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Abstract

In this study, acetone fractionation was used to increase the homogeneity of softwood
kraft lignin for product development. The acetone soluble and insoluble fractions were
analyzed in terms of elemental composition, chemical structure, and thermal properties.
The phenolic hydroxyl content of the acetone soluble fraction increased by 24%. The
acetone soluble fraction of kraft lignin was used to fully substitute phenol in phenolic
resin formulation. The resulting formulated lignin-formaldehyde adhesive showed higher
adhesion strength (4.3 MPa) compared to a lab formulated phenol-formaldehyde resin
(3.4 MPa) with 100% wood failure after lap shear test. On the other hand, the acetone
insoluble lignin fraction, which had 23% higher aliphatic hydroxyl content compared to
the starting lignin, was used to entirely replace petroleum-based polyol in polyurethane
resin formulation. Then a bio-derived solvent (dihydrolevoglucosenone, Cyrene) was
used to dissolve the acetone insoluble lignin fraction to synthesize lignin-based
polyurethane resin. Tailoring the structure of kraft lignin through solvent fractionation
resulted in two fractions, which were used to replace 100% of two major petrochemicals
(phenol and polyol) in the formulations of phenolic and PU resins, that would otherwise

be challenging due to the heterogeneity of softwood kraft lignin.

KEYWORDS: softwood kraft lignin, solvent fractionation, reactivity, lignin-based polyurethane,

lignin-based phenolic resin, Cyrene.
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1. Introduction

Lignin is a natural polyphenolic compound containing both aromatic and aliphatic
hydroxyl groups. Accordingly, lignin has been identified as a potential alternative to
petroleum-derived phenol and polyols used to manufacture phenol-formaldehyde (PF)
and polyurethane (PU) resins (Laurichesse and Avérous, 2014; Lora and Glasser, 2002).
For example, lignin-based PF has been used to formulate wood adhesives, and lignin-
based PU has been applied in foams, elastomers, adhesives, and coatings (Duval and
Lawoko, 2014; Zhao et al., 2016). Currently, the annual production of technical lignin is
estimated at 100 million tonnes (Bajwa et al., 2019; Dessbesell et al., 2020), with
softwood kraft lignin being the most produced technical lignin after lignosulfonate (Li
and Takkellapati, 2018; Mahmood et al., 2016; Mansouri and Salvadd, 2006). However,
the kraft pulping process substantially modifies lignin, resulting in heterogeneous lignin
structures (Crestini et al., 2017). The structural heterogeneity and low solubility (in
commonly used organic solvents) of softwood kraft lignin are the main limitations to the
broader application of lignin in high-performance resin formulations (Dessbesell et al.,
2020; Griffini et al., 2015; Li and Takkellapati, 2018; Pan and Saddler, 2013; Saraf et al.,
1985).

To exploit the enormous potential of lignin, many studies have focused on
lignin depolymerization or the integration of lignin with petroleum-based polymers
(Hatakeyama and Hatakeyama, 2010; Lettner et al., 2018; Liao et al., 2020; Rinaldi et al.,
2016; Yang et al., 2014; Zhao et al., 2016). Methylolation (Liohang Hu, Hui
Pan,Yonghong Zhou, 2011; Vazquez et al., 1997) and phenolation (Liohang Hu, Hui
Pan,Yonghong Zhou, 2011; Podschun et al., 2015) of lignin have also been broadly
investigated to improve lignin application as phenol replacements in PF resin
formulations. So far, the direct application of kraft lignin in PF resin was limited to
replacing up to 50 % of phenol due to the low reactivity, high polydispersity, and high
ash content of technical lignins (Ghorbani et al., 2018; Lourencon et al., 2020; Pang et
al., 2017; Yang et al., 2015). We previously demonstrated the full replacement of phenol
by unmodified corn stover biorefinery lignin in a PF resin formulation that had similar
adhesion strength as a commercial phenolic resin (Kalami et al., 2017). A resin

formulated after replacing 100% phenol with a softwood kraft lignin, however, had
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significantly lower adhesion strength (<2.6 MPa) than commercial PF resin (3.4
MPa)(Kalami et al., 2018). The higher reactivity of corn stover biorefinery lignin toward
phenol was attributed to its higher p-hydroxyphenyl, p-coumaric acid, and ferulic acid
content compared to other technical lignins, including softwood kraft lignin (Kalami et
al., 2017, 2018). Other factors such as low ash, carbohydrate content, molecular weight,
and polydispersity index (molar mass distribution) of lignins were also reported by other
researchers to impact the performance of lignin-based phenolic resins (Lourengon et al.,
2020; Pang et al., 2017). Similarly, depolymerization (Mahmood et al., 2016)
demethylation, (Chung and Washburn, 2012), and oxypropylation of lignin to produce
liquid polyols (Aniceto et al., 2012) are the main reported techniques used by previous
studies for increasing lignin suitability as polyol replacement in polyurethanes (Saraf et
al., 1985). Oxypropylation and oxyalkylation are methods to derivatize phenolic OH into
more reactive aliphatic OH moieties in lignin for polyurethane application often
performed with long reaction time and at high temperature (Zhang et al., 2019). Recently,
oxyalkylation was employed to modify Indulin-AT kraft lignin using polyethylene glycol
(PEG) 400 and ethylene carbonate at 170 °C (Zhang et al., 2019). The modified lignin
was used to produce rigid PU foams. Although, the modified lignin with ethylene
carbonate improves the application of lignin as a polyol substitute, 50wt.% petroleum-
based polyol (PEG) was still used in foam formulation (Zhang et al., 2019).

In order to use lignin as polyol and phenol replacement in resins, uniform properties are
required. To obtain uniform lignin fractions with well-defined properties, various
fractionation methods have been proposed without chemically modifying the lignin
structure (Collins et al., 2019; Ponnuchamy et al., 2020). For example, the sequential
acidification of black liquor is a useful method to purify lignin from other components in
black liquor and obtain various lignin fractions (Gigli and Crestini, 2020; Sadeghifar et
al., 2020). Differences in the functionality of the resulting kraft lignin fractions, however,
have not been investigated in detail. Ultrafiltration-based fractionation of black liquor
utilizes membranes with appropriate cut-offsto obtain kraft lignin fractions with
controlled molar mass distribution; however, this process is costly to scale up and
generates fouling problems (Aminzadeh et al., 2018; Brodin et al., 2009; Lettner et al.,
2018; Toledano et al., 2010). Alternatively, organic solvent fractionation was reported as
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a promising technique for controlling the molar mass distribution of various lignin
fractions (Cui et al., 2014; Gigli and Crestini, 2020). The percent solubility of lignin in
organic solvents is directly correlated to Hildebrand and Hansen solubility parameters,
which take into account molecular interactions- i.e., dipole-dipole force and hydrogen
bonding between lignin and the solvent (Duval et al., 2016; Gigli and Crestini, 2020;
Sameni et al., 2017; Vermaas et al., 2020). Such solubility parameters were previously
exploited to recover relatively low molecular weight lignin fractions from hardwood and
softwood kraft lignins that were also characterized by high phenolic hydroxyl
content (Yoshida et al., 1987; Morck R, Reimann A, 1988). Additionally,
sequential precipitation of lignins by first dissolving lignin in organic solvents or aqueous
organic solvents and increasing the amount of anti-solvent (e.g., hexane/water) have been
reported to result in more homogeneous lignin fractions (Ajao et al., 2019; Cui et al.,
2014; Dominguez-Robles et al., 2018; Jaaskelainen et al., 2017; Wang et al., 2018).
Hence, lignin precipitation from different solvent fractions can be used to isolate lignins
with comparatively narrow molecular weight distribution and particular functional groups
(Ja&skelainen et al., 2017; Saito et al., 2014; Wang et al., 2018).

