfonate (Li 44 

and Takkellapati, 2018; Mahmood et al., 2016; Mansouri and Salvadó, 2006). However, 45 

the kraft pulping process substantially modifies lignin, resulting in heterogeneous lignin 46 

structures (Crestini et al., 2017). The structural heterogeneity and low solubility (in 47 

commonly used organic solvents) of softwood kraft lignin are the main limitations to the 48 

broader application of lignin in high-performance resin formulations (Dessbesell et al., 49 

2020; Griffini et al., 2015; Li and Takkellapati, 2018; Pan and Saddler, 2013; Saraf et al., 50 

1985). 51 

To exploit the enormous potential of lignin, many studies have focused on 52 

lignin depolymerization or the integration of lignin with petroleum-based polymers 53 

(Hatakeyama and Hatakeyama, 2010; Lettner et al., 2018; Liao et al., 2020; Rinaldi et al., 54 

2016; Yang et al., 2014; Zhao et al., 2016). Methylolation (Liohang Hu, Hui 55 

Pan,Yonghong Zhou, 2011; Vázquez et al., 1997) and phenolation (Liohang Hu, Hui 56 

Pan,Yonghong Zhou, 2011; Podschun et al., 2015) of lignin have also been broadly 57 

investigated to improve lignin application as phenol replacements in PF resin 58 

formulations. So far, the direct application of kraft lignin in PF resin was limited to 59 

replacing up to 50 % of phenol due to the low reactivity, high polydispersity, and high 60 

ash content of technical lignins (Ghorbani et al., 2018; Lourençon et al., 2020; Pang et 61 

al., 2017; Yang et al., 2015). We previously demonstrated the full replacement of phenol 62 

by unmodified corn stover biorefinery lignin in a PF resin formulation that had similar 63 

adhesion strength as a commercial phenolic resin (Kalami et al., 2017). A resin 64 

formulated after replacing 100% phenol with a softwood kraft lignin, however, had 65 
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significantly lower adhesion strength (<2.6 MPa) than commercial PF resin (3.4 66 

MPa)(Kalami et al., 2018). The higher reactivity of corn stover biorefinery lignin toward 67 

phenol was attributed to its higher p-hydroxyphenyl, p-coumaric acid, and ferulic acid 68 

content compared to other technical lignins, including softwood kraft lignin (Kalami et 69 

al., 2017, 2018). Other factors such as low ash, carbohydrate content, molecular weight, 70 

and polydispersity index (molar mass distribution) of lignins were also reported by other 71 

researchers to impact the performance of lignin-based phenolic resins (Lourençon et al., 72 

2020; Pang et al., 2017). Similarly, depolymerization (Mahmood et al., 2016) 73 

demethylation, (Chung and Washburn, 2012), and oxypropylation of lignin to produce 74 

liquid polyols (Aniceto et al., 2012) are the main reported techniques used by previous 75 

studies for increasing lignin suitability as polyol replacement in polyurethanes (Saraf et 76 

al., 1985). Oxypropylation and oxyalkylation are methods to derivatize phenolic OH into 77 

more reactive aliphatic OH moieties in lignin for polyurethane application often 78 

performed with long reaction time and at high temperature (Zhang et al., 2019). Recently, 79 

oxyalkylation was employed to modify Indulin-AT kraft lignin using polyethylene glycol 80 

(PEG) 400 and ethylene carbonate at 170 oC (Zhang et al., 2019). The modified lignin 81 

was used to produce rigid PU foams. Although, the modified lignin with ethylene 82 

carbonate improves the application of lignin as a polyol substitute, 50wt.% petroleum-83 

based polyol (PEG) was still used in foam formulation (Zhang et al., 2019).  84 

In order to use lignin as polyol and phenol replacement in resins, uniform properties are 85 

required. To obtain uniform lignin fractions with well-defined properties, various 86 

fractionation methods have been proposed without chemically modifying the lignin 87 

structure (Collins et al., 2019; Ponnuchamy et al., 2020). For example, the sequential 88 

acidification of black liquor is a useful method to purify lignin from other components in 89 

black liquor and obtain various lignin fractions (Gigli and Crestini, 2020; Sadeghifar et 90 

al., 2020). Differences in the functionality of the resulting kraft lignin fractions, however, 91 

have not been investigated in detail. Ultrafiltration-based fractionation of black liquor 92 

utilizes membranes with appropriate cut-offs to obtain kraft lignin fractions with 93 

controlled molar mass distribution; however, this process is costly to scale up and 94 

generates fouling problems (Aminzadeh et al., 2018; Brodin et al., 2009; Lettner et al., 95 

2018; Toledano et al., 2010). Alternatively, organic solvent fractionation was reported as 96 
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a promising technique for controlling the molar mass distribution of various lignin 97 

fractions (Cui et al., 2014; Gigli and Crestini, 2020). The percent solubility of lignin in 98 

organic solvents is directly correlated to Hildebrand and Hansen solubility parameters, 99 

which take into account molecular interactions- i.e., dipole-dipole force and hydrogen 100 

bonding between lignin and the solvent (Duval et al., 2016; Gigli and Crestini, 2020; 101 

