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ABSTRACT: Chemical modification strategies to improve the mechanical properties of lignin-based polyurethanes are
presented. We hypothesized that treatment of lignin with Lewis acids would increase the concentration of hydroxyl groups
available to react with diisocyanate monomers. Under the conditions used, hydrogen bromide-catalyzed modification resulted in
a 28% increase in hydroxyl group content. Associated increases in hydrophilicity of solvent-cast thin films were also recorded as
evidenced by decreases in water contact angle. Polyurethanes were then prepared by first preparing a prepolymer based on
mixtures of toluene-2,4-diisocyanate (TDI) and unmodified or modified lignin, then polymerization was completed through
addition of polyethylene glycol (PEG), resulting in mass ratios of TDI:lignin:PEG of 43:17:40 in the compositions investigated
here. The mixture of TDI and unmodified lignin resulted in a lignin powder at the bottom of the liquid, suggesting it did not
react directly with TDI. However, a homogeneous solution resulted when TDI and the hydrogen bromide-treated lignin were
mixed, suggesting demethylation indeed increased reactivity and resulted in better integration of lignin into the urethane
network. Significant improvements in mechanical properties of modified lignin polyurethanes were observed, with a 6.5-fold
increase in modulus, which were attributed to better integration of the modified lignin into the covalent polymer network due to
the higher concentration of hydroxyl groups. This research indicates that chemical modification strategies can lead to significant
improvements in the properties of lignin-based polymeric materials using a higher fraction of an inexpensive lignin monomer
from renewable resources and a lower fraction an expensive, petroleum-derived isocyanate monomer to achieve the required
material properties.
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■ INTRODUCTION

Lignin is a highly abundant natural polymer composed of three
different types of phenylpropane units that form a rigid, three-
dimensional network.1−3 In spite of high availability of this
feedstock material, there are few lignin-based commodity
materials because of its complex structure, low reactivity, broad
chemical differences depending on source, and poor process-
ability. Lignin has been studied for two general uses; the first is
production of small molecule chemicals by decomposition or
refinery process. Catalytic methods used to convert lignin
include various types of reduction, oxidation, and catalytic
cracking process.4−7 Because lignin is an aromatic macro-
molecule derived from plants, this is an ideal strategy to
substitute petroleum-based feedstock for those based on
renewable resources. Typically, softwood lignin has been

actively researched by many researchers to produce industrially
important vanilline due to its structural similarity with that of
lignin.8,9 Also, many other industrially important small
molecule chemicals can be produced by catalytic decom-
position of lignin.4,8,9 However, additional research is needed to
overcome serious practical issues associated with the huge
energy costs and necessary purification process to produce
small molecule chemicals from this complex natural material.
The second approach to the general use of lignin is as a starting
material of a diversity of commercial polymer products.10−13

However, current commercial polymers require high-purity
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starting materials having significant and reproducible reactivity.
Beyond the variability intrinsic to lignin derived from different
sources or processing methods, lignin also changes its
properties depending on humidity, temperature and UV
exposure.14 Therefore, some degree of controlled modification
in lignin is necessary process to produce commercial
products.10,15,16

Although the general lignin framework is based on ether and
aliphatic linkages, lignin contains various functional groups such
as hydroxyl, methoxy, carboxylic acid, ether, aldehyde, ethyl-
enic, and ester groups.1−3,10 Among various functional groups
in lignin, hydroxyl group and methoxy group are found in high
concentrations but this can be strongly affected by the
subsequent processing steps.2,17 There were a few studies of
ether cleavage and demethylation of methoxy groups using
hydrogen iodide,18 hydrogen chloride19,20 and other diverse
hydrolysis reactions in acidic conditions;21−23 however, many
of these results were inconclusive due to nonquantitative
characterization of material changes.
There have been a few studies on demethylating lignin using

industrially relevant processes. An et al.24,25 and Wu et al.25,26

studied the use of sulfur dioxide-mediated demethylation in
converting methoxy groups to hydroxyl groups. They
demonstrated that a 40% reduction in methyl group content
can be achieved, and the resultant material appeared to be
suitable for use in formaldehyde-based adhesive resins.
However, it is known that SO2 treatments can result in
significant increases in sulfonate groups,27 which can reduce
material stability in water-contacting applications. Alternatives
to these approaches should increase lignin reactivity while
avoiding these types of side reactions.
The demethylation of methoxy groups using Lewis acids has