There is growing interest in using solvent fractionated kraft lignin in PF and PU resin
formulations (Arshanitsa et al., 2016; Griffini et al., 2015; Lettner et al., 2018; Luo et al.,
2020). For example, Bin Luo et al. (Luo et al., 2020) performed solvent fractionation
using a mixture of methanol-acetone followed by phenolation to increase the reactivity
of sugarcane bagasse kraft lignin fractions such that 40 wt.% could be used to replace
phenol in a PF resin. Griffini et al. (Griffini et al., 2015) formulated a thermoset PU
coating using softwood kraft (Indulin-AT) lignin that was solubilized in 2-methyl
tetrahydrofuran. In that study, 2-methyl tetrahydrofuran was used as the solvent for both
lignin fractionation and PU resin preparation; however, approximately 50 wt.% of the
lignin sample could not be solubilized and so was not used (Griffini et al., 2015).

Despite the extensive work that has been done in the area of kraft lignin fractionation
with organic solvents, applications of all resulting fractions are lacking. We investigated
the possibility of using both the acetone soluble and insoluble fractions of softwood kraft
lignin for synthesizing lignin-formaldehyde (LF) and lignin-based polyurethane (LPU)
resins. Acetone was chosen because it is considered a non-VOC solvent and is favorably
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ranked relative to other organic solvents by techno-economic assessment and
environment-health-safety evaluations (Ajao et al., 2019; Cui et al., 2014; Jiang et al.,
2020). Additionally, the use of a bio-derived solvent as an alternative to
dimethylformamide (DMF) in LPU resin was investigated. Dihydrolevoglucosenone
(Cyrene™) is a bipolar aprotic solvent made from cellulose via hydrogenation or
enzymatic reduction of levoglucosenone (Sherwood et al., 2014). Lignin is known to
have good solubility in DMF due to similar solubility parameters, with the Hansen
relative energy difference of 0.77 (Duval et al., 2016). Similar to DMF, Cyrene has a
Hansen relative energy difference of 0.89 with lignin and high hydrogen bond acceptor
capacity (Meng et al., 2020), indicating that Cyrene could be a suitable solvent for lignin.
This study demonstrates a one-step acetone fractionation of softwood kraft lignin for
direct use of lignin in phenolic and PU resin applications as well as the possibility of
using low toxicity green solvent to dissolve lignin for formulating lignin-based PU (LPU)

resin to be used for coating formulations.

2. Materials and Methods
2.1 Materials

Softwood kraft lignin was vacuum oven-dried at 80 °C for 3 h (until the mass was
constant). Methylene diphenyl diisocyanate 98 % was purchased from Thermo Fischer
Scientific. All other chemicals were reagent grade (Millipore Sigma, MA, USA) and used

without further purification.

2.2 Kraft Lignin Fractionation with Acetone

Acetone fractionation of the softwood kraft lignin was performed as described elsewhere
(Cui et al., 2014). Briefly, 100 g of lignin was dispersed in 1000 mL acetone at room
temperature, vigorously agitated for 30 min, and then gently stirred for 12 h.

The acetone insoluble fraction of lignin (Al-L) was recovered by vacuum
filtration through Whatman filter paper (0.2 um pore size, 7402-004). The Al-L fraction
was rinsed with 200 mL acetone and then suspended in 120 mL of 0.1 N HCI and mixed

for 3 h at 80 °C to remove any expected minerals in this fraction.
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The acetone soluble fraction of lignin (AS-L) was recovered by removing the acetone
using a rotary evaporator. This step left the AS fraction at the bottom of the flask. Both
recovered Al-L and AS-L fractions were vacuum dried for 3 h at 80 °C before any further
analysis (Scheme 1).

Softwood Kraft Lignin
(100g)

Suspended in
1000ml Acetone

\ N

Acetone Insoluble lignin Fraction (Al-L)

Acetone Soluble Lignin Fraction (AS-L) ‘

70 wt.% 30 wt.%
Acetone Washed with Dilute
Evaporated 1y Acid & Water
AS-Lignin + Formaldehyde Al-Lignin+ Isocyanate (MDI)
= Lignin-Based Phenolic Resin (LF) { = Lignin-Based PU Resin (LPU)

Scheme 1. Simplified indication of experimental flow for the creation of LPU and LF
resins from acetone fractionated W

2.3 Characterization of Kraft Lignin and Lignin Fractions

Analysis of Mn, Mw, and PDI. Prior to the gel permeation chromatography analysis
(GPC), lignin samples were acetylated according to the procedure described by Thring et
al. (Thring et al., 2006). Briefly, 1 g of oven-dried lignin was refluxed at room
temperature for 48 h in 40 mL of acetic anhydride/pyridine (1:1 volume ratio). The
modified lignin was then precipitated using 50 mL of 0.1 M HCI, filtered through a
0.45 um PTFE (polytetrafluoroethylene) membrane filter, and washed with 0.1 M HCI
and excess distilled water. The residual solids (acetylated-lignin) were dried at 50 °C in a
vacuum oven for 24 hand then dissolved in tetrahydrofuran (THF) to 5 mg/mL and
filtered using a syringe filter (PTFE, 0.45 um). Then, 25 uL of the filtrate was injected
into the GPC system (Waters, MA, USA) equipped with a Waters e2695 separations
module. The mobile phase was THF and used at a flow rate of 1 mL/min. To increase the
peak resolution, three columns were used to evaluate the molecular weight distribution of
each sample: (1) 300 mm x 7.8 mm Ultyragel THF 100-10k A, (2) Ultyragel THF 500-
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30k A, and (3) Ultyragel THF 5k-600k A (Waters, MA, USA). Polystyrene standards
with molecular weights of 162, 370, 580, 1000, 1300, 2000, 3000, 5000, 7000, 10000 Da
were used for calibration. The number average molecular weight (Mn) and weight
average molecular weight (Mw) of test samples were calculated using Empower™ GPC
Software version 3.

Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis. Quantitative 3P
NMR analyses were carried out according to slightly modified procedures published
by Argyropoulos and Granata (Granata and Argyropoulos, 1995). Briefly, approximately
40 mg of lignin was dissolved in an anhydrous pyridine/deuterated chloroform mixture
(1.6:1 v/v, 325 pL), and anhydrous DMF (300 pL) was added to increase the solubility of
the lignin. 100 pL of 22 mg/mL solution of cyclohexanol in 1.6:1 v/v anhydrous pyridine/
deuterated chloroform solvent was used as the internal standard. Chromium (1)
acetylacetonate solution (50 pL, 5.6 mg/ mL in 1.6:1 v/v anhydrous pyridine/deuterated
chloroform) was added as the relaxation reagent. Then 100 uL of 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane  (TMDP) was added to the solution as
phosphorylating reagent. All 3P NMR experiments were acquired using a Bruker Avance
600MHz spectrometer. The 3P NMR data was obtained in a 5-mm tube with a pulse
angle of 90 flip and pulse delay of 10 s (relaxation time) with 256 scans. The
quantification limits applied were aliphatic hydroxyls (149.1-145.4 ppm), cyclohexanol
(145.3—144.9 ppm), condensed-phenolic units (144.6—143.3; and 142.0—141.2 ppm),
syringyl phenolic units (143.3—142.0 ppm), guaiacyl phenolic hydroxyls (140.5— 138.6
ppm), p-hydroxyphenyl phenolic units (138.5-137.3 ppm), and carboxylic acids
(135.9—134.0 ppm)(Asgari and Argyropoulos, 1998).