Sameni et al., 2017; Vermaas et al., 2020). Such solubility parameters were previously 102 

exploited to recover relatively low molecular weight lignin fractions from hardwood and 103 

softwood kraft lignins that were also characterized by high phenolic hydroxyl 104 

content (Yoshida et al., 1987; Mörck R, Reimann A, 1988). Additionally, 105 

sequential precipitation of lignins by first dissolving lignin in organic solvents or aqueous 106 

organic solvents and increasing the amount of anti-solvent (e.g., hexane/water) have been 107 

reported to result in more homogeneous lignin fractions (Ajao et al., 2019; Cui et al., 108 

2014; Domínguez-Robles et al., 2018; Jääskeläinen et al., 2017; Wang et al., 2018). 109 

Hence, lignin precipitation from different solvent fractions can be used to isolate lignins 110 

with comparatively narrow molecular weight distribution and particular functional groups 111 

(Jääskeläinen et al., 2017; Saito et al., 2014; Wang et al., 2018). 112 

There is growing interest in using solvent fractionated kraft lignin in PF and PU resin 113 

formulations (Arshanitsa et al., 2016; Griffini et al., 2015; Lettner et al., 2018; Luo et al., 114 

2020). For example, Bin Luo et al. (Luo et al., 2020) performed solvent fractionation 115 

using a mixture of methanol-acetone followed by phenolation to increase the reactivity 116 

of sugarcane bagasse kraft lignin fractions such that 40 wt.% could be used to replace 117 

phenol in a PF resin. Griffini et al. (Griffini et al., 2015) formulated a thermoset PU 118 

coating using softwood kraft (Indulin-AT) lignin that was solubilized in 2-methyl 119 

tetrahydrofuran. In that study, 2-methyl tetrahydrofuran was used as the solvent for both 120 

lignin fractionation and PU resin preparation; however, approximately 50 wt.% of the 121 

lignin sample could not be solubilized and so was not used (Griffini et al., 2015). 122 

 Despite the extensive work that has been done in the area of kraft lignin fractionation 123 

with organic solvents, applications of all resulting fractions are lacking. We investigated 124 

the possibility of using both the acetone soluble and insoluble fractions of softwood kraft 125 

lignin for synthesizing lignin-formaldehyde (LF) and lignin-based polyurethane (LPU) 126 

resins. Acetone was chosen because it is considered a non-VOC solvent and is favorably 127 
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ranked relative to other organic solvents by techno-economic assessment and 128 

environment-health-safety evaluations (Ajao et al., 2019; Cui et al., 2014; Jiang et al., 129 

2020). Additionally, the use of a bio-derived solvent as an alternative to 130 

dimethylformamide (DMF) in LPU resin was investigated. Dihydrolevoglucosenone 131 

(CyreneTM) is a bipolar aprotic solvent made from cellulose via hydrogenation or 132 

enzymatic reduction of levoglucosenone (Sherwood et al., 2014). Lignin is known to 133 

have good solubility in DMF due to similar solubility parameters, with the Hansen 134 

relative energy difference of 0.77 (Duval et al., 2016). Similar to DMF, Cyrene has a 135 

Hansen relative energy difference of 0.89 with lignin and high hydrogen bond acceptor 136 

capacity (Meng et al., 2020), indicating that Cyrene could be a suitable solvent for lignin. 137 

This study demonstrates a one-step acetone fractionation of softwood kraft lignin for 138 

direct use of lignin in phenolic and PU resin applications as well as the possibility of 139 

using low toxicity green solvent to dissolve lignin for formulating lignin-based PU (LPU) 140 

resin to be used for coating formulations.  141 

2. Materials and Methods 142 

2.1 Materials   143 

Softwood kraft lignin was vacuum oven-dried at 80 oC for 3 h (until the mass was 144 

constant). Methylene diphenyl diisocyanate 98 % was purchased from Thermo Fischer 145 

Scientific. All other chemicals were reagent grade (Millipore Sigma, MA, USA) and used 146 

without further purification.  147 

2.2 Kraft Lignin Fractionation with Acetone  148 

Acetone fractionation of the softwood kraft lignin was performed as described elsewhere 149 

(Cui et al., 2014). Briefly, 100 g of lignin was dispersed in 1000 mL acetone at room 150 

temperature, vigorously agitated for 30 min, and then gently stirred for 12 h. 151 

The acetone insoluble fraction of lignin (AI-L) was recovered by vacuum 152 

filtration through Whatman filter paper (0.2 μm pore size, 7402-004). The AI-L fraction 153 

was rinsed with 200 mL acetone and then suspended in 120 mL of 0.1 N HCl and mixed 154 

for 3 h at 80 °C to remove any expected minerals in this fraction.  155 
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The acetone soluble fraction of lignin (AS-L) was recovered by removing the acetone 156 

using a rotary evaporator. This step left the AS fraction at the bottom of the flask. Both 157 

recovered AI-L and AS-L fractions were vacuum dried for 3 h at 80 °C before any further 158 

analysis (Scheme 1).  159 

 160 

Scheme 1. Simplified indication of experimental flow for the creation of LPU and LF 161 

resins from acetone fractionated W 162 

2.3 Characterization of Kraft Lignin and Lignin Fractions 163 

Analysis of Mn, Mw, and PDI. Prior to the gel permeation chromatography analysis 164 

(GPC), lignin samples were acetylated according to the procedure described by Thring et 165 

al. (Thring et al., 2006). Briefly, 1 g of oven-dried lignin was refluxed at room 166 

temperature for 48 h in 40 mL of acetic anhydride/pyridine (1:1 volume ratio). The 167 

modified lignin was then precipitated using 50 mL of 0.1 M HCl, filtered through a 168 

