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INTRODUCTION

In the quest for renewable and sustainable monomers and
macromers for the production of high value-added polymeric
materials, lignocellulosic feedstock potentially represents a
promising and vast source of chemicals.' Lignocellulosic
biomass is constituted by four main components, namely
cellulose, hemicellulose, tannin and lignin, with lignin being by
far the most abundant naturally occurring source of aromatics
on Earth. At present, lignin is mostly produced as industrial
residue in pulp and paper factories as well as in biorefineries.”
The annual production of lignin from industrial waste streams
is estimated in several million tons per year, with most of it
being currently utilized as low-cost fuel for power and heat
production. Only a little fraction is employed for commercial
uses as filler, additive or dispersant in concrete, composites,
binders or coatings.>* However, these relatively low-value niche
market applications only account for a minor fraction of the
current worldwide lignin production, thus highlighting the
urgent need of developing new strategies for the valorization of
lignin as abundant macromolecular system for the production
of high value-added, sustainable materials.

One strategy to exploit the enormous potential of lignin into
value-added products is its use as building block for the
preparation of lignin-based copolymers.”® To this end,
extensive efforts have been made to exploit lignin as the

precursor of different classes of polymeric materials, including
epoxies,” '* polyesters,"'~'> phenolics'®™'® and polyur-
ethanes. = In particular, lignin-containing polyurethanes
(PUs) have been widely investigated because of the high
versatility of these materials that allows their potential use in
different fields as elastomers, foams, coatings and adhesives. In
this context, lignin can be considered as a renewable aromatic
macropolyol that can potentially replace conventional fossil-
derived polyols in PU synthesis, due to the high concentration
of hydroxyl units (both phenolic and aliphatic) in its structure
that can react with isocyanate (NCO) groups to achieve PU
linkages.

The use of lignin as a macropolyol in PU synthesis
commonly follows two general approaches. In the first
approach, lignin undergoes chemical modifications (e.g,
etherification, esterification, amination, oxypropylation) to
allow hydroxyl functions to be more readily available for
reaction with NCO groups.s’6’24 Although this approach allows
to improve the reactivity of —OH groups, chemical
modification pretreatments of lignin may increase both the
cost and the environmental impact of the resulting PUs, and



thus reduce their competitive advantage over conventional
systems based on petroleum-derived polyols.*® Accordingly, an
alternative approach based on the direct use of lignin in
coreaction with a suitable polyisocyanate without any
preliminary chemical modification is usually preferable. To
circumvent partially the relatively limited accessibility of —OH
functions of lignin, other suitable polyols (e.g., poly(ethylene
glycol), glycerol) are very often employed in the reactive
mixture as comonomers and/or reactive cosolvents so that a
reduction of the chemical steps to obtain the final PU material
can be achieved, together with a prospective reduction of
polymer processing costs.”® In addition, these added polyols
may also act as soft segments in the architecture of the PU
system, imparting higher flexibility to the resulting material.
Following this latter strategy, the production of several lignin-
based PU materials has been demonstrated in the last decades,
with a great deal of work being primarily focused on the
development of rigid and flexible lignin-based PU foams and
elastomers.”” " Very recently, thermoplastic lignin-based PUs
with high lignin content (65—75 wt %) were also developed by
reacting high-molecular-weight lignin with a rubbery diisocya-
nate, yielding a two-phase morphological arrangement that was
found to be responsible for the thermoplastic rubbery behavior
of the resulting PU material.>>** Although this represents an
interesting approach to achieve polymeric recyclable materials
based on lignin that can potentially lead to the development of
partially carbon-neutral thermoplastics, the use of formaldehyde
(a known carcinogenic substance) in the chemical pretreatment
of lignin to increase its molecular weight inevitably limits the
applicability of this strategy on a large scale.

As opposed to the case of PU foams and thermoplastics, few
examples of lignin-based thermoset PUs have been progosed so
far for use as coating materials and adhesives,”">* 73 despite
their great potential in the field of advanced sustainable
manufacturing. Furthermore, no examples of high-lignin-
content thermoset PUs based on the direct reaction of
chemically unmodified lignin with a polyisocyanate without
the use of additional polyols as comonomers have been
presented in the literature to date. Finally, conventional
petroleum-derived organic solvent media are commonly used
during PU preparation and processing. However, the use of
biobased solvents®” should be preferable in view of a reduction
of the environmental impact of chemical processes on a global
scale and toward the development of more sustainable PU
systems, notwithstanding their current higher costs compared
with conventional systems.