Inductively Coupled Plasma Mass Spectrometry/ Ash Content Analysis.
Impurities in the softwood kraft lignin and acetone fractionated lignin samples, such as
sodium and sulfur, were measured following AOAC Official Methods 922.02 and 980.03
using inductively coupled plasma optical emission spectroscopy (ICP-OES) (iCAP Duo
6000 series, Thermo Fisher Scientific). Samples were oven-dried, sieved through mesh
No. 20 (841 um), and digested using the microwave extraction method SW846-3051A.
Briefly, 0.2 g of lignin (weighed to the nearest 0.001 g) was transferred to a quartz

microwave vessel, mixed with 2 mL of concentrated nitric acid, sealed, and then heated
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in a microwave at 90 °C for 90 s. Samples were cooled to 50 °C before adding 1 mL of
peroxide and then microwaved at 105 °C for 10 min. Sodium and sulfur elements were
run along with lignin samples as calibration standards. The ash content of dried lignin
samples was measured according to TAPPI T211om-93. The percent ash content of the
isolated-lignin sample (six replicates) was measured after calcination of the sample in a

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

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

Acetone soluble lignin was used to formulate lignin-based formaldehyde (LF) resin by
substituting 100% of phenol with AS-L, where the molar ratio of phenolic hydroxyl
groups in the lignin to formaldehyde was 1:2. First, 16 g AS-L lignin (calculated based
on total phenolic OH content of from 3P NMR) was transferred to a three-necked flask
and dissolved in 1 M NaOH (55 mL); 9.7 g formaldehyde (37% aqueous solution) was
then added and mixed (700 rpm) for 10 min at 65 °C using a digital magnetic stirrer. 1 M
NaOH (20 mL) was then added to the mixture, the temperature was gradually increased
to 85 °C over 30 min, and then held at 85 °C for 1 h before cooling to room temperature
using ice. One-third of the LF resin was used to measure resin properties, and the rest
were stored at -20 °C to prevent further polymerization and permit later use in LF
adhesive formulation. The LF adhesive was prepared as previously described (Kalami et
al., 2017). Briefly, wheat flour (6.5 wt.%) was dissolved in distilled water (18 wt.%), and
then alder bark modal (6.5 wt.%) was gradually added to the solution and stirred for 2
min before adding LF resin (66 wt.%) and NaOH (3 wt.%) and further stirring for 5 min
with an overhead digital mixer. In order to have a control for the LF resin, the pure
phenol-formaldehyde resin was also prepared in the lab following the same procedure

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

2.5 Characterization of Lignin-Formaldehyde Resin

Solid Content and pH. The solids content of liquid phenolic resin was measured
according to the ASTM D4426-01 method (ASTM, 2015). First, disposable aluminum
pans were placed on a heater at 270 °C for about 15 s to flash off any excess oil from the

surface, which could have remained during manufacturing. The preheated dishes were
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placed in a desiccator for 5 min before measuring their weights. Then, 1 g of resin was
placed at the center of each dish and kept in an oven at 125 °C for 105 min (5 replicates
for each sample). After cooling the samples in the desiccator, solid contents
were calculated using the following equation (1):

Weight of oven—dried resin (g)

% SC =

x 100 (1)

weight of initial resin (g)
Mettler ToledoTM S220Seven Compact digital pH meter was used to measure the pH of
resin at room temperature. The pH was recorded to one decimal place after vigorously
agitating the samples for 10 to 15 s.

Free Formaldehyde Content. The free formaldehyde percent of formulated phenolic
resins was determined according to European Standard DIN EN ISO 9397 (European
Standard DIN EN ISO 9397, 1995). Potentiometric titration was applied to quantitatively
measure the amount of HCI released through the reaction shown below (2):

HCHO + NH;OH.HCI — CH;=NOH + H;0 + HCI (2)

Briefly, 100 mL of distilled water was added to an adequate amount of phenolic resins,
and pH was adjusted to 4 by 0.1 N HCI. Afterward, 20 mL of 10% hydroxylamine
hydrochloride was added to the resins, and the solution was titrated to pH 4.0 using 0.1 N
NaOH solution. Finally, the percentage of free formaldehyde in the resin was calculated

using the following equation (3):

V(NaOH)(ml) x N (NaOH) x 3.003
Weight of resin sample (g)

% CH;0 = x 100 (3)

Lap Shear Test. To test the adhesion performance of formulated adhesives, a known
amount of each adhesive formulation ranging from 0.1-0.12 g were applied on 25
mm? end section of popular veneer samples measuring 25.4 mm x 102 mm x 5.6 mm.
Then a SATEC Universal mini hot press was used to make plywood samples for the lap
shear test. Lap shear strengths of bonded veneers were tested using an Instron universal
testing machine (ASTM, 2005). The two veneers were pressed at 1400 kPa, temperature
about 180 °C, for about 3-4 min.
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2.6 Polyurethane Resin From Acetone-Insoluble Fraction of Kraft
Lignin

To evaluate the reactivity of the acetone-insoluble (Al-L) fraction towards NCO groups
in isocyanate, a titration method was used as described elsewhere (ASTM, 2016). Briefly,
1 g of Al lignin was dissolved in 6 g anhydrous DMF, and 1 g pure methylene diphenyl
diisocyanate (MDI) was added. The mixture was heated at 50 °C for 1 h. Then the
unreacted isocyanate was measured by reverse titration according to the modified version
of ASTM D-5155 (ASTM, 2016) using auto-titrator (Metrohm, 916 Ti-touch Swiss
Mode). The percent reactivity was measured by quantifying the amount of unreacted
isocyanate that remains in the system after 1 h reaction. The percent OH group reacted
with isocyanate was calculated based on total OH content quantified by 3P NMR and
free isocyanate in the system after 1 h reaction. After evaluating the reactivity of Al
lignin towards isocyanate, a two-component (2K) Al-L lignin-based polyurethane (LPU)
resin (NCO:OH ratio of 1.1) was prepared by first making an isocyanate-terminated
prepolymer from Al lignin and pure methylene diphenyl diisocyanate (MDI). The
prepolymer was made by dissolving 1.5 g of oven-dried Al lignin in 36 g anhydrous
dimethylformamide (DMF) at room temperature using magnetic stirring for 15 min. A
calculated amount (based on equivalent weight) of pure MDI (3 g) was then added to the
mixture. The reaction between lignin and MDI was carried out for 1.5 h at 60 °C in a
reactor under nitrogen purge (Nejad and Nikafshar, 2016); the free NCO content in the
isocyanate-terminated prepolymer was then measured using the ASTM-D5155 method to
calculate the amount of lignin needed as the polyol (Thring et al., 2006). LPU resin was
then formed by combining the isocyanate prepolymer, Al-L lignin (added according to
hydroxyl content of lignin and index of 1.1), and organotin-based catalyst (0.2 wt.%) in
an aluminum pan and vigorously mixing with a glass rod for 1-2 min.

To investigate the possibility of using dihydrolevoglucosenone (Cyrene) as a replacement
for DMF, LPU was prepared by first making an isocyanate-terminated prepolymer using
lignin, isocyanate, and Cyrene. The isocyanate-terminated prepolymer was made by first
dissolving 6 g of Al-L in 84 g Cyrene at 70 °C using magnetic stirring for 1 h to ensure
the dissolution of lignin in the Cyrene solvent. A calculated amount (based on equivalent

weight) of pure MDI (13.75 g) was then added to the mixture. The reaction between

10
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lignin and MDI was carried out for 1.5 h at 60 °C in a reactor under nitrogen; the free
NCO content in the isocyanate-terminated prepolymer was then measured using the
ASTM-D5155 (ASTM, 2016) method to calculate the amount of lignin needed as the
polyol. LPU resin was then formed by combining the isocyanate prepolymer (1.8 g), Al-
L lignin (1 g added according to hydroxyl content of lignin and index of 1.1), and
organotin-based catalyst (0.2 wt.%) in an aluminum pan and vigorously mixing with a

glass rod for 1-2 min.