0.45 μm PTFE (polytetrafluoroethylene) membrane filter, and washed with 0.1 M HCl 169 

and excess distilled water. The residual solids (acetylated-lignin) were dried at 50 °C in a 170 

vacuum oven for 24 h and then dissolved in tetrahydrofuran (THF) to 5 mg/mL and 171 

filtered using a syringe filter (PTFE, 0.45 μm). Then, 25 µL of the filtrate was injected 172 

into the GPC system (Waters, MA, USA) equipped with a Waters e2695 separations 173 

module. The mobile phase was THF and used at a flow rate of 1 mL/min. To increase the 174 

peak resolution, three columns were used to evaluate the molecular weight distribution of 175 

each sample: (1) 300 mm × 7.8 mm Ultyragel THF 100-10k Å, (2) Ultyragel THF 500-176 
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30k Å, and (3) Ultyragel THF 5k-600k Å (Waters, MA, USA). Polystyrene standards 177 

with molecular weights of 162, 370, 580, 1000, 1300, 2000, 3000, 5000, 7000, 10000 Da 178 

were used for calibration. The number average molecular weight (Mn) and weight 179 

average molecular weight (Mw) of test samples were calculated using EmpowerTM GPC 180 

Software version 3.  181 

Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis. Quantitative 31P 182 

NMR analyses were carried out according to slightly modified procedures published 183 

by Argyropoulos and Granata (Granata and Argyropoulos, 1995). Briefly, approximately 184 

40 mg of lignin was dissolved in an anhydrous pyridine/deuterated chloroform mixture 185 

(1.6:1 v/v, 325 μL), and anhydrous DMF (300 μL) was added to increase the solubility of 186 

the lignin. 100 μL of 22 mg/mL solution of cyclohexanol in 1.6:1 v/v anhydrous pyridine/ 187 

deuterated chloroform solvent was used as the internal standard. Chromium (III) 188 

acetylacetonate solution (50 μL, 5.6 mg/ mL in 1.6:1 v/v anhydrous pyridine/deuterated 189 

chloroform) was added as the relaxation reagent. Then 100 μL of 2-chloro-4,4,5,5-190 

tetramethyl-1,3,2-dioxaphospholane (TMDP) was added to the solution as 191 

phosphorylating reagent. All 31P NMR experiments were acquired using a Bruker Avance 192 

600MHz spectrometer. The 31P NMR data was obtained in a 5-mm tube with a pulse 193 

angle of 90 flip and pulse delay of 10 s (relaxation time) with 256 scans.  The 194 

quantification limits applied were aliphatic hydroxyls (149.1−145.4 ppm), cyclohexanol 195 

(145.3−144.9 ppm), condensed-phenolic units (144.6−143.3; and 142.0−141.2 ppm), 196 

syringyl phenolic units (143.3−142.0 ppm), guaiacyl phenolic hydroxyls (140.5− 138.6 197 

ppm), p-hydroxyphenyl phenolic units (138.5−137.3 ppm), and carboxylic acids 198 

(135.9−134.0 ppm)(Asgari and Argyropoulos, 1998). 199 

Inductively Coupled Plasma Mass Spectrometry/ Ash Content Analysis. 200 

Impurities in the softwood kraft lignin and acetone fractionated lignin samples, such as 201 

sodium and sulfur, were measured following AOAC Official Methods 922.02 and 980.03 202 

using inductively coupled plasma optical emission spectroscopy (ICP-OES) (iCAP Duo 203 

6000 series, Thermo Fisher Scientific). Samples were oven-dried, sieved through mesh 204 

No. 20 (841 μm), and digested using the microwave extraction method SW846-3051A. 205 

Briefly, 0.2 g of lignin (weighed to the nearest 0.001 g) was transferred to a quartz 206 

microwave vessel, mixed with 2 mL of concentrated nitric acid, sealed, and then heated 207 
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in a microwave at 90 °C for 90 s. Samples were cooled to 50 °C before adding 1 mL of 208 

peroxide and then microwaved at 105 °C for 10 min. Sodium and sulfur elements were 209 

run along with lignin samples as calibration standards. The ash content of dried lignin 210 

samples was measured according to TAPPI T211om-93. The percent ash content of the 211 

isolated-lignin sample (six replicates) was measured after calcination of the sample in a 212 

Sybron Thermolyne Furnatrol muffle furnace at 525 °C for 4 h.  213 

2.4 Lignin-Formaldehyde Resin from Acetone-Soluble Fraction of Kraft 214 

Lignin 215 

Acetone soluble lignin was used to formulate lignin-based formaldehyde (LF) resin by 216 

substituting 100% of phenol with AS-L, where the molar ratio of phenolic hydroxyl 217 

groups in the lignin to formaldehyde was 1:2. First, 16 g AS-L lignin (calculated based 218 

on total phenolic OH content of from 31P NMR) was transferred to a three-necked flask 219 

and dissolved in 1 M NaOH (55 mL); 9.7 g formaldehyde (37% aqueous solution) was 220 

then added and mixed (700 rpm) for 10 min at 65 oC using a digital magnetic stirrer. 1 M 221 

