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ABSTRACT

A commercial kraft lignin (k-lignin) was successfully functionalized by means of the
reaction of an isocyanate group from isophorone diisocyanate (IPDI) with hydroxyl
groups present in lignin (k-IPDI), for their further incorporation in a flexible
polyurethane foam (PUF) formulation. The functionalization was confirmed by FTIR and

13¢ NMR, as well as by the OH number determination. It was observed that approximately
half of the hydroxyl groups present in k-lignin were functionalized. Afterwards, two
series of PUF containing 3, 5 and 10% of k-lignin and k-IPDI were prepared by one-
shot free rise polymerization. It was observed that the presence of unmodified lignin
decreased the reactivity of the system, yielding to longer foaming stages that
required the addition of more catalyst to the system. Apart from that, more rigid
foams were obtained with k-lignin than with k-IPDI, as it was observed by DSC and
compression force deflection (CFD), which values reflected that the presence of
k-IPDI contributed to the formation of more flexible foams. It was also found that the
functionalization of lignin contributed to a higher chemical attachment of the lignin
to the polyurethane matrix as it was observed by lignin extraction experiments. This
chemical attachment was reflected on the stress-strain curves which showed that
k-lignin containing foams had higher elastic modulus and higher ability to absorb
energy than k-IPDI containing ones, which resulted to be more soft and flexible.

1. Introduction

Wood is mainly composed by cellulose, hemicelluloses and lignin, apart from
extractives and other inorganic compounds. Lignin acts as a binder of the cellulose fibers in
the cell walls of vascular plants, providing structural stability as well as performing a
protective function as an antimicrobial agent (Barakat et al., 2010). Its aromatic and
heterogeneous structure gives place to an amorphous macromolecule that is considered
the second most abundant biopolymer on earth only after cellulose, being the main source
of aromatic compounds.

Lignin structure is composed by the bonding of three main monomers (Fig. 1). These monomers
are known as monolignols and consist on phenylpropane units with different substitutions (p-
hydroxyphenil (H), guaiacyl (G) and syringyl (S) units) derived from coumaryl, coniferyl and



sinapyl alcohol, respectively (Gosselink et al., 2004a). The prevalence of one unit or another will
depend on the vegetable species of origin; for instance, G units are predominant in softwood
lignin, a mixture G and S units in hardwood and finally H units are more abundant in lignin
derived from annual plants.
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Fig. 1. Main structural units that compose lignin structure

These monomers are connected by different C-C and ether linkages, such as 3-8, B-1, 4-0-5 and
B-O-4, being the latter the most common, especially in softwood lignin (Laurichesse and
Avérous, 2014; Li et al., 1997). These linkages hamper the isolation of lignin without its
fractionation. Nowadays different processes are used for the extraction of lignin, such as
enzymatic acidolysis, ionic liquid pretreatment, organosolv, kraft and lignosulfonate processes,
being the last two the most used and developed at industrial scale (Li et al., 2015).

The kraft pulping method is used for the conversion of wood (both softwood and hardwood)
into pulp for the further production of paper. In this process, the wood is cooked in digesters
where a great part of the lignin contained in wood is degraded into different molecular weight
fragments. These fragments are dissolved in an aqueous solution of sodium hydroxide and
sodium sulfide together with carbohydrates obtained from hemicelluloses and inorganic salts,
forming the so called black liquor. An appropriate treatment and purification of this black liquor
gives rise to the isolation of kraft lignin.

The integration of wood-related industrial processes with biorefineries, would provide added
value to byproducts such as lignin, and would provide a great source of renewable materials
and energy. Nevertheless, the heterogeneous composition makes difficult to obtain large lignin
batches with a homogeneous quality for chemical and materials production. For this reason,
softwood kraft lignin, which is characterized for being more reactive and for having a more
homogeneous structure than hardwood lignin (Gellerstedt, 2015), is the perfect candidate for
large scale production.

Even though most of this lignin is commonly burned as internal production of energy for the
pulping process, nowadays more and more quantities are commercialized for its use as additive,
dispersant or dye (Holladay et al., 2007). Research is nowadays focused on taking advantage of
lignin in high value-added applications such as the obtaining of fine chemicals (Bouxin et al.,
2015; Fan et al., 2015), carbon fiber production (Kadla et al., 2002; Mainka et al., 2015) and
materials containing lignin not only as an additive (Morandim- Giannetti et al., 2012), but also
as a part of the formulation (Zhang et al., 2013).



The use of lignin in polyurethane chemistry is promising since lignin provides the hydroxyl
groups needed for urethane linkage formation. In this way, several approaches have been
developed in order to obtain polyurethanes containing lignin not only as an additive (Ciobanu
et al., 2004), but also as a replacement of the main reactive materials using oxypropylated or
liquefied lignin as a promising environmental friendly alternative of polyols derived from fossil
sources (Cateto et al., 2009; Cinelli et al., 2013).

Flexible polyurethane foams (PUF) constitute a large market of the polyurethane family. PUF
are a commodity material used in several applications such as automotive seating, upholstery,
mattresses, packaging and other similar everyday applications. They are obtained by the
reaction of three main reactants: a polyol (with functionality higher than 2), a diisocyanate and
a blowing agent (usually water). Other additives such as surfactants and catalysts are also used
in order to balance the reactions involved in the foaming process. They represent a very
versatile group of polymers owing to the possibility to tailor their properties depending on the
nature and characteristics of the used reactants (Ashida, 2006). Nonetheless, these reactants
dependence on fossil resources and the increasing awareness of environmental issues such as
climatic change, greenhouse emissions, petroleum depletion and so on, have focused the
efforts of diverse scientific fields into the replacement of fossil sources by renewable ones in
order to obtain chemicals such as polyols derived from vegetable oils (Calvo- Correas et al.,
2015), or the use of very diverse industrial wastes or byproducts, such as coffee (Soares et al.,
2015) or lignin, as additives or as part of the reactant mixture for obtaining eco-friendly foams.

Nevertheless, the addition of lignin as a reactive filler in free-rise flexible polyurethane foams
can be difficult in regard to the rapid foaming process that requests highly reactive compounds
in order to have a conversion high enough to support the rapidly formed porous structure. The
presence of lignin hampers the polymerization due to its complex structure and the low
reactivity of its hydroxyl groups as a consequence of steric hindrance (Tejado et al., 2008). This
problem could be overcome through the replacement of these hydroxyls for more reactive
groups such as isocyanate. Notwithstanding, little attention has been paid to the use of lignin
as replacement of the isocyanate counterpart, although some works can be found where
different prepolymers are prepared by the functionalization of lignin with this group (Chauhan
et al., 2014; Rozman et al., 2001).

For this reason, in this work the functionalization of a commercial kraft lignin (k-lignin) with a
highly reactive group such as isocyanate, has been carried out successfully reacting part of the
hydroxyl groups present in lignin with isophorone diisocyanate (IPDI), thus forming urethane
bonds between them and leaving also free isocyanate groups for their further reaction with the
other components of the polyurethane matrix during the foaming process. The characterization
of k-lignin and the isocyanate functionalized lignin (k-IPDI) was carried out by means of
elemental analysis, Fourier transform infrared spectroscopy (FTIR), *C nuclear magnetic
resonance (**C NMR) in both solid and liquid state, scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA).