2.7 Characterization of Acetone-Insoluble Lignin-Based PU Resin

Fourier-Transform Infrared Spectroscopy (FTIR). Samples were characterized
using a Perkin-Elmer Paragon 500 Fourier transform infrared spectrometer in attenuated
total reflectance mode (FTIR-ATR). Spectra were recorded in a wavenumber range
between 400 and 4000 cm™ at a resolution of 4 cm™* with 32 scans.

Differential Scanning Calorimetry (DSC). The glass transition temperatures (Tg)
of the Al-L sample and prepared lignin-based polyurethane (LPU) resin were measured
using a differential scanning calorimeter (DSC-Q100). About 5-10 mg of oven-dry Al-L
was placed on an aluminum pan. A ramp test with a heating rate of 20 °C’ min under a
nitrogen flow of 70 mL/min was performed with a heat-cool-heat cycle from -20 to 200
°C. The second cycle was used to calculate Tg.

Viscosity. The viscosity of the LPU resin was tested at 25 °C using a TA instrument
Discovery HR-1 Hybrid Rheometer and a constant shear rate of 100.0 1/s.

Cross-Cut Tape Test. The adhesion of the LPU resins on the wood substrate was
evaluated with a tape test (ASTM, 2012). The samples were sanded after the first coat
was dried with 100-grit sandpaper to improve cohesion between the two layers. After one
week of air-drying, three replicates of coated wood maple samples were tested for
adhesion strength using the tape test.

Pencil Hardness Test. The film hardness was measured by pencil hardness following
ASTM D3363 test method (ASTM, 2010), using a Wolf-Wilburn scratch hardness tester
from BYK with pencils inclined at 45+1°.

11
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3. Results and Discussion

3.1 Lignin Characterization

The yield of acetone soluble (AS-L) and insoluble (Al-L) fractions of softwood kraft
lignin was approximately 70 wt.% and 30 wt.%, respectively. GPC analyses revealed
reduced polydispersity of both AS-L and Al-L fractions relative to the starting material
and highest average molecular weight for the Al-L fraction (Table 1). Additionally, the
3P NMR analyses revealed higher aliphatic hydroxyl content (2.27 mmol/g) in the Al-L
fraction compared to the AS-L fraction (1.73 mmol/g) (Table 1). On the other hand, the
amount of total phenolic hydroxyl group (3.86 mmol/g) in the AS-L fraction was higher
than the AI-L fraction (1.90 mmol/g). Overall, the characteristics of Al-L and AS-L
fractions are summarized in Table 1 agree with previously published work on the
fractionation of technical kraft lignin with organic solvents (Crestini et al., 2017; Cui et
al., 2014; Culebras et al., 2018; Giummarella et al., 2020; Karaaslan et al., 2021; Wang et
al., 2018).

Table 1. Molar mass (g/mol) and hydroxyl content (mmol/g) of softwood kraft lignin and
its acetone-soluble and insoluble fractions

Aliphatic Total Carboxylic Average  Average
Lignin samples OH phenolic OH acid Mw? Mn? PDI?
(mmol/g) (mmol/g) (mmol/g)  (g/mol) (g/mol)

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
(AACIF"_tf)”e insoluble 2.27 1.90 0.33 14000 3500 4.0

aThe weight average molecular weight (My) and number average molecular weights (M,), and
polydispersity index (PDI)

The kraft process introduces sulfur and other minerals to black liquor (Li and
Takkellapati, 2018). Predictably, elemental analysis and ash content measurements
revealed comparatively high sulfur and mineral content in the Al-L fraction; however,

these components could be removed from the Al-L fraction by washing in dilute acid

12



347
348

349
350

351

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

(Table 2). This washing step could increase the solubility of lignin in organic solvents

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

Table 2. Minerals (wt %) of softwood kraft lignin and minerals (wt.%) and ash content
(wt %) of acetone-soluble and insoluble fractions (before and after dilute acid wash), n=3

Lianin 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 (Al-L) 3.14 2.22 0.13 0.07 4.30 £ 0.05

Washed-acetone insoluble (Washed Al-L) 1.39 0.01 0.001 0.007 0.40+0.10

The results summarized in Tables 1 and 2 uncover the potential of each fraction for
different resin applications. The low average molecular weight and molar mass
distribution (PDI) of the AS-L fraction is expected to increase reactivity with
formaldehyde and improve the performance consistency of resulting lignin-based PF
resins (Li and Takkellapati, 2018; Lourengon et al., 2020; Pang et al., 2017). In a
previous study conducted by our group, the suitability of nine different lignin samples as
phenol replacement were evaluated. Kalami et al. (Kalami et al., 2018) concluded that the
lignins with higher phenolic OH content (guaiacyl and p-hydroxyphenyl) were better
candidates to replace phenol in phenolic resin applications. Based on the results of that
study, the AS-L fraction that had higher phenolic hydroxyl content than the Al-L fraction
was used for phenolic resin formulation. By contrast, the AI-L fraction with
comparatively higher aliphatic hydroxyl content thus it was used for PU resin
formulation. The 3P NMR analyses results were used to accurately calculate the amount

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

In a previous study by our group, Kalami et al. (Kalami et al., 2018) measured the
reactivity of kraft softwood lignin with formaldehyde. The total phenolic OH content of
the kraft softwood lignin in the Kalami et al. study (3.01 mmol OH/ g) was similar to our
unfractionated kraft softwood lignin (3.12 mmol OH/g). The results of that study showed
the lignin-based phenolic resin (LF) made with kraft softwood lignin had significantly
lower dry adhesion strength (2.6£0.6 MPa) than a lab formulated PF Resin (3.4+0.2
MPa). They also compared the suitability of nine different lignins as phenol replacements
for formulating lignin-formaldehyde adhesives. The results showed that lignins with
higher hydroxyphenyl (H) and guaiacyl (G) contents had higher reactivity toward
formaldehyde, thus were better candidates for entirely replacing phenol in phenolic
resins. Based on these results, the acetone insoluble lignin fraction (Al-L) with low
phenolic hydroxyl content was not used for phenolic resin formulation. Therefore, only
AS-L was tested as a phenol replacement in the present study. The formulated lignin-
formaldehyde (LF) resin was compared to a lab formulated phenol-formaldehyde (PF) in

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

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

) Solid Content Free Formaldehyde Content
Resin Sample pH
(%) (%)
Lignin-formaldehyde (LF) resin 204+0.09 10.7 1.3+£0.01
Lab phenol formaldehyde (PF) resin 30.0 £ 0.5% 10.2 0.3+0.03

The low solid content of LF compared to PF resin can be attributed to the high water
content of the LF resin. Compared to phenol supplied in a 40% solution in water, lignin is
solid and first needs to be dissolved in an alkaline solution prior to LF formulation;
therefore, more water was present in LF resin than PF. Although the free formaldehyde of
LF resin is higher (1.3%) than PF (0.3%), it can be easily adjusted to be below 0.5%
during further optimization. Despite having a lower solid content of LF resin compared to
the PF resin, the dry shear strength of the developed LF adhesive was significantly
(pvaie=0.0018) higher (4.4 MPa) than the PF adhesive (3.4 MPa) (Figure 1A).
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Additionally, 100% wood failures were observed for all dry adhesion samples analyzed
by lap shear strength tests, emphasizing the excellent bonding strength of LF adhesive
(Figure 1B). Using the acetone soluble fraction of kraft softwood lignin in this study
resulted in a lignin-based adhesive with significantly higher adhesion performance (4.4
MPa, and 100% wood failure), compared to the previous study (Kalami et al., 2018),
which used unfractionated kraft softwood lignin (2.6 MPa, and only 40% wood failure).