NaOH (20 mL) was then added to the mixture, the temperature was gradually increased 222 

to 85 °C over 30 min, and then held at 85 °C for 1 h before cooling to room temperature 223 

using ice. One-third of the LF resin was used to measure resin properties, and the rest 224 

were stored at -20 °C to prevent further polymerization and permit later use in LF 225 

adhesive formulation. The LF adhesive was prepared as previously described (Kalami et 226 

al., 2017). Briefly, wheat flour (6.5 wt.%) was dissolved in distilled water (18 wt.%), and 227 

then alder bark modal (6.5 wt.%) was gradually added to the solution and stirred for 2 228 

min before adding LF resin (66 wt.%) and NaOH (3 wt.%) and further stirring for 5 min 229 

with an overhead digital mixer. In order to have a control for the LF resin, the pure 230 

phenol-formaldehyde resin was also prepared in the lab following the same procedure 231 

with the molar ratio of phenol to formaldehyde equal 1:2 (Kalami et al., 2018). 232 

2.5 Characterization of Lignin-Formaldehyde Resin  233 

Solid Content and pH. The solids content of liquid phenolic resin was measured 234 

according to the ASTM D4426-01 method (ASTM, 2015). First, disposable aluminum 235 

pans were placed on a heater at 270 °C for about 15 s to flash off any excess oil from the 236 

surface, which could have remained during manufacturing. The preheated dishes were 237 



 9 

placed in a desiccator for 5 min before measuring their weights. Then, 1 g of resin was 238 

placed at the center of each dish and kept in an oven at 125 °C for 105 min (5 replicates 239 

for each sample). After cooling the samples in the desiccator, solid contents 240 

were calculated using the following equation (1):   241 

% 𝑆𝐶 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑣𝑒𝑛−𝑑𝑟𝑖𝑒𝑑 𝑟𝑒𝑠𝑖𝑛 (𝑔)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑠𝑖𝑛 (𝑔)
× 100                       (1) 242 

Mettler ToledoTM S220Seven Compact digital pH meter was used to measure the pH of 243 

resin at room temperature. The pH was recorded to one decimal place after vigorously 244 

agitating the samples for 10 to 15 s.  245 

Free Formaldehyde Content. The free formaldehyde percent of formulated phenolic 246 

resins was determined according to European Standard DIN EN ISO 9397(European 247 

Standard DIN EN ISO 9397, 1995). Potentiometric titration was applied to quantitatively 248 

measure the amount of HCl released through the reaction shown below (2): 249 

HCHO + NH2OH.HCl    →    CH2 = NOH + H2O + HCl        (2) 250 

Briefly, 100 mL of distilled water was added to an adequate amount of phenolic resins, 251 

and pH was adjusted to 4 by 0.1 N HCl. Afterward, 20 mL of 10% hydroxylamine 252 

hydrochloride was added to the resins, and the solution was titrated to pH 4.0 using 0.1 N 253 

NaOH solution. Finally, the percentage of free formaldehyde in the resin was calculated 254 

using the following equation (3):  255 

 % CH2O = 
𝑉(𝑁𝑎𝑂𝐻)(𝑚𝑙) × 𝑁 (𝑁𝑎𝑂𝐻) × 3.003

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑒𝑠𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
 × 100                (3) 256 

Lap Shear Test. To test the adhesion performance of formulated adhesives, a known 257 

amount of each adhesive formulation ranging from 0.1-0.12 g were applied on 25 258 

mm2 end section of popular veneer samples measuring 25.4 mm x 102 mm x 5.6 mm. 259 

Then a SATEC Universal mini hot press was used to make plywood samples for the lap 260 

shear test. Lap shear strengths of bonded veneers were tested using an Instron universal 261 

testing machine (ASTM, 2005). The two veneers were pressed at 1400 kPa, temperature 262 

about 180 °C, for about 3-4 min.   263 
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2.6 Polyurethane Resin From Acetone-Insoluble Fraction of Kraft 264 

Lignin   265 

To evaluate the reactivity of the acetone-insoluble (AI-L) fraction towards NCO groups 266 

in isocyanate, a titration method was used as described elsewhere (ASTM, 2016). Briefly, 267 

1 g of AI lignin was dissolved in 6 g anhydrous DMF, and 1 g pure methylene diphenyl 268 

diisocyanate (MDI) was added. The mixture was heated at 50 °C for 1 h. Then the 269 

unreacted isocyanate was measured by reverse titration according to the modified version 270 

of ASTM D-5155 (ASTM, 2016) using auto-titrator (Metrohm, 916 Ti-touch Swiss 271 

Mode). The percent reactivity was measured by quantifying the amount of unreacted 272 

isocyanate that remains in the system after 1 h reaction. The percent OH group reacted 273 

with isocyanate was calculated based on total OH content quantified by 31P NMR and 274 

free isocyanate in the system after 1 h reaction. After evaluating the reactivity of AI 275 

lignin towards isocyanate, a two-component (2K) AI-L lignin-based polyurethane (LPU) 276 

resin (NCO:OH ratio of 1.1) was prepared by first making an isocyanate-terminated 277 

prepolymer from AI lignin and pure methylene diphenyl diisocyanate (MDI). The 278 

prepolymer was made by dissolving 1.5 g of oven-dried AI lignin in 36 g anhydrous 279 

dimethylformamide (DMF) at room temperature using magnetic stirring for 15 min. A 280 