been extensively studied in small molecule organic chemistry.28

The methoxy group in lignin can be converted to a more
reactive hydroxyl group via demethylation.10,14−16 In this
report, hydrobromic acid (HBr)29−32 treatment was found to
be effective in increasing lignin hydroxyl-group content and
reactivity, while other Lewis acids like boron tribromide
(BBr3),

31,33−35 and trimethylsilyl iodide (TMSI)34,36,37 were
not. Determination of chemical changes in lignin was followed
with 1H NMR spectroscopy.38−43 Because it is difficult to
directly measure hydroxyl groups using 1H NMR, hydroxyl
groups was acetylated to acetoxy groups prior to a 1H NMR
characterization.39,42,44 In this report, the modified lignin was
characterized by 1H NMR and then the amount of hydroxyl
groups was measured based upon the acetoxy group amount.
Also, molecular weight distribution and qualitative measures of
hydrophilicity of modified and unmodified lignin were
determined using gel permeation chromatography (GPC) and
water contact angle test, respectively.
Polyurethanes are a widely used polymer materials because

they can be processed to versatile forms such as solid
elastomers, fibers, foams, solid plastics, and coating and
adhesive materials.45 Many commercial polyurethane formula-
tions find application as biocompatible materials in medical
devices.46 Most are prepared from the formation of urethane
linkages by the reaction of isocyanates and polyols.47 Because
lignin can contain high concentrations of hydroxyl groups on an
aromatic macromolecule, lignin can function as polyols to form
polyurethane network structure. Lignin has been shown to
form thermoset materials when combined with synthetic
polyols to provide a low-cost component based on renewable
resources.10,11,48−53 Structure−property relationships of lignin-

based polyurethanes indicated that higher densities of network
from high cross-linking degree influenced the mechanical
properties of polyurethane.11,48,49,53 For example, Young’s
modulus, ultimate stress, ultimate strain, and toughness were
sensitively affected by isocyanate and hydroxyl group
stoichiometry, which can govern by the cross-linking density
in the presence of lignin. The cross-linking density also affects
thermal behavior, such as the glass transition temperature, and
the swelling ratio of synthesized polyurethanes as well. In this
report, correlations between changes in hydroxyl group content
and material properties in cross-linked polyurethane materials
made from native softwood Kraft lignin and Lewis acid-
modified softwood lignin will also be presented.

■ EXPERIMENTAL SECTION

Lewis-Acid-Catalyzed Lignin Modification. Lignin was
purchased from TCI America (TCI product number: L0082,
softwood lignin) and used after repeated washing with aqueous
2 M hydrogen chloride (HCl) solution as described else-
where.54 All other reagents were purchased from Aldrich
Chemical Co. and used without further purification. Lignin
(500 mg) was dissolved in 2 mL of DMF prior to addition of
2.5 g 48% aqueous hydrobromic acid and hexadecyltributyl-
phosphonium bromide (TBHDPB). The reaction mixture was
stirred for 20 h at 115 °C. Then the ambient temperature-
cooled reaction mixture was added dropwise into 250 mL of 2
M aqueous HCl solution. The precipitate was vigorously stirred
for 3 h before filtration. The heterogeneous solution containing
solid precipitate filtered through fritted disk funnels to isolate
solid particles from the solution. The obtained solid powder
was washed with water and then dried overnight in a vacuum
oven at 40 °C. The dried solid powder was suspended in
diethyl ether and vigorously stirred for 10 min to purify it. The
solid powder product was recovered and dried under high
vacuum overnight at 40 °C. Other demethylation reactions
were attempted with BBr3 and TMSI instead of HBr/TBHDPB
at room temperature for 40 and 50 h, respectively. These other
procedures were the same as for HBr/TBHDPB.