Herein, novel high-lignin-content thermoset PU coatings are
presented obtained by cross-linking commercial softwood kraft
lignin with an aromatic polyisocyanate based on toluene
diisocyanate (TDI) at different NCO/OH ratios. To improve
the processability of lignin, solvent fractionation was performed
on the commercial lignin sample prior to reaction with the
TDI-based polyisocyanate by means of 2-methyl tetrahydrofur-
an (MeTHF), a biobased solvent obtainable from lignocellu-
losic biomass. The same solvent was then used for the
preparation of the PU coatings. The effect of the NCO/OH
ratio on the extent of the cross-linking reaction was examined
and correlated with the theoretical and actual availability of
hydroxyl groups in lignin as found from *C NMR spectros-
copy. The chemical, physical, thermal, morphological, surface
and wettability properties of the obtained PU coatings were
thoroughly characterized by means of different techniques. In
addition, the mechanical properties (elastic modulus) of the

coatings were investigated through force—distance curve
measurements by atomic force microscopy (AFM). Finally,
the adhesion strength of these coatings on different substrates
(glass, metal, wood) was evaluated by means of the pull-off
method®® and the potential use of these materials as adhesives
was discussed.

The results of this study clearly demonstrate that the direct
reaction of chemically unmodified lignin with polyisocyanates
represents a viable and straightforward strategy for the
development of advanced high lignin content PU systems
and highlight the potential of lignin-based thermoset PUs as
bioderived materials for application in the field of high-
performance coatings and adhesives.

EXPERIMENTAL SECTION

Materials. All materials employed in this study are commercially
available. Softwood kraft lignin (Indulin AT) was supplied by
MeadWestvaco. Desmodur L75, an aromatic polyisocyanate based
on a toluene diisocyanate (TDI)—trimethylolpropane adduct (TMP)
(NCO content 13.3 wt %), was supplied by Bayer Material Science
(see the Supporting Information for molecular structure). The
bioderived solvent used for lignin fractionation and PU preparation
was 2-methyltetrahydrofuran (MeTHF), supplied by Sigma-Aldrich.

Lignin Fractionation and Extraction. Lignin samples were
fractionated by extraction with boiling MeTHF in order to obtain a
lignin fraction suitable for further analysis and for material preparation.
In a typical extraction process, 4 g of lignin was added to 150 mL of
MeTHE in a round-bottomed flask equipped with a Soxhlet extractor.
The temperature was raised to 80 °C and the extraction process was
allowed to proceed for 8 h under vigorous magnetic stirring. After
solvent extraction, the MeTHF-soluble lignin fraction was recovered as
a brown solid by rotary evaporation, or directly used for PU
preparation. The extraction yield was 50 + 5%.

Polyurethane Synthesis and Film Preparation. Polyurethane
(PU) materials were prepared by reaction of the MeTHF-soluble
lignin fraction (from here on referred to as S-lignin) with Desmodur
L75 (from here on referred to as TDI) at varying proportions. The
desired amounts of S-lignin (dried overnight in a vacuum oven prior to
use) and TDI were dissolved at room temperature in MeTHF (20 wt
% concentration) under magnetic stirring (30 min). Subsequently, the
S-lignin/TDI mixture was spin-cast onto glass substrates in air (1200
rpm, 40 s) by means of a WS-400B-NPP spin-processor (Laurell
Technologies Corp.) and allowed to cross-link in a ventilated oven at
120 °C for 1 h. The extent of the reaction between OH groups in S-
lignin and NCO groups in TDI was monitored by means of Fourier-
transform infrared (FTIR) spectroscopy (disappearance of the N=
C=O stretching signal at 2270 cm™"). In addition, the completion of
the cross-linking reaction on cast PU films was evaluated in terms of
resistance to solvent washing (immersion in THF for 24 h) and
solvent rubbing (MEK double rub test®®). Because the ultimate aim of
this work was to develop a high-lignin-content PU system, attempts
were made to employ the lowest amount of TDI during the
preparation of the final PU material. Accordingly, increasing S-
lignin/TDI weight ratios were investigated, namely 70/30, 75/25, 80/
20, 85/25 and 90/10, corresponding to theoretical NCO/OH molar
ratios of 0.16, 0.12, 0.09, 0.07 and 0.04, respectively. Such theoretical
NCO/OH values were calculated on the basis of the total hydroxyl
content (both aliphatic and phenolic) determined from *C NMR
analysis on acetylated S-lignin samples (see the following discussion).

Materials Characterization. Gel Permeation Chromatography
(GPC). The molecular weight of lignin samples was estimated by
means of gel permeation chromatography (GPC) using a Waters 510
high-performance liquid chromatography (HPLC) system equipped
with a Waters 486 tunable absorbance detector set at A = 300 nm,
using THF as eluent. The sample (200 uL of lignin in THF, 2 mg/
mL) was injected into a system of columns connected in series
(Ultrastyragel HR, Waters) and the analysis was performed at 30 °C
and at a flow rate of 0.5 mL/min. The GPC system was calibrated



against polystyrene standards in the 102—104 g/mol molecular weight
range. As opposed to S-lignin, the parent unfractionated lignin Indulin
AT was acetylated in order to make it soluble in the eluent following a
procedure reported in the literature.”*

3C NMR. The amount of hydroxyl groups (aliphatic and aromatic)
in S-lignin was evaluated by means of quantitative '*C NMR
spectroscopy on acetylated samples. *C NMR analysis was performed
on a Bruker Avance 500 spectrometer in DMSO-dys. The chemical
shifts of the peaks in the spectra were referenced to the chemical shift
of DMSO-dg (6 = 39.5 ppm) and the spectra were obtained with a 200
ppm spectral width, 32 000 points of acquisition, a relaxation delay of
12 s and a 4 Hz line broadening.