In order to compare the impact of lignin functionalization, a reference foam (without lignin) and



a series of foams containing the same amount of lignin (3, 5 and 10 wt.%) from k-lignin and k-
IPDI were prepared. Their properties were analyzed by means of FTIR, optical microscopy, SEM,
DSC, TGA and compressive mechanical properties.

2. Experimental procedure

2.1. Materials

Southern pine kraft lignin, k-lignin (Domtar’s BioChoiceTM) was kindly provided by UPM
Biochemicals (Finland). The acetylation of k-lignin was performed for its further characterization
by GPC and 3C NMR, using acetic anhydride (98%, Panreac) and pyridine (99%, Panreac).
Ethanol (>99.8%, Panreac), HPLC grade chloroform (>99.8%, Lab-Scan Analytical Sciences) and
diethyl ether (99.7%, Panreac) were used in the process of washing the derivatized lignin (ac-
lignin).

The functionalization of k-lignin with isocyanate groups was carried out using isophorone
diisocyanate, IPDI (>99.5%, Desmodur® |, Covestro), with a NCO content of 37.8%. HPLC grade
tetrahydrofuran, THF (>99.8%, Macron Fine Chemicals) was used as reaction medium and
dibutyltin dilaurate, DBTDL (>95%, Sigma Aldrich) as selective catalyst for the reaction of
hydroxyl groups from lignin with the secondary NCO groups of IPDI (Ono et al., 1985). HPLC
grade toluene (>99.8%, Lab-Scan Analytical Sciences) was used to wash the functionalized lignin.

Flexible polyurethane foams were prepared using two sides of formulation (A and B). The side
B was composed by the blend of a castor oil derived polyether polyol from BASF, Lupranol
Balance®50 (LB50, OH-number = 50 mg KOH g-1, functionality = 2.7 and viscosity = 837 mPa s
at 25 <C), deionised water as blowing agent and additives (all from Evonik) for balancing the
blowing and gel reactions during the foaming process. Stannous octoate was used as
organometallic co-catalyst (Kosmos® 29) for the balance of the gelling reaction, whereas the
amine catalyst Tegoamin® B 75 was employed for balancing both blowing and gelling reactions.
A sil icone surfactant (Tegostab® B 4900) was used for stabilizing the B-side mixture and the
structure of the foam. The side A was constituted by the mixture of 2,4- and 2,6- toluene
diisocyanate (TDI) isomers in a 80:20 ratio (299.5%, Desmodur® T-80, Covestro) containing a
48.2% NCO, and was used without further purification.

2.2. Lignin acetylation

The acetylation of lignin was performed following a method proposed elsewhere (Lundquist,
1992) in order to determine its molecular weight by Gel Permeation Chromatography (GPC) and
also to quantify the hydroxyl content by quantitative 3C Nuclear Magnetic Resonance (NMR).
Briefly, 20 mg of k-lignin were dis- solved in a 1:1 (v/v) acetic anhydride-pyridine mixture and
kept stirring 24 h at room temperature. The washing process was conducted as follows: absolute
ethanol was added to the mixture, stirred during 30 min and then removed with a rotary
evaporator, repeating this step for seven cycles using the ethanol to drag the pyridine and the
acetic acid from the sample. Thereafter the ac-lignin was dissolved in chloroform and added
dropwise to diethyl ether, washed three times by centrifugation and dried under vacuum at
50 °C for 24 h.



2.3. Preparation of IPDI modified lignin

Kraft lignin was grounded in a mortar and dried at 50 °C for 24 h prior to its functionalization
with IPDI. Once dried, k-lignin (20 g) was dissolved in 100 mL of THF using a magnetic stirrer.
Afterwards IPDI was weighed into a round bottom flask in a 3/1 NCO/OH molar ratio and heated
up to 60 °C under nitrogen atmosphere. Then, DBTDL (0.1% of the total weight) was added to
the IPDI and stirred (at 600 rpm) during few minutes, followed by the addi- tion of the lignin
solution to the flask using a dropping funnel while kept at 60 °C for 24 h. Thereafter, the formed
solid was separated maintaining the vigorous stirring in the flask. The reaction was by
centrifugation, washed with toluene and centrifuged repeatedly

(at least three times) at 4500 rpm during 5 min, replacing the used toluene for fresh one after
each centrifugation in order to remove vacuum oven at 75 °C for 24 h and then the vacuum was
kept at the remaining unreacted IPDI. Finally, the slurry was dried in a room temperature for
the following 48 h. The obtained k-IPDI was grounded and sieved in order to obtain a
homogeneous particle size.

2.4. Preparation of flexible polyurethane foams

Two series of flexible polyurethane foams containing the same amount of lignin regardless the
isocyanate content of the k-IPDI(which was taken into account to maintain the OH-NCO ratio)
were produced, in addition to a reference foam without lignin (PUF-REF).The lignin content of
the foams was set at 3, 5 and 10% (by weight) for both k-lignin (PUF-3%kl, PUF-5%kl and
PUF-10%kl) and k-IPDI containing foams (PUF-3%kIPDI, PUF-5%kIPDI, PUF-10%kIPDI). PUF with
k-lignin were prepared dissolving previously dried lignin in50 mL. Then, the k-lignin solution was
added slowly to the polyol and stirred vigorously during 1 h at room temperature. The THF was
then removed using a rotary evaporator until constant mass was achieved. The k-lignin
precipitated during THF removal, forming a stable and fine dispersion of the solids in the polyol.
Once the k-lignin/LB50 mixture was prepared, the polyurethane foams were manufactured
according to the procedure reported previously (Gomez-Fernandez et al., 2016) by one shot
open mold polymerization, plus a postcuring process at 150 °C during 24 h. After this thermal
treatment, the disappearance of free NCO was confirmed by FTIR in different regions of the
foams. In case of k-IPDI containing PUF, the functionalized lignin was introduced directly into
the polyol and homogenized by rotor-stator mixing at 12,000 rpm during few minutes. All the
foams were formulated with the same amount of blowing agent, surfactant and an excess of
10% of isocyanate (corresponding to an isocyanate index of 110) without taking into account
the OH content of the lignin in the formulation owing to its low reactivity. Nevertheless, the
catalyst formulation had to be increased in case of k-lignin containing samples, since the
presence of lignin affected the reactivity of the polymerization process hampering the
formation of acceptable foams. Thus, amine and organometallic catalyst were adjusted
(increasing their amount in 0.5 and 0.6 parts per hundred of polyol with respect to PUF-REF and
k-IPDI containing foams) in order to yield the gelling time quickly enough to avoid the collapse
of the foam (Szycher, 2013). Thermal, morphological and mechanical characterization of the
foams was performed to postcured samples.



2.5.Measurements and characterization

2.5.1. Lignin determination and characterization

The moisture content of the raw lignin was analyzed by TGA (TGA/SDTA 851, Mettler Toledo) in
nitrogen atmosphere heating the sample from 25 to 200 °C at a heating rate of 10 °C min™. This
value was confirmed gravimetrically drying the lignin in an oven at 50 °C for 24 h, so as to
determine whether this temperature was enough to get a dried lignin in 24 h. Since the obtained
values were similar, the average value of both was reported.