Acetylation and 1H NMR Characterization of Un-
modified/Modified Lignin. Lignin (200 mg) was dissolved in
4 mL pyridine to form a homogeneous solution. Then 4 mL of
acetic anhydride was added and stirred for 48 h at room
temperature. The crude reaction solution was added dropwise
and precipitated in cold water and then filtered through fine
pore size fritted disk funnel. The resulting solid product was
washed with water until acetic acid removed. The final product
was dried overnight in the vacuum oven at 40 °C. 1H NMR
spectra were recorded on a Bruker Advance 300 spectrometer
in DMSO-d6 at room temperature for 128 scans. Pentafluor-
obenzaldehyde (PFB) (10 μL) was added as an internal
standard for each sample.
Modified/unmodified lignin was dissolved in DMSO-d6 to

obtain 1H NMR spectra without acetylation. Methoxy group
concentration was measured to determine hydroxylation rate.

Lignin Film Preparation and Water Contact Angle
Measurement. Lignin (40 mg) was dissolved in DMF (0.2
mL) until the reaction mixture became homogeneous. The
lignin solution (50 μL) was spin-coated on 1.5 cm ×1.5 cm
slide glass at 1000 rpm for 60 s. The lignin coated-glass was
dried in vacuum oven for 24 h at 60 °C to remove solvent. The
dried lignin film coated glasses were preconditioned for 3 h
under the environmental conditions of measurement. Water
droplets (10 μL) were placed on the surface of the lignin film
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and then imaged after 20 s. Ten measurements were carried out
and the average and standard deviation of the measurements
calculated.
Preparation of Unmodified/Modified Lignin-Based

Polyurethane. Polyurethanes were prepared through con-
densation reactions between diisocyanate in toluene-2,4-
diisocyanate (TDI) and hydroxyl groups in lignin. Then
polyethylene glycol (PEG; 200 g/mol), was used to as the soft
segment in polyurethane structure to avoid brittleness of final
product. To form polyurethanes using HBr-modified lignin,
200 mg of lignin was mixed with TDI (500 mg) at 75 °C and
prepolymerized for 5 min. PEG 200 (450 mg) was mixed to
previously prepared lignin−TDI mixture and the reaction
mixture was then mechanically stirred for 5 min at 75 °C
followed by final polymerization at 75 °C for additional 2 h. All
polyurethane preparation processes were performed in custom
mold with a 20 mm diameter and 10 mm thickness to make a
disk-shaped testing specimen. Unmodified lignin-based polyur-
ethane and HBr-modified lignin-based polyurethane were
prepared under the exactly same polymerization conditions.
Pure polyurethane was prepared without lignin addition under
the same polymerization conditions as above-described.
Mechanical Property Testing (Compression Test).

Uniaxial stress-stain behaviors of lignin-based polyurethane
samples were measured with an Instron testing machine
(model 4400R). Load was recorded as a function of
displacement with a crosshead speed of 1 mm/min and then
the obtained data was converted to stress−strain plot.
Mechanical properties, including initial modulus and stress at
10% strain, were calculated from the stress−strain plots. Tests
were performed at least 4 times for each type of material and
data points were averaged with standard deviation.
Scanning Electron Microscope (SEM) Analysis of

Lignin and Lignin-Based Polyurethane. Dried specimens

were attached to SEM stubs using double-stick tape, and then
coated with gold using a Pelco SC-6 sputter coater. The
specimens were examined using a Hitachi 2460N scanning
electron microscope (SEM). Digital images were obtained
using Quartz PCI Image management system software for
detail analysis of image.

■ RESULTS AND DISCUSSION

Lewis-Acid-Catalyzed Modification of Lignin. As shown
in scheme 1, ether cleavage and demethylation were expected
to target aromatic and aliphatic methoxy groups in lignin. Three
common demethylation strategies in small molecule synthesis
were tested to perform demethylation in lignin.10,14,16,28−37 In
addition, some ether linkages in lignin may have been involved
in the Lewis-acid-catalyzed ether cleavage reaction. The
demethylation method was carried out in 48% aqueous HBr
in the presence of phase-transfer agent, TBHDPB, in a water−
DMF solvent mixture.29−32 The reaction mixture was heated at
115 °C for 20 h with vigorous stirring. After the designated
reaction time, the reaction mixture was precipitated in water.
The solid powder formed was isolated from the solution for
drying and then purified once more by washing with diethyl
ether.31,33−37