Fourier-Transform Infrared Spectroscopy (FTIR). FTIR spectra (64
accumulated scans at a resolution of 2 cm™ in the 4000—700 cm™
wavenumber range) were recorded in transmission mode at room
temperature in air by means of a Nicolet 760-FTIR spectrophotometer
on PU films spin-cast (1200 rpm, 40 s) from 20 wt % solutions in
MeTHF onto KBr disks at varying lignin/TDI ratios. A constant
thickness of 1.6 ym was obtained on all deposited PU films as
measured by optical profiler (Microfocus, UBM) irrespective of the
lignin/TDI ratio, thus allowing comparisons between the recorded
FTIR spectra.

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry (DSC) was carried out on solid state samples using a
Mettler-Toledo DSC/823e instrument at a scan rate of 20 °C/min
under nitrogen flux.

Thermogravimetric Analysis (TGA). Thermogravimetric analysis
(TGA) was performed on solid state samples by means of a Q500
TGA system (TA Instruments) from ambient temperature to 800 °C
at a scan rate of 10 °C/min both in air and nitrogen.

Optical Contact Angle (OCA). Static optical contact angle (OCA)
measurements on the PU films were performed at room temperature
using an OCA 20 (Data Physics) equipped with a CCD photocamera
and with a 500 yL Hamilton syringe to dispense liquid droplets. A
minimum of 25 measurements were taken in different regions on the
surface of each PU film and results were averaged. Water (H,0) and
diiodomethane (CH,Cl,) were used as probe liquids.

Atomic Force Microscopy (AFM). Atomic force microscopy (AFM)
imaging measurements were performed on the PU films by means of
an NSCRIPTOR system driven by SPMCockpit software (Nanolnk.,
Skokie, IL) in tapping mode with a scan rate of 0.3 and 0.2 Hz using
commercially available silicon ACT-SS probes purchased from
AppNano (Santa Clara, CA). Nanoindentation measurements were
performed with the NSCRIPTOR instrument in ambient conditions
(temperature in the 20—23 °C range and relative humidity between
25% and 40%) using commercially available silicon ACT probes
purchased from AppNano (Santa Clara, CA) with a nominal spring
constant of 40 N/m. The actual value of spring constants was
calculated using the Sader method.** The elastic modulus of the
samples under investigation was obtained from force—distance curve
measurements based on the Sneddon model.*! According to Sneddon,
the relation between the deflection d and the indentation & can be
written as follows

_2 B tnd o
n(1-1) k (1)

where E is the elastic modulus of the coating (assuming an infinitely
higher modulus of the probe compared to the sample), v its Poisson
ratio, which was assumed to be equal to 0.35 for lignin-based PU
film,* @ the half-opening angle of the silicon tip (~24° in our case,
according to SEM images obtained after indentations)*® and k the
spring constant of probe cantilever. The value of Young’s modulus was
calculated by interpolating the curves with the Sneddon model in the
region of reversible elastic deformations according to the method
developed in a previous paper.*

Adhesion Tests. The adhesion of the PU films on different
substrates (glass, wood, aluminum, stainless steel) was evaluated with a
PosiTest AT-M Manual adhesion pull-off tester (DeFelsko) by
measuring the pulling force needed to detach a 20 mm-diameter

aluminum dolly adhered to the PU film by means of epoxy adhesive
(Araldite 2011, curing cycle: S0 °C, 24 h).

RESULTS AND DISCUSSION

Available lignin grades possess a very heterogeneous structure
and are usually characterized by a broad distribution of
molecular weights and functional groups, which makes them
relatively difficult to process, especially in view of their use in
the preparation of high value-added polymeric materials. To
partially overcome this limitation, solvent extraction is a
commonly used technique to obtain relatively more homoge-
neous and more easily processable fractions of lignin by treating
the parent material with common fossil-derived organic
solvents and subsequently recovering the relative soluble
and/or insoluble fractions for further use. In this way, the
extracted lignin fraction can be more easily incorporated into
bioderived polymeric materials by means of consolidated
solution-based processing techniques. Along these lines, in
this work fractionation of a commercial softwood kraft lignin
was performed. However, as opposed to most of the recent
literature studies involving lignin solvent extraction, a
bioderived solvent system (MeTHF) was employed herein
for the fractionation of the as-received lignin sample, in line
with the global trend of resorting to more sustainable
processing conditions and chemicals to limit the environmental
impact of chemical processes on a broader perspective. As a
result, a MeTHF-soluble lignin fraction could be obtained, thus
allowing the use of such biobased solvent for the successive
processing steps involved in the preparation of the PU materials
under study.