Acid insoluble lignin (AIL) was determined following TAPPI T249 cm-85 and TAPPI T222 om-83
methods. Briefly, 3.75 mL of ice-cooled 12 M sulfuric acid (H2S0.) were added to 0.375 g of dried
lignin (Gosselink et al., 2004a) and kept at 30 °C during 1 h. Demineralised water was then added
and the mixture was kept boiling at 100 °C for 3 h. The suspension was cooled, filtered with a
G4 glass filter and washed with hot water. The resulting solid was weighed after being dried at
105 °C and the filtrate was kept for measuring the acid soluble lignin (ASL) content.

ASL was determined by UV-vis spectroscopy (Dence, 1992), placing a sample of the clear filtrate
from the previous step in a silica absorption cell with a 10 mm light path. The absorbance was
measured at 205 nm using a 3% H,SO, solution as a blank and the sample was diluted with the
H,S0O, solution until obtaining absorbance values ranging between 0.2 and 0.7. Beer’s Law was
used in order to calculate the acid soluble lignin content (Eq. (1)), whereb=1cm;a=110Lg*
cm’™, Vp is the volume of the diluted sample and Vo the volume of the original sample.

Absorbance (4) Vb
b (light path, cm) - a(absorptivity, Lg=tcm=1 V,

Acid soluble lignin content, gL™! = (D

The ash content of the kraft lignin was determined following the ASTM E1755-01 standard.
Firstly, the lignin was oven-dried at 105 °C during 24 h. Two samples of approximately 1 g were
treated in a muffle furnace at 525 °C during 5 h and the weight of the remaining residue was
recorded as the ash contt, given relative to the weight of dried lignin. This ash was thereafter
used to calculate the acid insoluble ash (Al ash) content for correcting the AIL value following
the TAPPI T245 om-94 standard, adding firstly 20 mL of 65% (w/w) nitric acid to the ash, heating
it up and keeping it boiling until having a residual volume of around 10 mL. Then, 4 mL of
96% (w/w) sulfuric acid were added and heated again until white fumes were evolved. The
mixture was cooled down to room temperature and finally 50 mL of demineralised water were
added and boiled for 5 min. After filtrating, washing and drying, the remaining solid was
weighed for correcting the acid insoluble lignin content.

The presence of sugar impurities was determined by High Performance Liquid Chromatography
using a Jasco LC Net II/ADC with a ROA Organic Acid column from Phenomenex, equipped with
a refractive index detector and a photodiode array detector. 0.005 NH,SO, was used as mobile
phase, performing the assay with a flow rate of 0.35 mL min* at 40 °C. High purity standards of
d-(+)-glucose, d-(+)-xylose, and d-(-)-arabinose (Fluka) were used for calibration (Gordobil et al.,
2014). The analysis was performed twice. The approximate hydroxyl number of both k-lignin
and k-IPDI were determined following the 1SO 14900:2001(E) standard for polyols with steric



hindrance carrying out the acetylation of the sample with a mixture of acetic anhydride and
pyridine using imidazole as catalyst. After the acetylation, a back titration was performed with
0.5 N NaOH. The hydroxyl number was also confirmed by quantitative 3C NMR.

2.5.2. Chemical analysis

The carbon, hydrogen, nitrogen and sulfur content of k-lignin and k-IPDI lignin was determined
by elemental analysis using aEurovector EA 3000 atomic absorption spectrometer heated at
980 °C with a constant flow of helium. The content of sodium was analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES) in a Mettler Toledo Optima 8300
equipment, solving the lignin samples in concentrated nitric acid and subsequently diluting
them with deionized water to 15 mL.

2.5.3. Average molecular weight

Number and weight average molecular weight values (M,, and M,,) and polydispersity (PD) of
the derivatized k-lignin was determined by GPC using a Thermo Scientific UltiMate 3000
equipped with four Phenogel GPC columns from Phenomenex (particle sizeof 5 um and porosity
of 105, 103, 100 and 50 A) and a RefractoMax521 refractive index detector. The analysis was
carried out at 30 °C with a flow rate of 1 mL min"*with THF as the mobile phase and an injection
volume of 50 plL. The samples were prepared dissolving 1% by weight of ac-lignin in THF and
filtering them with 0.20 um pore sized nylon filters. The M,, values were referred to
monodisperse polystyrene standards.

2.5.4. Structural characterization

The analysis of the functional groups of k-lignin and the successful functionalization with NCO
of k-IPDI was determined by FTIR (Nicolet-Nexus) using KBr pellets and performing the assay
between 4000 and 400 cm™ at room temperature, performing 64 scans with 4 cm™ resolution.
Both k-lignin and k-IPDI were dried at 50 °C during 24 h prior to the pellet preparation. The
influence of the lignin on the reactivity of the foam was also analyzed by FTIR, carrying out the
assay 24 h after the polymerization but before the postcuring process, using a Specac
attenuated total reflectance accessory (Golden Gate®ATR device) in the range between 4000
and 600 cm?, performing 32 scans with a resolution of 4 cm™.The determination of functional
group content in k-lignin, such as methoxyl, carbonyl and hydroxyl groups, was performed by
13CNMR. Quantitative *C NMR was performed in k-lignin and ac-lignin samples aiming to
determine the primary, secondary and phenolic hydroxyl (OH(I), OH(ll) and OH(d), respectively)
group content present in unmodified lignin. For this purpose, dried k-lignin and ac-lignin
samples were solved in DMSO-dg(10 mg of solid in 1 mL of solvent). The signals present in ac-
lignin at 170.6, 169.9 and 169.1 ppm (corresponding to OH(I), OH(II) andOH(®), respectively)
were integrated with respect to the aromatic region of lignin assuming the presence of six
carbons between100 and 160 ppm. The total hydroxyl group content obtained by this technique
was compared to the results obtained by using the aforementioned ISO 14900:2001(E)
standard.

The liquid *C NMR spectra were registered on a Bruker Avance 500 spectrometer, equipped



with a BBO probe with gradient in Z axis. A decoupled sequence zgdc from Bruker library was
used at 125.77 MHz. A time domain of 64 k, and a spectral width of 31000 Hz were used. The
interpulse delay was set to 2 s and the acquisition time to 1.5 s. For each spectrum 32000 scans
were accumulated.

Additionally, k-IPDI was qualitatively characterized by solidstate *3C-cross-polarization magic
angle spinning (CP/MAS) NMR, performing directly the assay over dried k-lignin and k-IPDI. The
spectra were recorded on a Bruker 400 AVANCE IIl WB spectrometer 9.40T, using a 4 mm DVT-
MAS probe at a spinning rate of 10 kHz. The standard cross-polarization pulse sequence (100.6
MHz), a time domain of 2 k, a spectral width of 29 kHz, a contact time of 1.5 ms and an interpulse
delay of 5 s were used.