A Shear Strength of Phenolic Adhesives B
6
©
o 4
s T
-
1 4
2 I
ho 3]
©
2 2
v
1 -
0 |
PF Formulated LF Formulated ]
Adhesive Adhesive

Figure 1. (A) Dry Lap shear strength of samples, made with lignin-formaldehyde and lab
PF adhesive, n=10; error bars represent standard deviation, (B) Images of wood failure in
the lap shear samples after dry lap shear test of lignin-based phenolic (LF) adhesive as
pressed at 180 °C, 1400 kPa, for about 3-4 min, n=10.

3.3 Polyurethane Resin From Acetone-Insoluble Lignin (LPU)

Titration was used to measure the amount of unreacted NCO from isocyanate (MDI) after
reaction with softwood kraft lignin and the corresponding acetone soluble (AS-L) and
insoluble (AI-L) lignin (Table 4). The titration assay with lignin and MDI revealed an

increase in the reactivity based on the decrease in the amount of unreacted isocyanate.
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The OH groups of kraft lignin and corresponding fractions are shown in Table 4 were
quantified based on the amount of unreacted NCO in the system and the total OH groups
in lignin as measured by 3P NMR (Table 1). The results indicate the effect of acetone
fractionation on lignin reactivity towards NCO groups. The total OH groups in the Al-L
fraction (2.27 mmole/g) that reacted with NCO are 58 % and 32 % higher than the
reacted NCO of crude kraft lignin and AS-L fraction, respectively. This is consistent with
the comparatively high aliphatic hydroxyl content in the AIl-L lignin sample (2.27
mmole/g) compared to AS-L (1.73 mmole/g) measured by 3P NMR (Table 1). Based on
the results reported in Table 4, the AIl-L fraction had the highest reactivity with

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

Table 3. Percent unreacted isocyanate measured by titration method and the total
calculated hydroxy! groups reacted with isocyanate (based on *!P NMR data), (n=3)

0 % Hydroxyl group reacted with NCO
Lignin sample 0% Unreacted o Hy yl group

isocyanate based on *!PNMR data
Softwood kraft lignin 141+04 25.8+0.4
Acetone insoluble lignin (Al-L) 95+05 83.2+05
Acetone soluble lignin (AS-L) 10.8+0.8 51.0+0.8

After testing the reactivity of the Al-L fraction towards isocyanate in MDI, we developed
two lignin-based polyurethane resins using acetone insoluble fraction of lignin with DMF
and another one with Cyrene. First, an isocyanate-terminated prepolymer was formulated
by mixing Al-L, MDI with DMF or Cyrene as the solvent.

Unreacted isocyanate content of the isocyanate-terminated prepolymer from the reaction
of Al-L with MDI are shown in Table 5. The prepolymer made with Cyrene showed 30%
higher reactivity with isocyanate than the prepolymer made with DMF (Table 5). Further
in-depth study is needed to investigate why Cyrene improved the reaction of lignin with
MDI. It should be noted that a mixture of oven-dried Cyrene and MDI alone at the same
reaction temperature did not show any reactivity based on titration data. This is a two-

component (2K) PU system in which the isocyanate-terminated prepolymer will be
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mixed with the second component, the polyol (in this case lignin), right before
application of the formulated resin or coating on any substrate. The reported free
isocyanates data shown in Table 5 were used to calculate the amount of lignin needed as
the second component (part-two) to be mixed before measuring the performance of the
final LPU resin.

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

Sample % Free Isocyanate in the
Prepolymer (First Component)

Prepolymer with DMF (Al-L) 59+0.1

Prepolymer with Cyrene (Al-L) 3.8+0.3

After evaluating the amount of unreacted isocyanate in the prepolymers, more Al-L was
added to the prepolymer, and the resins were cured at room temperature. The formation
of the urethane linkage between lignin and isocyanate in cured LPU was evaluated by
FTIR, which revealed an increase in the intensity of the peak at 3300 cm™ for -NH
stretching of urethane (Figure 2). Concurrently, the disappearance of the isocyanate peak
at 2260 cm™ in the cured LPU sample was a clear indication of the successful formation
of the LPU network. Moreover, two new peaks were formed at 1203 cm™ and 1315 cm?,
corresponding to the C-N stretching of the urethane linkages; a peak at 1750 cm™ also
developed in lignin-isocyanate samples, which was assigned to C=0 of urethane linkages
(-NH-COO-)(Griffini et al., 2015).
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Figure 2. FTIR spectra of acetone-insoluble lignin, LPU prepolymer, and cured LPU

resin

Unlike most PU resins, which are made with aliphatic polyols, using lignin with aromatic
structure and higher Ty to replace aliphatic polyol, might raise some concerns about the
low flexibility of the LPU resins for some coating applications (i.e., wood coating). Thus,
the thermal properties of LPU resins made with DMF and Cyrene solvents were
investigated using DSC. Since lignin is a natural glue in the wood, our assumption was
the developed lignin-based PU resin should have excellent compatibility with wood, thus
will be a great candidate for wood coating formulation. Therefore, the T4 of developed
LPU resins made with Cyrene and DMF were measured. The LPU resin made with
Cyrene had a glass transition (Tg) of 118 °C, significantly lower than the T4 (143 °C) of
LPU resin made with DMF. Lower Tg4 value will increase the flexibility of the resulting
resin, making it more suitable for wood coating application to better stand the
fluctuations in wood due to shrinking and swelling in service. The other concern about
using a solid raw material like lignin is potentially the high viscosity and solids content of

the final biobased resins vs. resins made with liquid petroleum-based polyols. Viscosity
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and solid content are important properties affecting the brush and spray application of
coatings, penetration into the porous substrates (i.e., wood), and dry film thickness of
coatings. The resin made using Cyrene as the solvent had an also lighter color than the

resin made with DMF when applied on wood substrates (Figure 4).
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Figure 3. DSC scans and glass transition value (Tg) of LPU with DMF as solvent and

LPU with Cyrene as solvent.

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

Resin sample Solid content (%) Viscosity (mPa.s)?
LPU with DMF 43.8+£0.2 352
LPU with Cyrene 38.6 £0.4 289

225 °C, constant shear rate 100.0 (1/s),
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Figure 4. Wood samples coated with lignin-based PU resins made with (A) DMF, and
(B) with Cyrene as solvent.

Although lignin has excellent compatibility with wood, to prove that the formulated
lignin-based PU resins had good adhesion to the wood, the adhesion of formulated resins
made with DMF and Cyrene to the wood were measured using the scratch tape test. Also,
the film hardness of the resins applied to wood was measured using the pencil hardness
test (Table 7). Both resins had excellent adhesion to the wood (5B), while the resin made
with Cyrene had slightly higher scratch resistance performance than the resin made with
DMF. Further in-depth study is needed to explain these observed differences between
DMF Vs. Cryene.

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

Lignin-PU sample Cross-cut tape ? Pencil hardness ®
LPU with DMF 5B (0% None) 6H
LPU with Cyrene 5B (0% None) 7H

a(B: greater than 65% loss; 3B: 5-15% adhesion loss; 4B: Less than 5% adhesion loss; 5B: None,
0% loss

20



500

501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519

520

521

522
523
524
525
526
527
528
529

4. Conclusions

This study presents a new approach to formulate partially bio-based phenol-formaldehyde
and polyurethane resins by entirely replacing phenol and polyol with two different
fractions of softwood kraft lignin after one-step acetone fractionation. The acetone
soluble (AS-L) fraction with higher phenolic hydroxyl content proved to be an excellent
candidate to replace 100% of phenol in phenolic resin formulation. The dry adhesion
strength of lignin-formaldehyde resin made with acetone soluble fraction of kraft lignin
was significantly higher than the adhesion strength of a lab formulated phenol-
formaldehyde resin. All the lap shear samples showed 100% wood failure, indicating the
highest performance of the developed lignin-based adhesive, with zero adhesive failure.