Gel Permeation Chromatography (GPC). To evaluate
the effect of solvent fractionation on the molecular weight
distribution of lignin materials, the molecular weight of the as-
received lignin (A-lignin) as well as of the MeTHF-soluble
lignin fraction (S-lignin) was determined by GPC analysis. The
as-received parent lignin exhibited poor solubility in the GPC
eluent (THF); therefore, acetylation of this lignin sample was
required. To allow for consistent comparisons, S-lignin was also
subjected to the acetylation process prior to GPC analysis,
despite its complete solubility in THF. Figure 1 reports the
GPC chromatograms of the acetylated A-lignin and S-lignin
systems investigated. The as-received A-lignin shows a broad
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Figure 1. GPC chromatograms of as-received lignin (A-lignin) and

MeTHF-soluble lignin fraction (S-lignin). Both samples were analyzed
after acetylation.



molecular weight distribution with a partially bimodal profile.
As opposed to this, the S-lignin fraction exhibits a narrower
molecular weight distribution shifted toward higher retention
times (tz). Common to both samples is the presence of two
distinct regions, namely a high-molecular weight (HMW) peak
region (retention times before t; = 49 min) and a low-
molecular-weight (LMW) peak region (higher t), in
accordance with previous works.** Quantification of the real
abundance of the various species is difficult by GPC with UV
detection, because they may show different UV sensitivity (i.e.,
extinction coefficient). However, in both acetylated samples,
the LMW peak is found to account for about 6% of the HMW
peak (in the case of A-lignin, the HMW area employed in the
calculation is identified as the area included between t; = 40
min and #; = 50 min).

As presented in Table 1, the parent A-lignin shows M, =
1980 g/mol and a polydispersity index (PDI) of 2.4, whereas

Table 1. Molecular Weights (M, and M,,) and Polydispersity
Index (PDI) of as-Received Acetylated Lignin (A-lignin) and
MeTHF-Soluble Acetylated Lignin Fraction (S-lignin)

M, [g/mol] M,, [g/mol] PDI
A-lignin 1980 4680 2.4
S-lignin 1310 2320 1.8

lower molecular weights and smaller PDI values are found for
S-lignin (M, = 1310 g/mol with PDI = 1.8). These results are
in agreement with literature reports on similar systems.** These
results demonstrate that biosolvent fractionation represents a
convenient “green” technique to isolate LMW lignin with a
relatively narrow molecular weight distribution, and obtain a
lignin fraction that is suitable for the preparation of high value-
added polymeric materials via conventional solution-based
processing approaches.

13C NMR. To evaluate the reactivity of the lignin samples
toward NCO groups, determination of their hydroxyl content
was performed by means of quantitative *C NMR spectros-
copy on both as-received A-lignin and fractionated S-lignin after
acetylation. For the determination of the hydroxyl (aliphatic
and phenolic) content, the number of carbon atoms associated
with OH groups (aliphatic or aromatic) per aryl unit was first
determined. Subsequently, the actual molar concentration
(mmol/g) of OH groups in each lignin sample was calculated
on the basis of the molecular weight of the PPU, the latter
assumed to be 184 g/mol for kraft lignin.** In the *C NMR
spectra, the following integration intervals were considered:
primary aliphatic hydroxyls 6 = 170.4—169.4 ppm, secondary
aliphatic hydroxyls 6 = 169.4—168.5 ppm, phenolic hydroxyls 6
= 168.5—165.8 ppm, aromatic carbons § = 160—100 ppm. The
integration of the peaks in the region of the aromatic carbon
atoms (§ = 160—100 ppm) was set as the reference for all '*C
NMR signals and was taken equal to 6, based on the
assumption that this region includes six aromatic carbon
atoms and that each PPU contains one aryl unit (six aromatic
carbons). As shown in Table 2, a decrease of the aliphatic
(primary and secondary) hydroxyl group content is observed
upon MeTHEF fractionation, leading to a total aliphatic hydroxyl
groups content of 3.86 mmol/g.

As opposed to this, an increase in the concentration of
phenolic hydroxyls OH(®) after solvent treatment is observed
from 3.75 mmol/g (A-lignin) to 4.67 mmol/g (S-lignin).
Overall, a slight decrease of OH functionalities is found in the

Table 2. Hydroxyl Group Content (mmol/g) of as-Received
and MeTHF-Soluble (S-) Lignins Obtained from *C-NMR
Spectra (Aliphatic Primary OH(I), Aliphatic Secondary
OH(II) and Phenolic OH(®) Hydroxyl Groups)

OH(I) OH(II) OH(®) OH(total)
A-lignin 321 2.01 375 8.97
S-lignin 239 1.47 4.67 8.53

solvent-extracted lignin fraction (8.53 mmol/g) as compared to
the parent lignin (8.97 mmol/g). These values are in close
agreement with recent literature reports on similar softwood
kraft lignins.zz’24