2.5.5. Morphology

The morphology of the particles and the cellular structure of the polyurethane foams were
characterized by SEM using a JEOLISM-7000F equipment operating at 10 kV and a surrounding
beam current of 10 pA, taking secondary electron images. Dried samples were placed over a
double-sided carbon-based conductive tape and covered with a 10 nm chromium layer. Both
k-lignin and k-IPDIpowders were milled before drying. The open cell content of the foams was
measured by using a porosity tester (MicroFlo, IES). The test was carried out at 20 °C measuring
the air passing through the cellular structure of the foam, parallel to grow direction. Four
specimens were tested for each sample, and the average open cell content was reported.

2.5.6. Thermal properties

The glass transition temperature of the raw lignin and the isocyanate-modified lignin was
analyzed using a Mettler Toledo DSC822eequipment. Around 5 mg of previously dried lignin (24
h at 50 °C) were used and two scans were performed in order to remove the thermal history of
the samples, from -60 to 200 °C at a heating rate of 10 °C min?, with a nitrogen flow of
10 mLmint. In case of polyurethane foams, the DSC analyses were conducted in a
MettlerToledo DSC3+ equipment, from -120 to 200 °C at a heating rate of 30 °C min* under a
nitrogen flow of 10 mL min™. Two scans were also performed in samples of approximately 5 mg.
The thermal degradation of lignin and polyurethane foams was studied using a TGA/SDTA 851
from Mettler Toledo. Approximately 5 mg of sample was analyzed from 25 to 800 °C at a heating
rate of 10 °C min®, under a nitrogen flow of 10 mL min™.

2.5.7. Viscosity, density and cell size

The viscosity of the k-lignin and k-IPDI dispersions with the polyol was performed prior to foam
preparation, recording the values at 25 °C within a shear rate range from 10 to 100 s using a
Thermo Haake Viscotester iQ equipped with P35/Ti parallel plates. The density of the
polyurethane foams was measured gravimetrically according to the ASTM D-3574-11 test A

standard, using four specimens with dimensions of 50 x 50 x 25 mm? for each foam. The

average cell size of the pores constituting the foamed structure and the average strut width
were calculated using an Eclipse E600 (Nikon) optical microscope, measuring at least 50 cells on



each sample, on the surface perpendicular to the foam growth.

2.5.8. Lignin extraction from the foam

Polyurethane foams containing lignin were subjected to extraction with a mixture of
1,4-dioxane/water (90/10, v/v) to determine to what extent was the lignin chemically attached
to the polymeric matrix. Briefly, around 0.7 g of foam were cut into cubes of approximately 5 x
5 x 5 mm?® and were placed inside a cellulose cartridge, performing thereafter the extraction
with the dioxane/water mixture using a Soxhlet extraction kit during 24 h. The mass of the foams
was weighed before and after the extraction process. The procedure was performed once per
sample, as a preliminary study of the chemical attachment of the lignins to the matrix. The mass
loss related to polyurethane, which was registered in PUF-REF, was corrected in lignin
containing foams in order to consider solely the lignin mass loss.

2.5.9. Mechanical properties

The resilience of the foams was calculated following the ASTMD-3574-11 test H standard, using
a Qualitest Ball Rebound Tester in the operating mode 3. The average value of 9 measurements
for each sample in the foam rise direction was reported. The compression force deflection (CFD)
value of the foams, which gives and insight into their firmness, was measured in the foam rise
direction according to the ASTM D-3574-11 test C standard, using a MTS equipment with a load
cell of 10 kN equipped with compression plates. Two fast pre-compressions were previously
performed until a deformation of 75% at a crosshead rate of 250 mm min™. After 5 min of
resting without contact with the upper compression plate, the measurement of CFD was
conducted at 50 mm min until 50% of deformation, registering the stress value after 60 s of
compression.

The specific elastic modulus, compressive stress at 10% of deformation and the energy storage
of the foams were determined from the stress-strain curves using also the MTS equipment with
a 10 kN load cell. Four specimens for each foam sample with dimensions of 50 x 50 x 25 mm?3
were tested at a crosshead rate of 5 mm min™ until a deformation of 70%. The elastic modulus
was calculated as the slope from the initial linear behavior and the energy storage as the area
below the stress-strain curves until 50% of strain.

3. Results and discussion

3.1. Lignin characterization
3.1.1. Lignin determination

The determination of total lignin content was carried out in order to confirm the purity of the
k- lignin. The lignin was characterized without further purification than drying in an oven (24 h
at 50 °C) owing to its high moisture content (28.43%). Table 1 shows the composition of the
k-lignin on a dry basis, reflecting that it was a high purity lignin, reaching nearly a 90% of total
lignin content even though having detected a small amount of sodium and sulfur due to its kraft
origin (Table 2). Not only was low the sugar impurity content (0.79%), perceiving only the
presence of xylose, but also the inorganic impurities (ash content, 1.28%), as it is common in



Table 1. Composition of k-lignin.

kraft lignins due to the precipitation method from the black liquor.

k-lignin

Total lignin content (wt.%) 89.38
AlL 88.27
ASL 111
Ash (wt.%) 1.28
Al ash (wt.E) ND
Sugars (wt.%) 0.79
Arabinose ND
Glucose ND
Xylose 0.79
Mannose ND
M, (gmol™) 3696
M, (gmol™) 7780
PD (M . /M,) 210

ND: Not detected.

Table 2. Chemical composition, hydroxyl number and isocyanate content of k-lignin and k-IPDI.

k-lignin k-1PDI
Elemental analysis (wt%)
C 641 63.37
H 5.8 6.81
N 0.25 5.20
] 2913 2122
5 178 184
Na 0.68 0.M
Cy unit formula CoHg 58501002 58(0CH:Jo74 CoHin 8a50.110114(0CH o 77(N
HCO)p 5g(NCO)p 58”
Cy unit Mw (gmol™!) 184 193
Total OH content (mmaolg™!) 733 3.52
according o [S014900:2001(E)

Cg unit formula of k-IPDI was calculated assuming that the same amount of OCH; in k-lignin,
calculated by 3C NMR, was present in k-IPDI sample, and that only half of the nitrogen present
reacted with the hydroxyl groups from lignin.



These values are in agreement with those reported in the literature for other industrial kraft
lignins (Gosselink et al., 2004b; Passoniet al., 2016). Regarding the average molecular weight
determination of the k-lignin by GPC, it was derivatized to ac-lignin in order to get increased
solubility in the mobile phase (THF) (Gellerstedt,1992). The average molecular weight resulted
to relatively low (7780 g mol?), whereas the PD of the sample indicated a narrower weight
distribution, as it is usual in commercial industrial lignin (Sarkanen et al., 1984).Regarding the
functionalization of the k-lignin sample, it was mandatory to determine the amount of hydroxyl
groups in its structure by means of OH number determination. It was observed that the hydroxyl
content of the k-lignin was in accordance to those values from other commercial kraft lignins
(Cateto et al., 2008). A distinct decrease in the hydroxyl content was registered in k-IPDI as a
consequence of the reaction between some of the hydroxyl groups of the lignin with the IPDI,
evidencing the different reactivity of the hydroxyls of the lignin depending of their chemical
environment. Therefore, the difference between the OH numberof k-lignin and k-IPDI showed
up that 3.81 mmol OH g reacted with isocyanate. The conversion of this OH consumption into
nitrogen percentage (5.33%) is in accordance with the nitrogen content obtained by elemental
analysis in k-1PDI (5.29%).