Figure 1c shows broad proton signal at δ 7.7−6.0
corresponding to protons in aromatic groups and δ 4.8 − 3.0
corresponding to protons in aliphatic/aromatic methoxy group.
Proton signals from hydroxyl groups were not always clearly
visible in the spectra, possibly due to hydrogen bonding.55

Therefore, we reacted lignin via pyridine-catalyzed acetylation
with acetic anhydride to convert hydroxyl groups to acetoxy
groups.38−44 Integrals of protons at acetoxy groups are
observed between at chemical shifts of 1.58−2.70 in panels a
and b in Figure 1. PFB was added as an internal standard, the
peaks for which appear at δ 10.14 for each spectrum. PFB was

Scheme 1. Lewis-Acid-Catalyzed Lignin Demethylation and Proposed Synthesis of Lignin-Based Polyurethane from
Demethylated Lignina

aDemethylated lignin was subsequently acetylated with acetic anhydride and pyridine to convert hydroxyl groups to acetoxy groups. Lignin-based
polyurethane was prepared by condensation reaction between lignin and toluene-2,4-diisocyanate. The reaction scheme of lignin hydroxylations
represents an example of a possible general demethylation process, not a specific, selective reaction.
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chosen because of three reasons: first, it is very well miscible in
the 1H NMR sample solutions. Second, PFB is easy to handle
because it is not volatile. Third, PFB has its proton signals far
from the major signals of the major lignin products.
Hydroxyl group concentration in lignin was also measured by

comparing methoxy group area at δ 4.8−3.0 without acetylation
or other further chemical modification of lignin. Because Lewis
acid modification of lignin did not appear to affect aromatic
groups, the aromatic group proton signal at δ 7.7−6.0 was used
as an internal standard. The conversion of methoxy group
functionality to hydroxyl group after Lewis acid modification
can be easily characterized by decreases in methoxy group area
at δ 4.8−3.0. The methoxy group decrease after Lewis acid
modification showed the same changing rate as acetoxy group
measurement after acetylation modification. In this report, we
used acetoxy group measurements after acetylation of lignin
because this method is a more commonly used hydroxyl group
characterization method in lignin modification.39,42,44

Each measured hydroxyl group concentration was normal-
ized by sample weight for NMR characterization. Lewis acid
catalyzed modifications were performed at least three times.
HBr reaction resulted in measurable changes in hydroxyl
content with a 28% increase; however, TMSI and BBr3 did not
show significant change after the modification reaction (data
not shown). According to GPC analysis of pre- and post-HBr
catalyzed modified lignin, no significant changes in molecular
weight and molecular weight distribution occurred in any of the
reactions. Detailed experimental results and analysis are
discussed in the Supporting Information.
Concentration of hydroxyl group is expected to affect

hydrophilicity of lignin, and changes in the hydrophilicity of
the lignin could be assessed qualitatively by water contact angle
measurements. Unmodified lignin and HBr-modified lignin
were dissolved in DMF and then they were spin-coated on glass
slides. Residual DMF was removed in a vacuum oven prior to
water contact angle measurements. Figure 2 (a) is a side view of
water contact angle image on unmodified lignin film and (b) is

HBr modified lignin. Water contact angle changed from 63.8°
± 3.8° to 46.5° ± 1.5° after HBr modification of lignin. The
water contact angle decrease indicated an increased hydro-
philicity of the material surface, which is attributed to increases
in hydroxyl group concentration in lignin. The water contact
angle measurements were further indication that HBr
modification of lignin is an effective technique that could be
used to adjust lignin chemical functionality. In this respect, the
modified lignin could be a useful new biodegradable and
renewable plant-based coating material with a tuned surface
hydrophilicity.