Fourier-Transform Infrared Spectroscopy (FTIR). For
the preparation of lignin-based PU films, S-lignin was reacted
with the TDI cross-linker at varying weight ratios (70/30, 75/
25, 80/20, 85/15, 90/10) and the intensity of the NCO
stretching signal (2270 cm™) in the FTIR spectra of the
resulting materials was used as a probe of the reaction between
OH groups in lignin and NCO groups in the TDI Cross-
linking was conducted for 60 min at 120 °C. As inferred from
the FTIR spectra of the PU materials presented in Figure 2,
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Figure 2. FTIR spectra of MeTHF-soluble lignin fraction (S-lignin)
and of lignin-based PU materials at varying S-lignin/TDI weight ratios
(70/30, 75/25, 80/20, 85/15, 90/10).

complete disappearance of the NCO stretching signal could be
registered only for a S-lignin/TDI ratio of 75/15 or higher,
whereas a residual NCO stretching signal could still be
observed for lower S-lignin concentrations (70/30). This
evidence indicates that only a minor portion of all OH groups
present in the S-lignin polymer (8.53 mmol/g as obtained from
BC NMR) is readily available for reaction with the NCO
groups of the TDI cross-linker, likely due to steric hindrance of
the hydroxyl functionalities resulting from the highly branched
three-dimensional structure of lignin.***® To estimate the
amount (mmol) of hydroxyl groups actually available for the
reaction with the isocyanate groups in the TDI cross-linker to
form urethane bonds, stoichiometric calculations were
performed based on the following considerations. The 75/25
PU formulation identifies the maximum weight content of TDI
in the PU material that allows full reaction of NCO groups with
OH groups in S-lignin and hence the maximum number of
moles of hydroxyl groups actually available for reaction with the
isocyanate moieties in the TDI Indeed, complete disappear-
ance of the NCO stretching signal in the FTIR spectrum is
observed at a 75/25 S-lignin/TDI ratio, while higher TDI
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Figure 3. (a) DSC scans and glass transition temperature values (Tg) of MeTHF-soluble lignin fraction (S-lignin), TDI and of lignin-based PU
materials at varying S-lignin/TDI weight ratios (70/30, 80/20, 90/10); (b) dependence of Tg on lignin mass fraction as obtained from the
Couchman-Karasz equation (kcx = 1.08) and from experimental DSC measurements.

contents yield the presence of residual FTIR NCO stretching
signal. In accordance with these observations, assuming for the
75/25 PU material a stoichiometric reaction between OH
groups in S-lignin and NCO groups in the TDI (that is, the
molar ratio of isocyanates to hydroxyls NCO/OH is 1), a
maximum number of reactive OH groups of 1.0S mmol/g was
found to be readily available for reaction with isocyanates in the
TDL As a result, actual NCO/OH molar ratios of 1.3, 1, 0.7,
0.5 and 0.3 are obtained for S-lignin/TDI weight ratios of 70/
30, 75/25, 80/20, 85/15 and 90/10, respectively. These results
clearly indicate that only a minor portion of the OH groups
present in lignin can actually be directly exploited for reaction
with NCO groups to form urethane bonds.

In addition, to monitor the reaction between OH groups in
S-lignin and NCO groups in TDI, FTIR spectroscopy was also
used to investigate the chemical structure of the lignin-based
PU films. As shown in Figure 2, a progressive decrease of the
OH stretching signal present in S-lignin (3407 cm™) is
observed upon reaction with increasing amounts of TDI,
ultimately resulting in the formation of a shoulder at 3488
cm™". Concurrently, the appearance of a peak at lower
frequencies (3370 cm™ for 75/25 PU material) is also
observed ascribed to N—H stretching vibrations and clearly
indicating the formation of the N—H bond in urethanes. While
a weak signal (shoulder) at 1710 cm™" is observed in unreacted
S-lignin ascribable to C=0 stretching in conjugated carbonyl
moieties present in the parent material, a sharp peak is found in
the FTIR spectrum of all PU materials at 1720 cm ™, resulting
from C=O stretching vibrations of carbonyl groups in the
urethane moiety. In addition, a broadening toward higher
frequencies of the signal related to the aromatic skeletal
vibrations in S-lignin (1515 cm™) is observed in the PU
materials at increasing TDI content with the formation of a
shoulder at 1535 cm ™, likely originating from the contribution
of C=O0 stretching vibrations in the forming urethane cross-
link. The peak observed in S-lignin at 1365 cm™" ascribable to
phenolic OH stretching vibrations is found to progressively
decrease in intensity in the PU material at increasing TDI
concentration, likely due to reaction with NCO groups in TDL
Similar trends are observed for the sharp FTIR signal at 1033
cm™" in unreacted S-lignin. As opposed to this, a peak at 1224
cm™" is observed in the FTIR spectrum of PU materials whose
intensity is found to increase with increasing TDI content. Such
a signal may be assigned to C—N stretching vibrations in the

urethane moiety, thus further confirming the successful
formation of urethane cross-links in the lignin-based PU
materials. Finally, a sharp decrease of the signal centered at
1033 cm™" in S-lignin and ascribable to C—O deformations in
primary alcohols is observed at increasing TDI content in the
PU materials. These results suggest that the S-lignin material
was covalently bonded via urethane cross-links with the TDI to
yield a cross-linked lignin-based PU material.