calculated amount (based on equivalent weight) of pure MDI (3 g) was then added to the 281 

mixture. The reaction between lignin and MDI was carried out for 1.5 h at 60 °C in a 282 

reactor under nitrogen purge (Nejad and Nikafshar, 2016); the free NCO content in the 283 

isocyanate-terminated prepolymer was then measured using the ASTM-D5155 method to 284 

calculate the amount of lignin needed as the polyol (Thring et al., 2006). LPU resin was 285 

then formed by combining the isocyanate prepolymer, AI-L lignin (added according to 286 

hydroxyl content of lignin and index of 1.1), and organotin-based catalyst (0.2 wt.%) in 287 

an aluminum pan and vigorously mixing with a glass rod for 1-2 min. 288 

To investigate the possibility of using dihydrolevoglucosenone (Cyrene) as a replacement 289 

for DMF, LPU was prepared by first making an isocyanate-terminated prepolymer using 290 

lignin, isocyanate, and Cyrene. The isocyanate-terminated prepolymer was made by first 291 

dissolving 6 g of AI-L in 84 g Cyrene at 70 °C using magnetic stirring for 1 h to ensure 292 

the dissolution of lignin in the Cyrene solvent. A calculated amount (based on equivalent 293 

weight) of pure MDI (13.75 g) was then added to the mixture. The reaction between 294 
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lignin and MDI was carried out for 1.5 h at 60 °C in a reactor under nitrogen; the free 295 

NCO content in the isocyanate-terminated prepolymer was then measured using the 296 

ASTM-D5155 (ASTM, 2016) method to calculate the amount of lignin needed as the 297 

polyol. LPU resin was then formed by combining the isocyanate prepolymer (1.8 g), AI-298 

L lignin (1 g added according to hydroxyl content of lignin and index of 1.1), and 299 

organotin-based catalyst (0.2 wt.%) in an aluminum pan and vigorously mixing with a 300 

glass rod for 1-2 min.   301 

2.7 Characterization of Acetone-Insoluble Lignin-Based PU Resin  302 

Fourier-Transform Infrared Spectroscopy (FTIR). Samples were characterized 303 

using a Perkin-Elmer Paragon 500 Fourier transform infrared spectrometer in attenuated 304 

total reflectance mode (FTIR-ATR). Spectra were recorded in a wavenumber range 305 

between 400 and 4000 cm-1 at a resolution of 4 cm-1 with 32 scans.  306 

Differential Scanning Calorimetry (DSC). The glass transition temperatures (Tg) 307 

of the AI-L sample and prepared lignin-based polyurethane (LPU) resin were measured 308 

using a differential scanning calorimeter (DSC-Q100). About 5-10 mg of oven-dry AI-L 309 

was placed on an aluminum pan. A ramp test with a heating rate of 20 °C/ min under a 310 

nitrogen flow of 70 mL/min was performed with a heat-cool-heat cycle from -20 to 200 311 

°C. The second cycle was used to calculate Tg.   312 

Viscosity. The viscosity of the LPU resin was tested at 25 °C using a TA instrument 313 

Discovery HR-1 Hybrid Rheometer and a constant shear rate of 100.0 1/ s.  314 

Cross-Cut Tape Test. The adhesion of the LPU resins on the wood substrate was 315 

evaluated with a tape test (ASTM, 2012). The samples were sanded after the first coat 316 

was dried with 100-grit sandpaper to improve cohesion between the two layers. After one 317 

week of air-drying, three replicates of coated wood maple samples were tested for 318 

adhesion strength using the tape test.  319 

Pencil Hardness Test. The film hardness was measured by pencil hardness following 320 

ASTM D3363 test method (ASTM, 2010), using a Wolf-Wilburn scratch hardness tester 321 

from BYK with pencils inclined at 45±1°. 322 
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3. Results and Discussion 323 

3.1 Lignin Characterization  324 

The yield of acetone soluble (AS-L) and insoluble (AI-L) fractions of softwood kraft 325 

lignin was approximately 70 wt.% and 30 wt.%, respectively. GPC analyses revealed 326 

reduced polydispersity of both AS-L and AI-L fractions relative to the starting material 327 

and highest average molecular weight for the AI-L fraction (Table 1). Additionally, the 328 

31P NMR analyses revealed higher aliphatic hydroxyl content (2.27 mmol/g) in the AI-L 329 

fraction compared to the AS-L fraction (1.73 mmol/g) (Table 1). On the other hand, the 330 

amount of total phenolic hydroxyl group (3.86 mmol/g) in the AS-L fraction was higher 331 

than the AI-L fraction (1.90 mmol/g). Overall, the characteristics of AI-L and AS-L 332 

fractions are summarized in Table 1 agree with previously published work on the 333 

fractionation of technical kraft lignin with organic solvents (Crestini et al., 2017; Cui et 334 

al., 2014; Culebras et al., 2018; Giummarella et al., 2020; Karaaslan et al., 2021; Wang et 335 

al., 2018). 336 

 337 

Table 1. Molar mass (g/mol) and hydroxyl content (mmol/g) of softwood kraft lignin and 338 

its acetone-soluble and insoluble fractions 339 

Lignin samples 
Aliphatic 

OH 

(mmol/g) 

Total 

phenolic OH 

(mmol/g) 

Carboxylic 

acid 

(mmol/g) 