3.1.2. Structural characterization

FTIR allows distinguishing the most relevant units composing the lignin structure. Fig. 2 and
Table 3 show the most representative functional group vibrations in the infrared spectrum. The
bands appearing at 1269, 1146, 853 and 814 cm™ are the characteristic vibrations of the guaiacyl
units (G), common in softwood lignin. The broad band corresponding to O-H stretching
vibrationat 3391 cm? in k-lignin decreased drastically in ac-lignin corroborating the
consumption of hydroxyl groups during its chemical treatment. The broad O-H peak appearing
as an average of the hydrogen bonded and free hydroxyl groups in the unmodified lignin, was
replaced by two low intensity peaks at around 3644 and3527 cm?, reflecting non-hydrogen
bonded aliphatic and phenolic OH groups (Stuart, 2004). Moreover, the appearance of an
intense peak at 1766 cm™ with a shoulder at 1740 cm™ corresponding to aliphatic and aromatic
C=0 stretching vibration respectively, and a broad band around 1200 cm™ related to C-O-C and
C-C stretching vibrations in esters, confirmed the successful acetylation of k-lignin.
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Fig. 2. FTIR spectra of k-lignin, ac-lignin, k-IPDI and IPDI.



Table 3. k-lignin, ac-lignin and k-IPDI functional groups and their respective FTIR wavenumber.

Functional group k-lignin ac-lignin k-IPD1
Wavenumber Wavenumber Wavenumber
(em™) (em™) (em™)

Free aliphatic and aromatic 0—H str - 3644, 3527 3644 35367

0 Hstr 3301 - 3301

N—H str - - 3301

C—H str in methylene (—CH;—) 2934 2034 2051

C—H sir in methyl (CHy—) 2841 2841 2848

NCO str - - 2266

C=0 str (aliphatic) - 1766 -

C=0 str (aromatic) - 1740 -

C=0 str of fatty esters, unconjugated 1708 - 172

ketones, carbonyls and ester groups

Urethane C=0 str - -

C  H aromatic ring skeletal vibration 1587 1597 1597
and C=0str

C—H aromatic ring skeletal vibration 1513 1513 1513
C—H asymmetrical deformation in — 1463 1463 1463
CH]— and l:Hg—

Aromatic ring skeletal vibrations, C H 1428 1428 1428

in-plane deformation

Phenyl —OH, aliphatic str in —CHj5 1375 1375 1375
(G ring breathing and C=0str 1268 12697 1269
C—0—~Cand C—Cstr 1211 1200 1224
Aromatic C  Hin plane deformation 1146 1146 1146
(typical from G units)

Aromatic C—H in plane deformation, 1031 1031 1031

—0H deformation in primary alcohols

and unconjugated C=0 str

€ Houtofplanein2,5 and 6- 853, 814 8§53, 820 853,814

positions of G units

Shoulder.




In case of k-IPDI, the decrease in the intensity of O-H stretching was not as pronounced as it was
in ac-lignin due to the overlap-ping of the signal of sterically hindered unreacted hydroxyl
groups and the stretching vibration of the N-H linkage of the urethane group formed during
reaction between the lignin and the IPDI. The appearance of an intense peak at 2266 cm™
denoted the presence of free NCO groups, since the use of DBTDL favored the reaction of the
lignin hydroxyl groups with the most reactive NCO group from the IPDI, which is the secondary
one, as it was reported before (Onoet al., 1985). The displacement to higher wavenumber and
increase of the intensity of C=0 stretching at 1712 cm, together with the appearance of a peak
at 1660 cm™ also confirmed the presence of urethane bonds between lignin and IPDI. The
functional group content per lignin empirical Cy unit formula was estimated by means of NMR

spectroscopy (Fig. 3).
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Fig. 3. 13C NMR spectra of unmodified (k-lignin) and acetylated lignin (ac-lignin).

Table 4. k-lignin functional group content determination by quantitative 13C NMR.

Functional group & (ppm) C atoms per Cgunit  Amount in lignin {mmolg )

3CNMR  COOH and CHO 160-200 0.m 0.054
Total OH 168-178 128 6.957
OH(4) 168-169.9 046 2.500
OH(aliphatic) 169.9-172  0.82 4.456
OH(T) 1703-172 059 3.207
OH(IT) 169.9-1703 023 1.250
OCH, 55.4-58 0.74 4.022

This formula is an approximation calculated to give an idea of the functional groups available in
the Co structural unit of lignin. Quantitative 3C NMR spectroscopy, with a wider spectral width
and better resolution than *H NMR, allowed to report the functional groups per aromatic ring



in k-lignin, distinguishing primary, secondary and phenolic hydroxyl groups in acetylated lignin
samples (Faix et al., 1994). The value of the integration can be considered as mol% and its
conversion to mmol g required the estimation of the empirical Cy unit formula of k-lignin in
order to compare the NMR results with the OH number determined by titration following the
ISO 14900:2001(E) standard. Therefore, the estimation of the empirical Cs unit formula, which
is shown in Table 2, was calculated according to the values obtained by elemental analysis and
the methoxyl group (OCHs) content calculated by the integration of the signal at 56.6 ppm of
the®3C spectrum of k-lignin. The value of the integrations of methoxyl, carbonyl and carboxyl
groups calculated in k-lignin (number of carbon atoms per Counit) together with the values of
corresponding to the OH(l), OH(ll) and OH(®) content calculated in the carbonyl region of ac-
lignin, are shown in Table 4.The molecular weight value obtained per Co unit (Table 2) is in
accordance with the values reported for other softwood kraft lignins, which are usually around
180 g mol? (Crestini, 2012).The total hydroxyl content calculated by 3C NMR (6.96 mmol g?)
approaches the value obtained by titration (7.33 mmol g). These values are similar to those
reported by CA Cateto et al. (Cateto et al.,2008) for another commercial kraft lignin, although
in their case the phenolic OH content was higher (3.95 mmol g?). The aliphatic OH content in k-
lignin is nearly twice times the amount of phenolic OH (often referred as the reactive group of
lignin) (Paulsson andSimonson, 2002), being primary OH more abundant than secondary ones.
The absence of signals corresponding to syringyl (S) units between 103 and 105 ppm (C-2, C-6
from S), and between 152 and 153 ppm (C-3 and C-5 from 4-O-alkylated S group) confirmed the
predominant presence of guaiacyl (G) units, as it was expected owing to the softwood origin of
k-lignin. These characteristic signals from carbons related to G units appear in the aromatic
region of the>C NMR spectrum (Fig. 3), between 100 and 160 ppm.

The lignin functionalization with IPDI was confirmed qualitatively by 3C-CP/MAS NMR
spectroscopy (Fig. 4 and Table 5).
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Fig. 4. 13C-CP/MAS NMR spectra of k-lignin and k-IPDI.



Table 5. 13C CP/MAS NMR spectra signal assignments.