Evidence of the reaction between S-lignin and TDI was
further obtained by testing the solvent resistance (MEK double
rub test39) of cast PU films at varying S-lignin/TDI weight
ratios. Only PU films with an S-lignin/TDI weight ratio of 80/
20 or lower (i.e., increasing concentration of TDI) were found
to withstand more than 100 MEK double rubs, suggesting the
presence of a chemically cross-linked structure and thus
chemical interaction between S-lignin and TDI On the
contrary, for higher S-lignin/TDI weight ratios, partial or
complete dissolution of the film was observed (60 and 25
double MEK rubs for 85/15 and 90/10 PU materials,
respectively). To evaluate further the extent of cross-linking,
additional tests were carried out on the 80/20 cross-linked
systems by immersion of the PU films in THF for 24 h and by
gravimetric assessment of the extracted sol fraction. Approx-
imately 30% of nonreacted lignin was found to be extracted
after immersion in THF for 24 h, with no further extraction
observed for longer immersion times. These results further
confirm that only a limited portion of OH groups in lignin is
readily available for reaction with NCO groups in the TDI
prepolymer, as also inferred from FTIR analysis of the extracted
sol fraction where a significantly lower amount of OH groups in
the extracted material (lower relative intensity of the OH
stretching signal in the FTIR spectrum at 3407 cm™') is found
compared to pristine lignin (see the Supporting Information).
However, the presence of such nonreacted lignin material does
not hamper the cross-linking reaction and the formation of a
three-dimensional polymer network, as after extraction of the
sol fraction, no further material loss was observed even after 72
h of immersion in THF.

Differential Scanning Calorimetry (DSC). The thermal
transitions in S-lignin and in the lignin-based PU materials at
varying S-lignin/TDI ratios were investigated by means of DSC
analysis. As shown in Figure 3, the MeTHF-soluble lignin
shows a glass transition temperature T, of 92 °C, whereas the

g
model urethane phase obtained by end-capping the TDI with
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Figure 4. TGA curves under stream of (a) nitrogen and (b) air of MeTHF-soluble lignin fraction (S-lignin) and of lignin-based PU materials at

varying S-lignin/TDI weight ratios (70/30, 80/20, 90/10).

methanol has a slightly higher T, (95 °C). Upon cross-linking,
an increase of T, in the PU materials is found compared with
the S-lignin material, which is found to scale with the amount of
TDI in the PU; no phase segregation (i.e., other Tg’s) are seen.
In particular, T, values of 109, 128 and 143 °C are obtained for
90/10, 80/20 and 70/30 PU systems, respectively. The
progressive increase in T, observed in the PU materials at
increasing TDI content may be related to the increasingly
stronger intermolecular interactions between the components
in the PU materials, such as hydrogen bonding between
unreacted OH groups in lignin and urethane cross-linking
groups. In the attempt to relate the T, of the cross-linked S-
lignin/TDI system to its composition, the simplified Couch-
man—Karasz equation:*’

_ T + (1 — wy)(ACp,/ACp, ) Ty
’ wy + (1 — wy)(ACp,/ACp,)

)

was considered, with T, Ty, Tgp, wa, ACp, and ACpy (kex =
ACpy/ACp,) being the glass transition temperature of the
copolymer, the glass transition temperature of S-lignin, the glass
transition temperature of TDI, the mass fraction of S-lignin in
the S-lignin/TDI system, the specific heat capacity increment of
S-lignin and of TDI at the glass transition (as obtained from
DSC measurements), respectively.

As shown in Figure 3b, the experimental data obtained from
DSC measurements show a strong positive deviation with
respect to the theoretical values predicted by the Couchman—
Karasz equation. These results may be explained by considering
that the cross-linked S-lignin/TDI system is characterized by
strong intermolecular interactions between the two compo-
nents (viz, strong hydrogen bonds) originating from the
presence of urethane groups as cross-links and phenolic/
aliphatic hydroxyls in lignin. Such intermolecular interactions
may affect the enthalpy of mixing and the excess mixing
entropy of the system at the glass-to-liquid transition,**~>" thus
resulting in the observed deviations.

Thermogravimetric Analysis (TGA). TGA measurements
were performed to evaluate the thermal stability of these
materials, and the results are presented in Figure 4 where TGA
traces under both nitrogen (N,) and air flux are shown. The
parent S-lignin material shows three main thermal degradation
phenomena during thermolysis under N, in the 70—150 °C

range, the 150—300 °C range and for temperatures higher than
300 °C (Figure 4a). The first weight loss event accounts for
about 15% of mass reduction in S-lignin and may be ascribed to
evaporation of trapped solvent and water. The second
degradation step yields another 15% mass loss and may be
associated with the breaking of a- and p-aryl-alkyl-ether
linkages, aliphatic chains and decarboxylation reactions.>'
Finally, the third broad and sharp mass loss event (above 300
°C) may be related to the rupture of carbon—carbon linkages
between lignin structural units and functional groups (phenolic
hydroxyl groups, carbonyl groups, benzylic hydroxyl groups).**
Upon cross-linking, improved thermal stability at low temper-
ature (<300 °C) is observed for all PU materials irrespective of
the S-lignin/TDI weight ratio, as also indicated by the higher
decomposition temperatures at 5% and 10% mass loss found in
these systems compared with unreacted S-lignin (see Table 3).