Average 

Mwa 

(g/mol) 

Average 

Mna 

(g/mol) 

PDIa 

Softwood kraft lignin 1.84 3.12 0.48 7400 1400 5.3 

Acetone soluble  

(AS-L)  
1.73 3.86 0.45 5300 2500 2.1 

Acetone insoluble 

(AI-L) 2.27 1.90 0.33 14000 3500 4.0 

aThe weight average molecular weight (Mw) and number average molecular weights (Mn), and 340 
polydispersity index (PDI) 341 

 342 

The kraft process introduces sulfur and other minerals to black liquor (Li and 343 

Takkellapati, 2018). Predictably, elemental analysis and ash content measurements 344 

revealed comparatively high sulfur and mineral content in the AI-L fraction; however, 345 

these components could be removed from the AI-L fraction by washing in dilute acid 346 
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(Table 2). This washing step could increase the solubility of lignin in organic solvents 347 

and reduce the odor associated with the total reduced sulfur compounds in kraft lignin.  348 

 349 
Table 2. Minerals (wt %) of softwood kraft lignin and minerals (wt.%) and ash content 350 

(wt %) of acetone-soluble and insoluble fractions (before and after dilute acid wash), n=3 351 

Lignin  
S  

(%) 

Na 

 (%)  

P 

 (%) 

Mg 

 (%)  

Ash  

(%) 

Softwood kraft lignin  2.13 0.51 0.05 0.02 - 

Acetone soluble lignin (AS-L) 1.60 0.01 0.005 0.001 - 

Acetone insoluble lignin (AI-L) 3.14 2.22 0.13 0.07 4.30 ± 0.05 

Washed-acetone insoluble (Washed AI-L)  1.39 0.01 0.001 0.007 0.40 ± 0.10  

 352 

The results summarized in Tables 1 and 2 uncover the potential of each fraction for 353 

different resin applications. The low average molecular weight and molar mass 354 

distribution (PDI) of the AS-L fraction is expected to increase reactivity with 355 

formaldehyde and improve the performance consistency of resulting lignin-based PF 356 

resins (Li and Takkellapati, 2018; Lourençon et al., 2020; Pang et al., 2017). In a 357 

previous study conducted by our group, the suitability of nine different lignin samples as 358 

phenol replacement were evaluated. Kalami et al. (Kalami et al., 2018) concluded that the 359 

lignins with higher phenolic OH content (guaiacyl and p-hydroxyphenyl) were better 360 

candidates to replace phenol in phenolic resin applications. Based on the results of that 361 

study, the AS-L fraction that had higher phenolic hydroxyl content than the AI-L fraction 362 

was used for phenolic resin formulation. By contrast, the AI-L fraction with 363 

comparatively higher aliphatic hydroxyl content thus it was used for PU resin 364 

formulation. The 31P NMR analyses results were used to accurately calculate the amount 365 

of formaldehyde or isocyanate needed for each formulation.  366 
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3.2 Lignin-Formaldehyde Resin from Acetone Soluble Fraction (LF) 367 

In a previous study by our group, Kalami et al. (Kalami et al., 2018) measured the 368 

reactivity of kraft softwood lignin with formaldehyde. The total phenolic OH content of 369 

the kraft softwood lignin in the Kalami et al. study  (3.01 mmol OH/ g) was similar to our 370 

unfractionated kraft softwood lignin (3.12 mmol OH/g). The results of that study showed 371 

the lignin-based phenolic resin (LF) made with kraft softwood lignin had significantly 372 

lower dry adhesion strength (2.6±0.6 MPa) than a lab formulated PF Resin (3.4±0.2 373 

MPa). They also compared the suitability of nine different lignins as phenol replacements 374 

for formulating lignin-formaldehyde adhesives. The results showed that lignins with 375 

higher hydroxyphenyl (H) and guaiacyl (G) contents had higher reactivity toward 376 

formaldehyde, thus were better candidates for entirely replacing phenol in phenolic 377 

resins. Based on these results, the acetone insoluble lignin fraction (AI-L) with low 378 

phenolic hydroxyl content was not used for phenolic resin formulation. Therefore, only 379 

AS-L was tested as a phenol replacement in the present study. The formulated lignin-380 

formaldehyde (LF) resin was compared to a lab formulated phenol-formaldehyde (PF) in 381 

terms of pH, solid content, and free formaldehyde content (Table 3). 382 

Table 3. Properties of AS-L lignin-formaldehyde resin and lab PF resin, n=3  383 

Resin Sample   
Solid Content 

(%) 
pH 

Free Formaldehyde Content 

(%) 

Lignin-formaldehyde (LF) resin 20.4 ± 0.09 10.7 1.3 ± 0.01 

Lab phenol formaldehyde (PF) resin 30.0 ± 0.5a 10.2 0.3 ± 0.03 

 384 

The low solid content of LF compared to PF resin can be attributed to the high water 385 

content of the LF resin. Compared to phenol supplied in a 40% solution in water, lignin is 386 

solid and first needs to be dissolved in an alkaline solution prior to LF formulation; 387 

therefore, more water was present in LF resin than PF. Although the free formaldehyde of 388 

LF resin is higher (1.3%) than PF (0.3%), it can be easily adjusted to be below 0.5% 389 

during further optimization. Despite having a lower solid content of LF resin compared to 390 

the PF resin, the dry shear strength of the developed LF adhesive was significantly 391 