Sample & Assignment
(ppm)

k-IPDI 1576 Secondary urethane linkage
155.2 Primary urethane linkage
146.9 Superposition C-3 and C-4 of G unit
129.1 (-4 of G unit connected to -WHCOO-
1231 Free secondary —NCO
1224 Free primary -NCO

L6.6 Superposition aromatic —0CH5 in G+primary carbon (C-10) of unreacted -NCO
from [PDI

45.1 Carbon attached to secondary isocyanate (C-1) from IPDI
C-1 from unreacted secondary —NCO
C-10 from reacted primary —-NCO
(-2 and C-4 (-CH;) from IPDI
C-1 and C-6 from reacted secondary —NCO

36.2 —CH5- (C-6) from IPDI
317 CHs- (C-7 and C-8) from [PDI
X6 CHs- (C-9) from reacted primary NCO

231 CHs- (C-9) from unreacted primary NCO

k- 1470 Superposition of signals:
lignin C-4 in G etherified unit
-3 in G non-etherified unit

551 Aromatic methoxyl (-0CH3) from G units

The appearance of new signals between 20 and 70 ppm corresponded to hydrocarbons of the
isocyanate structure, whereas the reaction between the isocyanate and the hydroxyl groups
from lignin was evidenced by the appearance of new signals corresponding to urethane (-
NHCOO-) linkages at 155.2 and 157.6 ppm (secondary and primary urethane linkages,
respectively). The new signal appearing at 129.1 ppm was attributed to C-4 from G unit
connected to NHCOO-. The availability of free isocyanate groups for further reaction with the
matrix was confirmed by the appearance of new signals at 122.4 and 123.1 ppm, corresponding
to free primary and secondary NCO groups, respectively (Bialas et al., 1990), superimposed with
the signals corresponding to aromatic carbons in lignin.

3.1.3. Morphology and particle size

As it can be observed in Fig. 5, k-IPDl is perfectly discernible from k-lignin, as the former presents



a yellowish color and a looser texture. SEM images (Fig. 5) revealed that k-IPDI presented a
lower particle size than the unmodified k-lignin, probably due to changes in surface energy as a
consequence of the modification with isocyanate, as it was suggested elsewhere (Chauhan et
al., 2014). Nevertheless, the particle size of k-lignin was not relevant since it was added to the
polyurethane formulation as a solution in THF, removing afterwards the solvent and keeping
the k-lignin solved in the polyol. But in case of k-IPDI the particle size, ranging from 400 to
700 nm was significant as it was found to be insoluble in organic solvents and had to be added
to the polyurethane formulation by direct mixing with the polyol

k-lignin

k-lignin

Fig. 5. Images and SEM micrographs of dried k-lignin (left) and k-IPDI (right). SEM micrographs with
x10000 maghnification.

3.1.4. Thermal properties

The effect of isocyanate functionalization on the glass transition temperature (Tg) of lignin was
analyzed by DSC, removing previously the thermal history of the samples. Fig. 6 shows the DSC
thermograms of k-lignin and k-IPDI. The Tg of k-lignin was found to be 151.2 °C, which was
consistent with the reported values from other commercial kraft lignins (Gellerstedt, 2015; Lora,
2008). Nevertheless, it can be observed that the Tgin k-IPDl is shifted 112 °C below the T of the
unmodified lignin, resulting in a Tg of 39.2 °C. This was attributed to the introduction of the
urethane linkages that increased the mobility of the lignin structure as a consequence of the
lower hydroxyl content, which resulted in the reduction of hydrogen bonding. Other works
suggested that derivatization of lignin decreased the Tg value due to a plasticization effect of
the derivatization process (Lisperguer et al., 2009).
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Fig. 6. DSC thermograms of k-lignin and k-IPDI.

Fig. 7 shows the thermal degradation of lignin under inert atmosphere, which was broader than
that of the IPDI that presented a sharp mass loss at 221 °C. This was attributed to the different
groups and heterogeneous molecular weight moieties forming the complex lignin structure. Fig.
7 and Table 6 show that the degradation of k-lignin occurred between 300 and 400 °C as a
consequence of the cleavage of C-C and -B linkages of lignin’s main structure (Ferryet al.,
2015). The rearrangement of the lignin backbone occurred from 450 °C, giving place to high
yields of char (39.87% in k-lignin).The maximum degradation temperature was shifted 50 °C
towards lower temperatures in k-IPDI as a consequence of the combined degradation of the
urethane linkages formed between the isocyanate and the lignin. Despite the previous drying
of k-lignin and the organic modification of k-IPDI, some amount of volatile compounds and
remaining moisture was lost between 65 and 105 °C (2 and 3%, respectively).The lack of residue
in the degradation of IPDI contributed to decrease the residue of k-IPDI a 37% with respect to
k-lignin. Hence, the functionalization of lignin produced a decrease on its thermal stability.
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Fig. 7. Mass loss (up) and first derivative (down) curves of k-lignin and k-IPDI.



Table 6. Glass transition and degradation temperatures of k-lignin and k-IPDI obtained by DSC and TGA

Table 6. Glass transition and degradation temperatures of k-lignin and k-IPDI obtained by
DSC and TGA.

T (*C) Tmax (°C) Mass lossy (wi¥) Residue at 800°C (wi%)
k-lignin 151.2 386 60.15 39.87
k-1PDI 39.2 333 T4.83 25.04

Tmax: Temperature at maximum degradation rate.

3.2.Characterization of polyurethane foams

3.2.1. Effect of lignin in the polymerization process

The effect of the presence of k-lignin and k-IPDI in the reactivity of the polyurethane foam
formation was studied by FTIR (Fig. 8), calculating the area of the remaining isocyanate
stretching vibration at 2276 cm™ 24 h after the polymerization, and normalizing it with respect
to the signal of a group that did not take part into the polymerization process, e.g. the C=C
aromatic stretching vibration at 1598 cm™. The area of this band was deconvoluted and
calculated in PUF-REF and was taken as a reference, since the lignin contributed also with C=C
groups. Table 7 shows NCO/C=C ratio and the timings of the different steps of the foaming
process, as well as the maximum height of the final foams. It can be observed in Table 7 that
the timings of the different foaming stages increased when both unmodified and IPDI-modified
lignin were added to the foam, suggesting that its complex structure hindered the reaction
between the hydroxyl groups of the polyol and the isocyanate, as it can also be appreciated in
the increase of the NCO/C=C ratio.
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Fig. 8. FTIR spectra of PUF-REF(a), deconvolution of the aromatic C=C band in PUF-REF (b), PUF-10%kl (c)
and PUF-10%kIPDI (d).

Table 7. Reaction times of the different stages in the foaming process and NCO/C=C ratio.

Sample Cream time Rise time Geltime Tack-free Max. height Area v{NCOfC
(s) (s) (s) time (h) (mm) =)
PUF-REF 7 83 160 2.00 98 0.315
PUF-3%kl 1 88 167 3.00 88 0.709
PUF-5%K 15 124 260 4,50 84 0.860
PUF-10%KI 23 225 859 6.00 73 0.976
PUF-3XKIPDI 20 125 300 3.83 95 0.969
PUF-5XKIPDI 24 163 310 425 ar 0.973
PUF-10%kIPDI 26 168 632 5.83 75 1.497

Comparing the timings between k-lignin and k-IPDI containing foams, it is mandatory to take
into consideration that the used catalyst quantity had to be increased in case of k-lignin
containing foams to avoid the collapse of the structure, as a consequence of the decrease in
polymerization rate caused by the presence of lignin. The effect of this higher catalyst content
was clearly observed in the lower cream, rise and gel time values and lower NCO/C=C ratios at
low k-lignin content, since this accelerating effect was lost at 10% k-lignin content. The use of



this catalyst formulation in k-IPDI containing foams caused their shrinkage due to the exceeding
catalyst content, so it was expected that if it could be possible to prepare foams with the same
catalyst formulation, the timings of the k-lignin containing ones would be much higher than
those containing k-IPDI.