On the other hand, the acetone insoluble (Al-L) fraction of lignin had significantly higher
aliphatic hydroxyl content and showed higher reactivity towards isocyanate when
compared with starting kraft softwood lignin. Thus the Al-L was used to replace 100% of
petroleum-based polyol in the formulation of polyurethane resin. In addition, Cyrene was
used, as a bio-derived solvent, for lignin-based PU resin synthesis. The resins made with
Cyrene had better hardness and flexibility (lower Tg) and lower viscosity than the resin
made with dimethylformamide (DMF). Using a none VOC solvent like acetone proved to
be an effective method to fractionate softwood kraft lignin into two fractions suitable for
formulating lignin-based phenolic and polyurethane resins without the need for further

chemical modification of the lignin structure.

AUTHOR INFORMATION

Corresponding Authors

Mojgan Nejad - Department of Forestry and Department of Chemical Engineering and
Materials Science, Michigan State University, East Lansing, MI, 48824 US

Contribution: Conceptualization, methodology, supervision, review & editing
manuscript, funding acquisition.
nejad@msu.edu

21


mailto:nejad@msu.edu

530

531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

546

547
548

549

550
551
552
553
554
555
556
557
558

559

560
561

Credit Authorship Contribution Statement

Maryam Arefmanesh — Department of Chemical Engineering and Applied Chemistry,
University of Toronto, Toronto, Ontario, M5S 3E5 Canada

Contribution: writing the original draft paper, methodology, data analysis, and data
curation

Saeid Nikafshar — Department of Forestry, Michigan State University, East Lansing, MI,
48824 US
Contribution: Data analysis, experimental, methodology, review, and editing manuscript.

Emma R. Master — Department of Chemical Engineering and Applied Chemistry,
University of Toronto, Toronto, Ontario, M5S 3E5, Canada and Department of
Bioproducts and Biosystems, Aalto University, FI-00076 Aalto, Kemistintie 1, Espoo,
Finland

Contribution: Project overseas, review and edit the manuscript, and funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal

relationships that could have influenced the work reported in this paper.

Acknowledgment

We would like to thank Hexion, Henkel, and Huntsman for their invaluable technical
advice. Also, the authors are grateful for funding support from Domtar Inc., the
Government of Ontario “Clean Manufacturing and Nano-engineering of Sustainable
Materials” (ORF-RE-07-041); Department of Energy (DOE), Office of Energy
Efficiency and Renewable Energy (EERE), DE-EE0008148; Grant Case-48166 of the
21st Century Jobs Trust Fund received through the MSF from the State of Michigan
(MTRAC); and the USDA National Institute of Food and Agriculture, Mcintire Stennis,
1021850.

Disclaimer

Disclaimer: This report was prepared as an account of work sponsored in part by an

agency of the United States Government. Neither the United States Government nor any

22



562
563
564
565
566
567
568
569
570
571
572

573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600

agency thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or represents that its use
would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government

or any agency thereof.

References

Ajao, O., Jeaidi, J., Benali, M., Abdelaziz, O.Y., Hulteberg, C.P., 2019. Green solvents-
based fractionation process for kraft lignin with controlled dispersity and molecular
weight. Bioresour. Technol. 291, 121799.
https://doi.org/10.1016/j.biortech.2019.121799

Aminzadeh, S., Lauberts, M., Dobele, G., Ponomarenko, J., Mattsson, T., Lindstrém,
M.E., Sevastyanova, O., 2018. Membrane filtration of kraft lignin: Structural
charactristics and antioxidant activity of the low-molecular-weight fraction. Ind.
Crops Prod. 112, 200-209. https://doi.org/10.1016/j.indcrop.2017.11.042

Aniceto, J.P.S., Portugal, 1., Silva, C.M., 2012. Biomass-based polyols through
oxypropylation reaction. ChemSusChem 5, 1358-1368.
https://doi.org/10.1002/cssc.201200032

Arshanitsa, A., Krumina, L., Telysheva, G., Dizhbite, T., 2016. Exploring the application
potential of incompletely soluble organosolv lignin as a macromonomer for
polyurethane synthesis. Ind. Crops Prod. 92, 1-12.
https://doi.org/10.1016/j.indcrop.2016.07.050

Asgari, F., Argyropoulos, D., 1998. Fundamentals of oxygen delignification. Part II.
Functional group formation/elimination in residual kraft lignin. Can. J. Chem. 76,
1606-1615. https://doi.org/10.1139/CJC-76-11-1606

ASTM, 2016. Standard test methods for polyurethane raw materials: determination of the
isocyanate content of aromatic isocyanates. Annu. B. ASTM Stand. i, 1-6.
https://doi.org/10.1520/D5155-14.

ASTM, 2015. Standard test method for determination of percent nonvolatile content of
liquid phenolic resins used for wood laminating 1. Annu. B. ASTM Stand. 01, 8-9.
https://doi.org/10.1520/D4426-01R13.2

ASTM, 2012. Standard test methods for measuring adhesion by tape test 1 1-8.
https://doi.org/10.1520/D3359-09E02.2

23



601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646

ASTM, 2010. Standard test method for film hardness by pencil test 1. ASTM D3363-05
Stand. 05, 5-7. https://doi.org/10.1520/D3363-20.2

ASTM, 2005. Standard test method for lap shear adhesion for fiber reinforced plastic (
FRP ). Reproduction 01, 4-5. https://doi.org/10.1520/D5868-01R14.2

Bajwa, D.S., Pourhashem, G., Ullah, A.H., Bajwa, S.G., 2019. A concise review of
current lignin production, applications, products and their environment impact. Ind.
Crops Prod. 139, 111526. https://doi.org/10.1016/j.indcrop.2019.111526

Brodin, 1., Sj6holm, E., Gellerstedt, G., 2009. Kraft lignin as feedstock for chemical
products: The effects of membrane filtration. Holzforschung 63, 290-297.
https://doi.org/10.1515/HF.2009.049

Chung, H., Washburn, N.R., 2012. Improved lignin polyurethane properties with lewis
acid treatment. ACS Appl. Mater. Interfaces 4, 2840-2846.
https://doi.org/10.1021/am300425x

Collins, M.N., Nechifor, M., Tanasa, F., Zanoagd, M., McLoughlin, A., Strézyk, M.A.,
Culebras, M., Teaca, C.A., 2019. Valorization of lignin in polymer and composite
systems for advanced engineering applications — A review. Int. J. Biol. Macromol.
131, 828-849. https://doi.org/10.1016/j.ijbiomac.2019.03.069

Crestini, C., Lange, H., Sette, M., Argyropoulos, D.S., 2017. On the structure of
softwood kraft lignin. Green Chem. 19, 4104-4121.
https://doi.org/10.1039/c7gc01812f

Cui, C., Sun, R., Argyropoulos, D.S., 2014. Fractional precipitation of softwood kraft
lignin: Isolation of narrow fractions common to a variety of lignins. ACS Sustain.
Chem. Eng. 2, 959-968. https://doi.org/10.1021/sc400545d

Culebras, M., Sanchis, M.J., Beaucamp, A., Carsi, M., Kandola, B.K., Horrocks, A.R.,
Panzetti, G., Birkinshaw, C., Collins, M.N., 2018. Understanding the thermal and
dielectric response of organosolv and modified kraft lignin as a carbon fibre
precursor. Green Chem. 20, 4461-4472. https://doi.org/10.1039/c8gc01577e