(pvalue=0.0018) higher (4.4 MPa) than the PF adhesive (3.4 MPa) (Figure 1A). 392 
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Additionally, 100% wood failures were observed for all dry adhesion samples analyzed 393 

by lap shear strength tests, emphasizing the excellent bonding strength of LF adhesive 394 

(Figure 1B). Using the acetone soluble fraction of kraft softwood lignin in this study 395 

resulted in a lignin-based adhesive with significantly higher adhesion performance (4.4 396 

MPa, and 100% wood failure), compared to the previous study (Kalami et al., 2018), 397 

which used unfractionated kraft softwood lignin (2.6 MPa, and only 40% wood failure). 398 

 399 

 400 

  

 401 

Figure 1. (A) Dry Lap shear strength of samples, made with lignin-formaldehyde and lab 402 

PF adhesive, n= 10; error bars represent standard deviation, (B) Images of wood failure in 403 

the lap shear samples after dry lap shear test of lignin-based phenolic (LF) adhesive as 404 

pressed at 180 °C, 1400 kPa, for about 3-4 min, n=10. 405 

3.3 Polyurethane Resin From Acetone-Insoluble Lignin (LPU) 406 

Titration was used to measure the amount of unreacted NCO from isocyanate (MDI) after 407 

reaction with softwood kraft lignin and the corresponding acetone soluble (AS-L) and 408 

insoluble (AI-L) lignin (Table 4). The titration assay with lignin and MDI revealed an 409 

increase in the reactivity based on the decrease in the amount of unreacted isocyanate. 410 
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The OH groups of kraft lignin and corresponding fractions are shown in Table 4 were 411 

quantified based on the amount of unreacted NCO in the system and the total OH groups 412 

in lignin as measured by 31P NMR (Table 1). The results indicate the effect of acetone 413 

fractionation on lignin reactivity towards NCO groups. The total OH groups in the AI-L 414 

fraction (2.27 mmole/g) that reacted with NCO are 58 % and 32 % higher than the 415 

reacted NCO of crude kraft lignin and AS-L fraction, respectively. This is consistent with 416 

the comparatively high aliphatic hydroxyl content in the AI-L lignin sample (2.27 417 

mmole/g) compared to AS-L (1.73 mmole/g) measured by 31P NMR (Table 1). Based on 418 

the results reported in Table 4, the AI-L fraction had the highest reactivity with 419 

isocyanate (lower unreacted NCO), thus more suitable for PU resin formulations. 420 

Table 3. Percent unreacted isocyanate measured by titration method and the total 421 

calculated hydroxyl groups reacted with isocyanate (based on 31P NMR data), (n=3) 422 

Lignin sample 
% Unreacted 

isocyanate 

% Hydroxyl group reacted with NCO 

based on 31PNMR data 

Softwood kraft lignin  14.1 ± 0.4 25.8 ± 0.4 

Acetone insoluble lignin (AI-L) 9.5 ± 0.5 83.2 ± 0.5 

Acetone soluble lignin (AS-L) 10.8 ± 0.8 51.0 ± 0.8 

 423 

After testing the reactivity of the AI-L fraction towards isocyanate in MDI, we developed 424 

two lignin-based polyurethane resins using acetone insoluble fraction of lignin with DMF 425 

and another one with Cyrene. First, an isocyanate-terminated prepolymer was formulated 426 

by mixing AI-L, MDI with DMF or Cyrene as the solvent.  427 

Unreacted isocyanate content of the isocyanate-terminated prepolymer from the reaction 428 

of AI-L with MDI are shown in Table 5. The prepolymer made with Cyrene showed 30% 429 

higher reactivity with isocyanate than the prepolymer made with DMF (Table 5). Further 430 

in-depth study is needed to investigate why Cyrene improved the reaction of lignin with 431 

MDI. It should be noted that a mixture of oven-dried Cyrene and MDI alone at the same 432 

reaction temperature did not show any reactivity based on titration data. This is a two-433 

component (2K) PU system in which the isocyanate-terminated prepolymer will be 434 
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mixed with the second component, the polyol (in this case lignin), right before 435 

application of the formulated resin or coating on any substrate. The reported free 436 

isocyanates data shown in Table 5 were used to calculate the amount of lignin needed as 437 

the second component (part-two) to be mixed before measuring the performance of the 438 

final LPU resin.  439 

 440 

Table 5. Percent free isocyanate in the prepolymer made with DMF and Cyrene (acetone 441 
insoluble lignin), n=3 442 

Sample % Free Isocyanate in the 
Prepolymer (First Component) 

Prepolymer with DMF (AI-L) 5.9 ± 0.1 

Prepolymer with Cyrene (AI-L) 3.8 ± 0.3 

 443 

After evaluating the amount of unreacted isocyanate in the prepolymers, more AI-L was 444 

added to the prepolymer, and the resins were cured at room temperature. The formation 445 

of the urethane linkage between lignin and isocyanate in cured LPU was evaluated by 446 

FTIR, which revealed an increase in the intensity of the peak at 3300 cm-1 for -NH 447 

stretching of urethane (Figure 2). Concurrently, the disappearance of the isocyanate peak 448 

at 2260 cm-1 in the cured LPU sample was a clear indication of the successful formation 449 

of the LPU network. Moreover, two new peaks were formed at 1203 cm-1 and 1315 cm-1, 450 

corresponding to the C-N stretching of the urethane linkages; a peak at 1750 cm-1 also 451 

developed in lignin-isocyanate samples, which was assigned to C=O of urethane linkages 452 