Table 3. Thermal Degradation Temperatures at 5% (Tsy),
10% (T4s) and 50% (Tsge) Mass Loss, Final Char Residue
at 750 °C (R,5,) and Maximum Mass Loss Derivative
Temperature (Tprgms) for S-lignin and Lignin-based PU
Materials at Varying S-lignin/TDI Weight Ratios (70/30,
80/20, 90/10) As Obtained from TGA Measurements under
N,

material Ty [°C]  Tioy [°C]  Tsou [°C]  Ryso [%]  Torgma [°Cl
70/30 182 230 373 31 290
80/20 188 236 434 37 290
90/10 175 250 437 39 379
S-lignin 97 135 411 35 379

By further increasing the temperature, a broad mass loss event
is found in all PUs that can be associated with the degradation
of the urethane cross-links and the carbon—carbon structure in
lignin. In particular, in the case of 70/30 PU material, a sharper
mass loss is observed compared to 80/20 and 90/10 PUs,
leading to a slightly lower final char residue at 750 °C (see
Table 3). This behavior may be correlated with the presence of
residual unreacted NCO groups in the 70/30 PU material even
after thermal cross-linking, as evidenced by FTIR spectroscopy
(see Figure 2). The thermooxidative behavior of all lignin-based
PU materials was also investigated by means of TGA in air. As
shown in Figure 4b, improved thermal stability of the cross-



Table 4. Static Contact Angles (01150, Ocyon), Total Surface Tension (y) and Its Dispersive (y!) and Polar (y°) Components of
Lignin-based PU Materials at Varying S-lignin/TDI Weight Ratios (70/30, 80/20, 90/10)

S-lignin/TDI [w/w] Omoo [deg] Octn [deg]
70/30 844 + 1.1 41.8 + 09
80/20 82.5 + 0.6 434 + 12
90/10 79.8 + 1.0 424 + 1.0

linked PU systems compared with unreacted S-lignin is
observed in this case, in agreement with the trends observed
under N, atmosphere (for the sake of clarity, the corresponding
differential TGA traces in N, and air are reported in the
Supporting Information). These results further confirm that the
cross-linked PU materials with high lignin content allow for
improved thermal stability with respect to the parent un-cross-
linked S-lignin sample.

Optical Contact Angle. The wettability properties of the
surfaces of all lignin-based PUs were investigated by means of
static contact angle measurements against water and diiodo-
methane (CH,L,), and the surface tension y of each system
including its dispersive (y*) and polar (y*) components was
calculated using the Owens, Wendt, Rabel and Kaelble
(OWRK) method.*® The results are shown in Table 4. Because
of the partial solubility of S-lignin in water and CH,I,, no
measurements were performed on unreacted S-lignin. All PU
materials present a moderate hydrophobic character with water
contact angles Oy, of 84.4°, 82.5° and 78.8° for 70/30, 80/20
and 90/10 systems, respectively. Interestingly, the hydro-
phobicity of the PU films is found to decrease slightly at
increasing lignin content, being maximum for the 70/30
system. This behavior may be correlated with the presence of
hydroxyl groups in lignin (as also evidenced by the FTIR
spectra in Figure 2), which increase in number for higher lignin
content in the PU material, thus allowing relatively stronger
interactions of the PU surface with water and consequently
lower contact angle in these systems. This is also partly
reflected in the slightly higher value of total surface tension ¥ in
90/10, compared to 70/30 and 80/20, and in the relatively
modest increase in the polar component of surface tension y* at
increasing lignin content in the PU systems.

Atomic Force Microscopy (AFM). To investigate further
the surface characteristics of the PU materials, AFM measure-
ments were performed on S-lignin and PU systems at
increasing S-lignin/TDI weight ratio. As shown in the
topographical AFM images presented in Figure 5, a
progressively coarser morphology is found in the films at
increasing lignin content in the PU materials, likely indicating
worse film-forming properties for lignin as compared with the
TDL In particular, the progressively more evident formation of
visible peaks and valleys at the nanoscale with increasing lignin
content in the films leads to a corresponding increase in the
root-mean-square surface roughness of the films, as indicated in
Table S.