Dessbesell, L., Paleologou, M., Leitch, M., Pulkki, R., Xu, C. (Charles), 2020. Global
lignin supply overview and kraft lignin potential as an alternative for petroleum-
based polymers. Renew. Sustain. Energy Rev. 123.
https://doi.org/10.1016/j.rser.2020.109768

Dominguez-Robles, J., Tamminen, T., Liitia, T., Peresin, M.S., Rodriguez, A.,
Jaaskelainen, A.S., 2018. Aqueous acetone fractionation of kraft, organosolv and
soda lignins. Int. J. Biol. Macromol. 106, 979-987.
https://doi.org/10.1016/j.ijbiomac.2017.08.102

Duval, A., Lawoko, M., 2014. A review on lignin-based polymeric, micro- and nano-
structured materials. React. Funct. Polym. 85, 78-96.
https://doi.org/10.1016/j.reactfunctpolym.2014.09.017

Duval, A., Vilaplana, F., Crestini, C., Lawoko, M., 2016. Solvent screening for the
fractionation of industrial kraft lignin. Holzforschung 70, 11-20.
https://doi.org/10.1515/hf-2014-0346

European Standard DIN EN 1SO 9397, 1995. INTERNATIONAL.

Ghorbani, M., Mahendran, A.R., van Herwijnen, H.W.G., Liebner, F., Konnerth, J., 2018.
Paper-based laminates produced with kraft lignin-rich phenol-formaldehyde resoles
meet requirements for outdoor usage. Eur. J. Wood Wood Prod. 76, 481-487.
https://doi.org/10.1007/s00107-017-1248-x

24



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

Gigli, M., Crestini, C., 2020. Fractionation of industrial lignins: opportunities and
challenges. Green Chem. 22, 4722—-4746. https://doi.org/10.1039/d0gc01606¢
Giummarella, N., Lindén, P.A., Areskogh, D., Lawoko, M., 2020. Fractional profiling of
kraft lignin structure: Unravelling insights on lignin reaction mechanisms. ACS

Sustain. Chem. Eng. 8, 1112-1120. https://doi.org/10.1021/acssuschemeng.9b06027

Granata, A., Argyropoulos, D.S., 1995. a reagent for the accurate determination of the
uncondensed and condensed phenolic moieties in lignins 1538-1544.
https://doi.org/10.1021/jf00054a023

Griffini, G., Passoni, V., Suriano, R., Levi, M., Turri, S., 2015. Polyurethane coatings
based on chemically unmodified fractionated lignin. ACS Sustain. Chem. Eng. 3,
1145-1154. https://doi.org/10.1021/acssuschemeng.5b00073

Hatakeyama, H., Hatakeyama, T., 2010. Lignin structure, properties, and applications, in:
Abe, A., Dusek, K., Kobayashi, S. (Eds.), Biopolymers: Lignin, Proteins, Bioactive
Nanocomposites. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 1-63.
https://doi.org/10.1007/12_2009 12

Jaaskeldinen, A.S., Liitia, T., Mikkelson, A., Tamminen, T., 2017. Agueous organic
solvent fractionation as means to improve lignin homogeneity and purity. Ind. Crops
Prod. 103, 51-58. https://doi.org/10.1016/j.indcrop.2017.03.039

Jiang, X., Abbati de Assis, C., Kollman, M., Sun, R., Jameel, H., Chang, H., Gonzalez,
R., 2020. Lignin fractionation from laboratory to commercialization: chemistry,
scalability and techno-economic analysis. Green Chem. 22, 7448-7459.
https://doi.org/10.1039/d0gc02960b

Kalami, S., Arefmanesh, M., Master, E., Nejad, M., 2017. Replacing 100% of phenol in
phenolic adhesive formulations with lignin. J. Appl. Polym. Sci. 134, 1-9.
https://doi.org/10.1002/app.45124

Kalami, S., Chen, N., Borazjani, H., Nejad, M., 2018. Comparative analysis of different
lignins as phenol replacement in phenolic adhesive formulations. Ind. Crops Prod.
125, 520-528. https://doi.org/10.1016/j.indcrop.2018.09.037

Karaaslan, M.A., Cho, M., Liu, L.Y., Wang, H., Renneckar, S., 2021. Refining the
properties of softwood kraft lignin with acetone: effect of solvent fractionation on
the thermomechanical behavior of electrospun fibers. ACS Sustain. Chem. Eng.
https://doi.org/10.1021/acssuschemeng.0c07634

Laurichesse, S., Avérous, L., 2014. Chemical modification of lignins: Towards biobased
polymers. Prog. Polym. Sci. https://doi.org/10.1016/j.progpolymsci.2013.11.004

Lettner, M., Solt, P., R6Biger, B., Pufky-Heinrich, D., Jaaskeldinen, A.S., Schwarzbauer,
P., Hesser, F., 2018. From wood to resin-identifying sustainability levers through
hotspotting lignin valorisation pathways. Sustain. 10.
https://doi.org/10.3390/su10082745

Li, T., Takkellapati, S., 2018. The current and emerging sources of technical lignins and
their applications. Biofuels, Bioprod. Biorefining 12, 756-787.
https://doi.org/10.1002/bbb.1913

Liao, J.J., Latif, N.H.A., Trache, D., Brosse, N., Hussin, M.H., 2020. Current
advancement on the isolation, characterization and application of lignin. Int. J. Biol.
Macromol. 162, 985-1024. https://doi.org/10.1016/j.ijbiomac.2020.06.168

Liohang Hu, Hui Pan,Yonghong Zhou, and M.Z., 2011. Methods to improve lignin’s
reactivity as a phenol substitute and as replacement for other phenolic compounds:

25



693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

A Dbrief review. BioResources 6, 3515-3525. https://
doi.org/10.15376/BIORES.6.3.3515-3525

Lora, J.H., Glasser, W.G., 2002. Recent industrial applications of lignin: A sustainable
alternative to nonrenewable materials. J. Polym. Environ. 10, 39-48.
https://doi.org/10.1023/A:1021070006895

Lourencon, T. V., Alakurtti, S., Virtanen, T., Jad&die;skelainen, A.S., Liiti, T., Hughes,
M., Magalh&es, W.L.E., Muniz, G.1.B., Tamminen, T., 2020. Phenol-formaldehyde
resins with suitable bonding strength synthesized from “less-reactive” hardwood
lignin fractions. Holzforschung 74, 175-183. https://doi.org/10.1515/hf-2018-0203

Luo, B., Jia, Z., Jiang, H., Wang, S., Min, D., 2020. Improving the reactivity of sugarcane
bagasse kraft lignin by a combination of fractionation and phenolation for phenol—
formaldehyde adhesive applications. Polymers (Basel). 12, 1825.
https://doi.org/10.3390/polym12081825

Mahmood, N., Yuan, Z., Schmidt, J., Xu, C., 2016. Depolymerization of lignins and their
applications for the preparation of polyols and rigid polyurethane foams: A review.
Renew. Sustain. Energy Rev. 60, 317-329.
https://doi.org/10.1016/j.rser.2016.01.037

Mansouri, N.E. El, Salvadd, J., 2006. Structural characterization of technical lignins for
the production of adhesives: Application to lignosulfonate, kraft, soda-
anthraquinone, organosolv and ethanol process lignins. Ind. Crops Prod. 24, 8-16.
https://doi.org/10.1016/j.indcrop.2005.10.002

Meng, X., Pu, Y., Li, M., Ragauskas, A.J., 2020. A biomass pretreatment using cellulose-
derived solvent Cyrene. Green Chem. 22, 2862—-2872.
https://doi.org/10.1039/d0gc00661k

Morck R, Reimann A, K.K., 1988. Fractionation of Kraft Lignin by Successive
Extraction with Organic Solvents. 111. Fractionation of Kraft Lignin from Birch.
Holzforschung 42, 111-116. https://doi.org/10.1515/hfsg.1987.41.3.171

Nejad, M., Nikafshar, S., 2016. Lignin-based polyurethane prepolymers, polymers,
related compositions, and related method.