(-NH-COO-)(Griffini et al., 2015). 453 
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 454 

Figure 2. FTIR spectra of acetone-insoluble lignin, LPU prepolymer, and cured LPU 455 

resin 456 

 457 

Unlike most PU resins, which are made with aliphatic polyols, using lignin with aromatic 458 

structure and higher Tg to replace aliphatic polyol, might raise some concerns about the 459 

low flexibility of the LPU resins for some coating applications (i.e., wood coating). Thus, 460 

the thermal properties of LPU resins made with DMF and Cyrene solvents were 461 

investigated using DSC. Since lignin is a natural glue in the wood, our assumption was 462 

the developed lignin-based PU resin should have excellent compatibility with wood, thus 463 

will be a great candidate for wood coating formulation. Therefore, the Tg of developed 464 

LPU resins made with Cyrene and DMF were measured. The LPU resin made with 465 

Cyrene had a glass transition (Tg) of 118 °C, significantly lower than the Tg (143 °C) of 466 

LPU resin made with DMF. Lower Tg value will increase the flexibility of the resulting 467 

resin, making it more suitable for wood coating application to better stand the 468 

fluctuations in wood due to shrinking and swelling in service. The other concern about 469 

using a solid raw material like lignin is potentially the high viscosity and solids content of 470 

the final biobased resins vs. resins made with liquid petroleum-based polyols. Viscosity 471 
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and solid content are important properties affecting the brush and spray application of 472 

coatings, penetration into the porous substrates (i.e., wood), and dry film thickness of 473 

coatings. The resin made using Cyrene as the solvent had an also lighter color than the 474 

resin made with DMF when applied on wood substrates (Figure 4).  475 

 476 

 477 

Figure 3. DSC scans and glass transition value (Tg) of LPU with DMF as solvent and 478 

LPU with Cyrene as solvent. 479 

 480 
Table 6. Measured properties of acetone insoluble lignin-based PU resin (LPU) made 481 
with DMF and Cyrene, n=5 482 

Resin sample Solid content (%) Viscosity (mPa.s)a 

LPU with DMF 43.8 ± 0.2 352 

LPU with Cyrene 38.6 ± 0.4 289 

a 25 °C, constant shear rate 100.0 (1/s),  483 

 484 
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 485 

Figure 4. Wood samples coated with lignin-based PU resins made with (A) DMF, and 486 

(B) with Cyrene as solvent. 487 

Although lignin has excellent compatibility with wood, to prove that the formulated 488 

lignin-based PU resins had good adhesion to the wood, the adhesion of formulated resins 489 

made with DMF and Cyrene to the wood were measured using the scratch tape test. Also, 490 

the film hardness of the resins applied to wood was measured using the pencil hardness 491 

test (Table 7). Both resins had excellent adhesion to the wood (5B), while the resin made 492 

with Cyrene had slightly higher scratch resistance performance than the resin made with 493 

DMF. Further in-depth study is needed to explain these observed differences between 494 

DMF Vs. Cryene. 495 

 496 

Table 7. Acetone insoluble lignin-based PU (LPU) resin properties on wood substrate  497 

Lignin-PU sample Cross-cut tape a Pencil hardness b 

LPU with DMF 5B (0% None) 6H 

LPU with Cyrene 5B (0% None) 7H 

a 0B:  greater than 65% loss; 3B: 5-15%  adhesion  loss;  4B:  Less  than  5%  adhesion  loss;  5B:  None, 498 
0% loss 499 
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4. Conclusions 500 

This study presents a new approach to formulate partially bio-based phenol-formaldehyde 501 

and polyurethane resins by entirely replacing phenol and polyol with two different 502 

fractions of softwood kraft lignin after one-step acetone fractionation. The acetone 503 

soluble (AS-L) fraction with higher phenolic hydroxyl content proved to be an excellent 504 

candidate to replace 100% of phenol in phenolic resin formulation. The dry adhesion 505 

strength of lignin-formaldehyde resin made with acetone soluble fraction of kraft lignin 506 

was significantly higher than the adhesion strength of a lab formulated phenol-507 

formaldehyde resin. All the lap shear samples showed 100% wood failure, indicating the 508 

highest performance of the developed lignin-based adhesive, with zero adhesive failure.  509 

On the other hand, the acetone insoluble (AI-L) fraction of lignin had significantly higher 510 

aliphatic hydroxyl content and showed higher reactivity towards isocyanate when 511 

compared with starting kraft softwood lignin. Thus the AI-L was used to replace 100% of 512 

petroleum-based polyol in the formulation of polyurethane resin. In addition, Cyrene was 513 

used, as a bio-derived solvent, for lignin-based PU resin synthesis. The resins made with 514 

Cyrene had better hardness and flexibility (lower Tg) and lower viscosity than the resin 515 

made with dimethylformamide (DMF). Using a none VOC solvent like acetone proved to 516 

be an effective method to fractionate softwood kraft lignin into two fractions suitable for 517 

formulating lignin-based phenolic and polyurethane resins without the need for further 518 

chemical modification of the lignin structure.  519 
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