3.2.2. Density, cell size and lignin attachment to the foam

Density is a key parameter in the final properties of the materials, since the mechanical
properties depend directly apart from the nature of the material, on the amount of the material
available and its distribution along the cellular structure. Table 8 shows that despite all foams
were prepared using the same blowing agent amount, meaning that the same amount of CO,
was generated during the foaming process, the addition of either k-lignin or k-IPDI contributed
to increase the density of the foams.

Table 8. Density, average cell size, strut width, open cell content, viscosity of the polyol-lignin mixture
and mass loss after extraction of the k-lignin and k-IPDI containing foams.

Table 8. Density, average cell size, strut width, open cell content, viscosity of the polyol-
lignin mixture and mass loss after extraction of the k-lignin and k-IPDI containing foams.

Sample Density  Average cell Average Open cell Viscosity of Mass loss
(kem™?) size (um) sirut width content  the polyol- after
() (%) ligmin mixture extraction
(mPas) (wi.%)

PUF-REF 324:0.8 2157583 39.7:75 21706 837 -

PUF-3%k 323402 20252656 505+120  303+15 1265 0.48
PUF-5%kI 362+03 19711510  63.7+117 327+21 1458 3.31
PUF-10k] 422+03 1765+503  80.4+250  36.0:43 1837 3.85
PUF-3%KIPDI  345+09 2201+503  55.9+87 402+25 1283 0.53
PUF-SEKIPDI  36.9:0.6 23362621 667144  547:42 1743 1.02
PUF-10%KIPDI 41.8+0.7 20424532 88.0+£183  557+15 3497 112

As it was mentioned before, the addition of lignin increased the gelling time that could lead to
the loss of CO; during the polymerization, resulting in structures with smaller cells and thicker
walls, yielding higher density values as it was reported elsewhere (Mahmood et al., 2015). The
lower size of the cells and the higher width of the struts were attributed to the increase in the
viscosity of the polyol-lignin mixture, being the values in accordance with the density values, as
they contained more material in the same volume. It is noteworthy that in general the density
and the average cell size and strut width values evolve in the same extent regardless of the type
of used lignin, having slightly higher average cell size values in case of k-IPDI containing foams,
probably due to its higher reactivity. Fig. 9 shows SEM images of foam sections perpendicular
to the growth (Fig. 9a) and also in growth direction (Fig. 9b). It can be observed that the cellular
structure of the reference foam is formed by both small and large voids with thin struts. Also, it



can be observed that the cells are slightly larger in the growth direction, denoting that the foam
rise took place rapidly giving place to elongated cells. This oriented effect was hindered in foams
containing lignin, where more homogeneous pores and wider struts were observed, which

could be attributed to the higher viscosity of the part B reactant mixture.
' PUF-REF

PUF-3%KI PUF-3%kIPPI{ -

PUF35%kI

4

1 mm a. Perpendicular to foam growth b. Foam growth direction 1 mm

Fig. 9. SEM images of the sections perpendicular (a) and parallel (b) to foam growth, of PUF-REF and
foams containing k-lignin and k-IPDI.

It shall be noted that the k-IPDI containing foams presented more voids in their walls suggesting
the presence of more open cells. This higher open cell content was confirmed by measuring the
air passing through the structure of the foam, as shown in Table 8. Both k-lignin and k-IPDI
containing foams present higher open cell content than PUF-REF, since lignin particles act as a
breaking point of the cell walls. Notwithstanding, k-IPDI containing foams show more open cells
than unmodified lignin containing ones. This could be owing to the fact that k-lignin was
introduced in the formulation in solution with THF, resulting in a more homogeneous
distribution of the lignin in the matrix, while k-IPDI was introduced by dispersing the solid into
the polyol. The presence of these coarser distributed solid particles could enhance in a higher
extent the breakage of the walls.

The interaction between lignin and polyurethane matrix was determined extracting foams with
a dioxane/water (9/1, v/v) mixture, which is a good medium for dissolving lignin. The PUF-REF
mass loss after the extraction was registered in order to take into account only the lignin mass



loss in the k-lignin and k-IPDI containing foams as shown in Table 8. As it can be observed, in
both k-lignin and k-IPDI, the extracted lignin content is lower than the added. This suggested
that part of the k-lignin was also chemically linked to the polyurethane matrix, but in lesser
extent than k-IPDI, as a consequence of the isocyanate groups anchored to k-IPDI. These results
suggested that the presence of isocyanate groups in lignin increased its reactivity. The chemical
linkage of the lignin would prevent it from migration during its application.

3.2.3. Thermal properties

The determination of the glass transition temperature was performed by DSC. Table 9 and
Fig. 10 thermograms show the Tg of the different polyurethane foams, which are in accordance
with Tg values reported before for flexible PUF (Herrington and Hock, 1998). It can be observed
that the presence of k-lignin yielded to slightly higher Tg values, in the same way as it was
reported before (Wanget al., 2013; Yoshida et al., 1990). This effect was attributed to the fine
dispersion of k-lignin in the polyurethane matrix as a consequence of its introduction in THF
solution into the formulation. This finer dispersion, together with the higher Tg of k-lignin, could
cause the increase of the Tg values of k-lignin containing foams as a result of the increased
interaction between lignin and the matrix. In contrast, the rougher dispersion of k-IPDI through
the matrix and its lower Tg value, resulted in lower lignin-matrix interactions, which was
reflected in a slight decrease in the Tg of the k-IPDI containing foams.

Table 9. Glass transition and thermal degradation temperatures of the prepared polyurethane foams.

T2(°C) Timitiat (°C)  Tomax1 (°C)  Tmmxz (°C)  Residue at 800°C (wt.%)

PUF-REF -53.0 2667 2066 306.6 0.00
PUF-3%kl -526 2691 298.6 3925 197
PUF-5%k -516 269.9 200.5 3053 373
PUF-10tk] -50.8 2622 2948 3961 5.52
PUF-3%kIPDI -54.1 2674 203.8 399.4 139
PUF-5%kIPDI -54.2 2686 2969 400.8 323
PUF-10kIPDI -536 2679 2939 402.6 4.85

Tg: Glass transition temperature measured by D5C as the midpoint of the slope change.
Tinitig: Temperature at 5% weight loss.

Tt and Tyaxy: Maximum degradation rate temperature of first and second stages, respectively.
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Fig. 10. DSC thermograms of the k-lignin and k-IPDI containing polyurethane foams.