Pan, X., Saddler, J.N., 2013. Effect of replacing polyol by organosolv and kraft lignin on
the property and structure of rigid polyurethane foam. Biotechnol. Biofuels 6, 1.
https://doi.org/10.1186/1754-6834-6-12

Pang, B., Yang, S., Fang, W., Yuan, T.Q., Argyropoulos, D.S., Sun, R.C., 2017.
Structure-property relationships for technical lignins for the production of lignin-
phenol-formaldehyde resins. Ind. Crops Prod. 108, 316-326.
https://doi.org/10.1016/j.indcrop.2017.07.009

Podschun, J., Saake, B., Lehnen, R., 2015. Reactivity enhancement of organosolv lignin
by phenolation for improved bio-based thermosets. Eur. Polym. J. 67, 1-11.
https://doi.org/10.1016/j.eurpolymj.2015.03.029

Ponnuchamy, V., Gordobil, O., Herrera, R., Sandak, A., Sandak, J., 2020. International
Journal of Biological Macromolecules Fractionation of lignin using organic
solvents : A combined experimental and theoretical study. Int. J. Biol. Macromol.
https://doi.org/10.1016/j.ijbiomac.2020.11.139

Rinaldi, R., Jastrzebski, R., Clough, M.T., Ralph, J., Kennema, M., Bruijnincx, P.C.A.,
Weckhuysen, B.M., 2016. Paving the way for lignin valorisation: recent advances in
bioengineering, biorefining and catalysis. Angew. Chemie - Int. Ed. 55, 8164-8215.

26



739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784

https://doi.org/10.1002/anie.201510351

Sadeghifar, H., Sadeghifar, H., Ragauskas, A., Ragauskas, A., Ragauskas, A., Ragauskas,
A., 2020. Perspective on technical lignin fractionation. ACS Sustain. Chem. Eng. 8,
8086-8101. https://doi.org/10.1021/acssuschemeng.0c01348

Saito, T., Perkins, J.H., Vautard, F., Meyer, H.M., Messman, J.M., Tolnai, B., Naskar,
A.K., 2014. Methanol fractionation of softwood Kraft lignin: Impact on the lignin
properties. ChemSusChem 7, 221-228. https://doi.org/10.1002/cssc.201300509

Sameni, J., Krigstin, S., Sain, M., 2017. Solubility of lignin and acetylated lignin in
organic solvents. BioResources 12, 1548-1565.
https://doi.org/10.15376/BIORES.12.1.1548-1565

Saraf, V.P., Glasser, W.G., Wilkes, G.L., McGrath, J.E., 1985. Engineering plastics from
lignin. VI. Structure—property relationships of PEG-containing polyurethane
networks. J. Appl. Polym. Sci. 30, 2207-2224.
https://doi.org/10.1002/app.1985.070300533

Sherwood, J., De bruyn, M., Constantinou, A., Moity, L., McElroy, C.R., Farmer, T.J.,
Duncan, T., Raverty, W., Hunt, A.J., Clark, J.H., 2014. Dihydrolevoglucosenone
(Cyrene) as a bio-based alternative for dipolar aprotic solvents. Chem. Commun. 50,
9650-9652. https://doi.org/10.1039/c4cc04133j

Thring, R.W., Chornet, E., Bouchard, J., Vidal, P.F., Overend, R.P., 2006.
Characterization of lignin residues derived from the alkaline hydrolysis of glycol
lignin. Can. J. Chem. 68, 82—89. https://doi.org/10.1139/v90-017

Toledano, A., Serrano, L., Garcia, A., Mondragon, I., Labidi, J., 2010. Comparative study
of lignin fractionation by ultrafiltration and selective precipitation. Chem. Eng. J.
157, 93-99. https://doi.org/10.1016/j.cej.2009.10.056

Vazquez, G., Gonzélez, J., Freire, S., Antorrena, G., 1997. Effect of chemical
modification of lignin on the gluebond performance of lignin-phenolic resins.
Bioresour. Technol. 60, 191-198. https://doi.org/10.1016/S0960-8524(97)00030-8

Vermaas, J. V., Crowley, M.F., Beckham, G.T., 2020. Molecular lignin solubility and
structure in organic solvents. ACS Sustain. Chem. Eng. 0-11.
https://doi.org/10.1021/acssuschemeng.0c07156

Wang, Y.Y., Li, M., Wyman, C.E., Cai, C.M., Ragauskas, A.J., 2018. Fast fractionation
of technical lignins by organic cosolvents. ACS Sustain. Chem. Eng. 6, 6064-6072.
https://doi.org/10.1021/acssuschemeng.7b04546

Yang, S., Wen, J.L., Yuan, T.Q., Sun, R.C., 2014. Characterization and phenolation of
biorefinery technical lignins for lignin-phenol-formaldehyde resin adhesive
synthesis. RSC Adv. 4, 57996-58004. https://doi.org/10.1039/c4ra09595hb

Yang, S., Wu, J.Q., Zhang, Y., Yuan, T.Q., Sun, R.C., 2015. Preparation of lignin-
phenol-formaldehyde resin adhesive based on active sites of technical lignin. J.
Biobased Mater. Bioenergy 9, 266—272. https://doi.org/10.1166/jbmb.2015.1514

Yoshida, H., Moérck, R., Kringstad, K.P., Hatakeyama, H., 1987. Fractionation of kraft
lignin by successive extraction with organic solvents: Il. Thermal properties of kraft
lignin fractions. Holzforschung 41, 171-176.
https://doi.org/10.1515/hfsg.1987.41.3.171

Zhang, X., Kim, Y., Elsayed, I., Taylor, M., Eberhardt, T.L., Hassan, E.B., Shmulsky, R.,
2019. Rigid polyurethane foams containing lignin oxyalkylated with ethylene
carbonate and polyethylene glycol. Ind. Crops Prod. 141.

27



785
786
787
788
789

https://doi.org/10.1016/j.indcrop.2019.111797

Zhao, M., Jing, J., Zhu, Y., Yang, X., Wang, X., Wang, Z., 2016. Preparation and
performance of lignin-phenol-formaldehyde adhesives. Int. J. Adhes. Adhes. 64,
163-167. https://doi.org/10.1016/j.ijadhadh.2015.10.010

28



	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 Materials
	2.2 Kraft Lignin Fractionation with Acetone
	2.3 Characterization of Kraft Lignin and Lignin Fractions
	2.4 Lignin-Formaldehyde Resin from Acetone-Soluble Fraction of Kraft Lignin
	2.5 Characterization of Lignin-Formaldehyde Resin
	2.6 Polyurethane Resin From Acetone-Insoluble Fraction of Kraft Lignin
	2.7 Characterization of Acetone-Insoluble Lignin-Based PU Resin

	3. Results and Discussion
	3.1 Lignin Characterization
	3.2 Lignin-Formaldehyde Resin from Acetone Soluble Fraction (LF)
	3.3 Polyurethane Resin From Acetone-Insoluble Lignin (LPU)

	4. Conclusions
	AUTHOR INFORMATION
	Corresponding Authors

	Credit Authorship Contribution Statement
	Declaration of Competing Interest
	The authors declare that they have no known competing financial interests or personal relationships that could have influenced the work reported in this paper.
	Acknowledgment
	References