The surface and interface mechanical properties of S-lignin
and lignin-based PU materials were investigated by means of
force—distance curve measurements by AFM performed in
different areas of films spin-coated onto glass substrates. As
presented in Table S, S-lignin presents an elastic modulus of
3.39 GPa, which is in the same order of magnitude of the values
found for the PU materials. In addition, no evident trends are
observed by varying the S-lignin/TDI weight ratio, likely
indicating that the nanomechanical properties of these systems
are not greatly affected by the composition of the material at
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Figure 5. AFM topographical images of lignin-based PU materials at
varying S-lignin/TDI ratios ((a) 70/30, (b) 80/20, (c) 90/10) and of
(d) S-lignin. The insets to each image show representative
indentation-force curves for the systems investigated.

such high lignin contents. The values found on the unreacted
lignin sample are in agreement with recent literature reports on
analogous systems.>*

Adhesion Tests. The adhesive strength of cross-linked PU
materials was investigated by performing pull-off adhesive
tests®® with the 80/20 cross-linked PU system on different
substrates, namely glass, wood, aluminum and steel. As
reported in Table S, the highest adhesive strength is found
on wood where cohesive detachment of the substrate during
the test was observed, thus indicating very good bonding
performance. This result is in agreement with recent literature
reports”’ and may be explained by considering the
lignocellulosic nature of lignin and its high natural affinity
with wood. Similarly, the high adhesion strength observed on
glass substrates (7.6 MPa) may be correlated with the high
concentration of unreacted hydroxyl groups in the lignin-based
PU material, that allow noncovalent interactions with the
oxygen groups in glass thus enhancing adhesion on this
material. Additionally, the TDI component in the PU system
further contributes to its glass adhesion properties. As opposed
to this, slightly lower adhesion strengths are observed on metal
substrates, with superior performance found on aluminum (1.5
MPa) compared with steel (0.9 MPa). It is however worth
noticing that no chemical treatments such as acid pickling were
performed on the metal substrates prior to PU deposition and
pull-off test. Therefore, further improvements of the adhesive
properties of this material on metals may be expected after the
application of appropriate metal surface treatments commonly
used in industry, due to an increase of metal surface roughness



Table 5. Root-Mean-Square Surface Roughness (As Obtained from Optical Profilometry Measurements), Elastic Modulus (As
Obtained from Force-Distance Curve Measurements) of S-lignin and Lignin-based PU Materials at varying S-lignin/TDI
Weight Ratios (70/30, 80/20, 90/10) and Adhesive Strength of 80/20 Material on Different Substrates”

S-lignin/TDI [w/w] surface roughness [pm]

70/30 0.07 £ 0.01 3.70 £ 0.75
80/20 0.08 + 0.02 1.93 + 0.51
90/10 0.11 + 0.01 2.10 + 0.57
S-lignin 0.20 + 0.10 3.39 + 1.18

elastic modulus [GPa]

pull-off adhesive strength

glass [MPa] wood [MPa] aluminum [MPa] steel [MPa]

7.6 + 0.5 >9b 1.5+ 03 0.9 + 0.1

“The standard deviation is also reported. “Cohesive detachment of the substrate (9 MPa represents the maximum allowable instrumental reading).

and available surface area that may lead to a more intimate
contact between the PU adhesive and the substrate.

CONCLUSION

New lignin-based thermoset PU coatings with high lignin
content were developed and presented in this work. These
systems were obtained by extracting the lignin material with a
bioderived solvent (MeTHF) and subsequently reacting the
MeTHEF-soluble fraction with a TDI-based aromatic poly-
isocyanate at different NCO/OH ratios. Upon solvent
extraction, a lower molecular weight lignin fraction with a
relatively narrow molecular weight distribution was readily
obtained, characterized by a slightly lower concentration of
hydroxyl functionalities (8.53 mmol/g) compared with the
parent lignin (8.97 mmol/g). FTIR spectroscopy showed that
only a minor portion of such OH groups in lignin could directly
react with NCO groups to form urethane bonds, likely due to
steric hindrance resulting from the highly branched three-
dimensional structure of lignin. DSC analysis was used to
investigate the thermal transitions in the lignin-based PU
materials, and it was shown that higher T, values could be
obtained in the PU materials as compared with the parent
MeTHEF-soluble lignin. Such improved thermal stability was
also confirmed by means of TGA analysis in N, and air.
Contact angle measurements on the cross-linked lignin-based
PU films highlighted a moderately hydrophobic character of
these materials. Morphological characterization of the PUs by
means of AFM analysis highlighted a progressively coarser
morphology in the PU films at increasing lignin content, likely
resulting from the relatively poor film-forming properties of
high T, lignin. To evaluate the mechanical properties of the
lignin-based PU films, AFM force—distance curves were
recorded at different lignin/TDI weight ratios and values of
elastic modulus in the range of 2—4 GPa were found on all
systems, thus indicating that the nanomechanical properties of
these systems are not greatly affected by the composition of the
material at such high lignin contents. Finally, the lignin-based
PU materials were found to present interesting adhesive
properties on different substrate materials, including glass,
wood and metals.

The results of this study demonstrate that the direct reaction
of chemically unmodified fractionated lignin with polyisocya-
nates may represent a viable strategy for the development of
advanced lignin-based PU thermosetting systems and highlight
the potential of lignin-based thermoset PUs as sustainable
bioderived materials for application in the field of high-
performance coatings and adhesives.
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