HBr-Modified Lignin-Based Polyurethane. The material
properties of polyurethanes are governed by the ratio of hard
and soft segments. Although the contribution of lignin to the
mechanical properties is thought to be as a hard segment, in
terms of reactivity, lignin will have the role of polyol in
polyurethane synthesis. In lignin-polymer blends, solubility
parameters of various polymers and lignin are an factor to
determine miscibility and properties of lignin−polymer blend
products.56 However, the covalently cross-linked lignin-based
polyurethane was more affected by degree of cross-linking and a
chemical structure of cross-linkers. There have been extensive
investigations in lignin-based polyurethane to find a relation-
ship between various ratios of isocyanate/polyols and resultant
material properties.45,48−53,57 In the present study, two different
polyurethanes were prepared to study their property difference
between HBr-modified lignin, which has high hydroxyl group
contents in unit weight, and unmodified lignin.
Polyurethanes were prepared from reaction of TDI and

lignin as a polyol.48,49 Polyethylene glycol, which had number-
average molecular weight of 200 g/mol (PEG 200), was used as
a linear polyol comonomer to increase elasticity of the final
polyurethane product. Polyurethanes formed from the reaction
between TDI and lignin were too brittle without PEG 200 and
fractured easily upon handling (data not shown). SEM images
of cross sections of prepared polyurethanes with 40% PEG are
shown in figure 3. Both polyurethanes had similar porous
structures, with pore sizes ranging up to 1 mm, suggesting that
any changes in mechanical properties would be attributed to
changes in the included materials not microstructure.
HBr-modified lignin showed significant mechanical-property

improvement over both polyurethanes containing unmodified
lignin and pure polyurethane that does not include lignin. The
mechanical properties of lignin-based polyurethanes and pure
polyurethanes were measured by compression testing. Initial
modulus and stress at 10% strain were calculated from stress−
strain curves. Typical stress−strain behaviors of polyurethane
for unmodified lignin-based polyurethane and HBr-modified
lignin-based polyurethane are shown in Figure 4. In comparing
these two stress−strain behaviors, HBr-modified lignin-based

Figure 1. 1H NMR spectra of (a) HBr-catalyzed modified lignin after
acetylation, (b) unmodified lignin after acetylation, and (c)
unmodified lignin. Acetoxy group area at δ 2.70−1.58 correspond to
the concentration of hydroxyl groups in modified lignin. (a) HBr-
modified lignin and (b) ummodified lignin were represented in a
general structure, but each lignin has different concentrations of
acetoxy groups in a unit mass. Dotted lines indicate integration ranges
of acetoxy group.

Figure 2. Water contact angles of (a) unmodified-lignin film (63.8° ±
3.8°) and (b) HBr modified-lignin film (46.5° ± 1.5°) on glass surface.
Water contact angle measurements were taken across the sample and
are an average of 10 measurements.
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polyurethane revealed superior stress values over the whole
strain range; this result demonstrates that HBr-modified lignin-
based polyurethane is much stronger material than unmodified
sample. Figure 5 summarizes mechanical property parameters
of unmodified lignin-based polyurethane, modified lignin-based
polyurethane and pure polyurethane. The presented data are
average values with standard deviations based on at least three
separate measurements. Initial moduli and stresses at 10%
strain were normalized by density of each sample.
Lignin-based polyurethane were expected to form cross-

linked network structures due to multiple hydroxyl group
functionality on lignin. Therefore, if there were more hydroxyl
groups in lignin then the final polyurethane will have denser
network structure, which results higher mechanical property,
than less hydroxylated lignin. Estimates of cross-link densities
of lignin-based polyurethane were determined from materials’
moduli information.58−60 In rubber elasticity theory, the
number of network strands per unit volume (N, effective
cross-link density) can be obtained from the relation, E =
3NkBT, where kB is Boltzmann’s constant (1.38 × 10−23 J/K)
and T is the absolute temperature in Kelvin. To calculate the
effective cross-linking density, N, we obtained each sample’s
modulus (E) from mechanical property test as shown in Figures
4 and 5. The determined average N were 9.97 × 1021 m−3 and
9.52 × 1022 m−3 for each unmodified lignin-based polyurethane
and HBr-modified lignin-based polyurethane, respectively. As