The thermal stability of the flexible polyurethane samples was analyzed by TGA as shown in
Fig. 11, and the most characteristic values are included in Table 9. It can be observed that the
degradation took place in two stages regardless of the presence of both types of lignin. The first
degradation step corresponded to the degradation of the isocyanate-related domains whereas
the second step was attributed to the decomposition of the soft domains, which are related to
the polyol. Tiniial shifted slightly towards higher temperatures in case of PUF containing k-lignin,
probably due to the stabilizing effect of the lignin particles distributed along the polyurethane
matrix, whereas it remained practically unaltered in case of k-IPDI containing foams. In regard
of the first stage maximum degradation temperature (Tmax1), it decreased in case of k-IPDI
containing foams, as it was expected from the previous TGA analysis of k-IPDI, since it presented
lower thermal stability than k-lignin, which contributed to delay between 2 and 3 °C the first
degradation of PUF. Moreover, it should be noted that the weight loss related to this step
decreased in both kinds of lignin containing foams, being function of the lignin content. Even
though the presence of k-IPDI did not contribute to improve the thermal stability of the first
stage of degradation, the chemical attachment of the lignin with the polymeric matrix con-
tributed to increase up to 6 °C the maximum mass loss rate in the second stage. In relation to
the residue, as it was expected, more quantity was formed with increasing lignin content; in
higher extent in case of k-lignin (5.52% in case of PUF-10%kl) than k-IPDI (up to a 4.85% in case
of PUF-10%kIPDI) owing to the low thermal stability of the urethane-urea linkages formed
between the isocyanate modified lignin.
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Fig. 11. TGA (left) and DTG (right) curves of the reference and k-lignin and k-IPDI containing foams.

3.2.4. Mechanical properties

Resilience is a measure of the capacity of the foam to absorb elastic energy and to recover its
original shape after being deformed. Therefore, resilience gives an insight into the support of
the foam. The unique structure of foams, made of flexible struts, membranes and voids, allow
them to support large deformations and recover their original shape with different recovery
rates depending on the characteristics of the material (Avalle et al., 2001). The values showed
on Table 10 demonstrated that the addition of k-lignin yield to less resilient, i.e. more
viscoelastic foams, showing a delayed time to recover their original shape. Apart from other
parameters, resilience could be related to the density of the foam, therefore those with lower
density would take less time to recover (Millset al., 2009). This is fulfilled in case of k-lignin
containing foams, which resilience decreases at higher density (and higher lignin content). In
case of k-IPDI filled foams, the resilience decreases a 15%when adding a 3% k-IPDI and remains
practically constant with increasing k-IPDI content, in spite of their higher density.



Table 10. Mechanical properties of the prepared flexible polyurethane foams: specific compressive stress
given at 10% strain and energy absorption per volume unit until 50% strain.

Resilience CFD Specific compressive Specific Energy
(%) (kPa) stress at 10% (kPa modulus (kPa  absorption/
(kgm3)™) (kgm>)™) volume at 50%
(Im=3107%)

PUF-REF 458+11 4462033 010 3.05 19297
PUF-3%kl 40.0+0.8 6064033 011 236 2000
PUF-5%kl 348+09 681010 014 286 250,27
PUF-10%KI 333+03 951+015 013 317 31223
PUF-3%kIPDI 391+03 459041 011 229 17200
PUF-5%KIPDI 389+0.8 521+013 0.06 1.82 120.74
PUF-10¥kIPDI 38.7+03 5.53+x029 0.03 1.58 103.33

On the other hand, the CFD value is a measure of the firmness of the foam, which is one of the
most important characteristics of the flexible foams together with their density. Table 10 shows
that the addition of lignin to the cellular polyurethane caused an increase in the CFD value of
the foams. Unmodified lignin containing foams resulted to be more rigid than those containing
k-IPDI due to the rougher particle dispersion

The compressive stress-strain curves (Fig. 12a) of the lignin containing foams show that those
containing k-lignin presented a higher elastic modulus than PUF-REF, having the highest
modulus at a k-lignin load of 10%. The opposite effect was observed in k-IPDI containing foams,
presenting modulus below that of the PUF-REF, being especially low in case of 10% k-IPDI
containing foam. Nevertheless, in order to avoid the effect of the density in the compressive
characteristics of the foams, the specific compressive stress at 10% strain and the specific
compressive modulus were calculated. The trend followed by the CFD values was confirmed
with higher specific compressive stress values than PUF-REF in case of k-lignin containing foams.
The specific modulus did not change much incase of k-lignin containing foams with respect to
PUF-REF, but did present a growing trend at higher k-lignin content, whereas more flexible
foams were obtained using k-IPDI presenting lower specific compressive stress at 10% strain
and lower specific modulus than PUF-REF. Additionally, the energy absorption per unit volume
of foam (toughness) was calculated as the area below the stress-strain curves until 50%
deformation. This parameter is critical in applications involving safety, such as seat cushioning
in automotive industry, where the foam act as a passive protective element for the dissipation
of the energy absorbed during the impact.
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Fig. 12. Compressive stress-strain curves (a) and energy absorption capability according to density (b) of
foams containing k-lignin and k-IPDI.

Fig. 12b shows the different trend followed by foams containing k-lignin and k-IPDI. The higher
stiffness of k-lignin containing foams provides higher energy absorption capacity with higher
lignin content, while k-IPDI containing samples present a lower area under the curve due to
their higher flexibility, thus having a lower ability to absorb energy.

4. Conclusions

A commercial softwood kraft lignin (k-lignin) was successfully functionalized with an aliphatic
diisocyanate (IPDI) in order to increase its chemical attachment to a flexible polyurethane foam
matrix. Approximately half of the hydroxyl groups present in lignin reacted with IPDI, as it was
suggested by the OH consumption determined in k-IPDI by the ISO 14900:2001(E) standard,
which was in agreement with the nitrogen content detected by elemental analysis. Its
functionalization was also confirmed by FTIR and *C-CP/MAS NMR spectroscopy, through the
appearance of new signals related to urethane groups and free isocyanate groups. Thermo-
gravimetric analyses also showed that the degradation of k-IPDI occurred in one stage, having
a maximum degradation temperature intermediate to that of k-lignin and neat IPDI. Moreover,
flexible polyurethane foams containing 3, 5 and 10% lignin as an additive were successfully
manufactured. It was observed that the presence of lignin hindered the foam formation
increasing the times for each stage of the foaming process with higher lignin contents. This was
more pronounced in case of k-lignin containing foams, that needed more catalyst amount in
order to avoid the foam collapse due to the slower polymerization caused by the presence of
lignin. Density increased in both k-lignin and k-IPDI containing foams, regardless the type of
lignin, owing to the higher viscosity of the reactive mixture. More rigid foams were obtained
with the addition of k-lignin to the polyurethane matrix, as it was observed by the higher CFD
values obtained, suggesting that k-lignin acted as reinforcement in the polyurethane matrix.
This reinforcing effect was also reflected in higher resilience values, meaning that k-lignin
containing foams needed more time to recover their original shape. The lower resilience and
CFD of k-IPDI containing foams was a consequence of the less fine dispersion compared to
foams containing k-lignin. Regarding the strain-stress curves, it was observed that the modulus
and the ability to absorb energy increased in k-lignin containing foams, whereas those



containing k-IPDI were more soft (with lower elastic modulus) but with lower energy absorption
capacity. These properties will condition the application field of these foams. High energy
absorption capacity would be needed in protective or safety-related applications, while comfort
intended ones would be more focused on the flexibility of the foam.
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