we hypothesized, HBr-modified lignin-based polyurethane had
a significantly higher cross-link density compare to unmodified.
In this lignin-based polyurethane mechanical property tests

as shown in Figure 5, HBr-modified lignin-based polyurethane
showed overall improved mechanical properties compare to
unmodified lignin-based polyurethane and pure polyurethane.
Pure polyurethane had a density-normalized initial modulus of
229.62 ± 28.88 kPa g−1 cm3 and a density-normalized stress at
10% strain of 34.44 ± 11.85 kPa g−1 cm3. Unmodified lignin-
based polyurethane had density-normalized initial modulus of
384.77 ± 54 kPa g−1 cm3 and 21.98 ± 1.6 kPa g−1 cm3 of
density-normalized stress at 10% strain. HBr-modified lignin-
based polyurethane had the highest values for these metrics
with 2505.40 ± 167 kPa g−1 cm3 of density-normalized initial
modulus and 342.14 ± 34.6 kPa g−1 cm3 of density-normalized
normalized stress at 10% strain. The improved mechanical
properties of HBr-modified lignin-based polyurethane suggests
that high cross-linking degree polyurethane structure from high
concentration of hydroxyl groups significantly contribute to
mechanical property improvements in polyurethanes.61,62 In
the same principle, pure polyurethane that does not include any
lignin showed the lowest modulus because of the lowest degree
of cross-linking. Likewise, both pure polyurethane and lignin-
based polyurethane displayed substantially lower stresses at
10% strain than HBr-modified lignin-based polyurethane. The
both values are very low and close each other. This result
suggest that in the case of poorly cross-linked polyurethane,
slight difference of cross-linking degree does not give a
substantial differences in certain mechanical property, stress
at 10% strain. The included lignin in the polyurethane has a
role of fillers in addition to a role of polyol cross-linking agent.
If unmodified lignin forms a weakly linked filler phase in the
polyurethane, increasing hydroxyl group content could be
expected to form physically cross-linked secondary interactions
between polymer chains and improve mechanical proper-
ties.61,62 Overall, the mechanical property improvement of
polyurethane demonstrates an example of how chemical

Figure 3. Scanning electron microscope (SEM) images of cross-
sections of lignin-based polyurethane. (a) HBr-catalyzed hydroxylated
lignin-based polyurethane and (b) unmodified native lignin-based
polyurethane.

Figure 4. Compression test stress−strain relationships of HBr-
modified lignin-based polyurethane (black dashed line) and
unmodified lignin-based polyurethane (red solid line); two different
characters of mechanical properties, i.e., initial modulus and stress at
10% strain were obtained from the stress−strain curve.

Figure 5. Summary of mechanical properties of lignin-based
polyurethane obtained from stress−strain relationship of material.
Pure polyurethane without lignin (blue vertical line pattern),
unmodified lignin-based polyurethane (red oblique line pattern), and
HBr-modified lignin-based polyurethane (gray square pattern) were
compared to demonstrate initial modulus and stress at 10% strain.
Compression strength (kPa) was normalized by density of samples (g/
cm3).
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modification strategies of natural materials can effect improve-
ment of commodity polymer properties.

■ CONCLUSION

This report presents: first, successful functional group
modification of renewably sourced material, lignin, using
selected Lewis acid catalyst without detrimental side reactions,
and second, two representative lignin-containing materials,
lignin-coated surfaces and lignin-based polyurethanes, to
demonstrate the importance of lignin chemical modification
in improving material properties. In the presented Lewis acid
catalyst system, HBr/TBHDPB increased the hydroxyl groups
of lignin by 28% in average. To perform a quantified
characterization of hydroxyl groups in lignin, we acetylated
the hydroxyl groups prior to 1H NMR analysis. High
concentration of hydroxyl groups in HBr-modified lignin
increased surface hydrophilicity by 27% in water-contact-angle
measurement of lignin-coated materials. Synthesized HBr-
modified lignin-based polyurethane showed highly enhanced
mechanical properties because of high cross-linking density.
HBr-modified lignin-based polyurethane has 6.5-folds higher
initial modulus and 15.5-folds higher stress at 10% strain than
unmodified lignin-based polyurethane.
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