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ARTICLE INFO ABSTRACT

Keywords: Polyurethane adhesives are widely employed in a range of industrial applications due to their exceptional

Lignin bonding strength, flexibility, and chemical resistance. These materials play a crucial role in wood bonding

Bili-POIY‘l)ll technologies, where their versatility and durability make them ideal for creating strong, long-lasting joints. In
izg;riite:ne this work, Four different polyurethane wood adhesives were synthesised using ligno-based bio-polyols obtained

through microwave assisted liquefaction reaction of two wood species (hardwood and softwood) using poly-
ethylene glycol and glycerol as solvents. The reaction conditions used for the synthesis of bio-polyols were
optimised in a previous work. The synthesis of polyurethanes was carried out by one-shot method using
Tetrahydrofuran (THF) as solvent and MDI as diisocyanate employing different NCO:OH ratios (2.0:1, 2.5:1, and
3.0:1). The chemical structure of polyurethanes was determined through ATR-FTIR and the shear strength was
analysed using Automated Bonding Evaluation System (ABES) employing beech veneer strips. Through ABES it
was concluded that an NCO:OH ratio of 2.5:1 was the formulation that showed the best shear strength for a
pressing time of 120 s. Employing this ratio and the same synthesis procedure, two new polyurethanes were
synthesised with the bio-polyols obtained using crude glycerol instead commercial glycerol. Finally, a study of
thermal degradation kinetics employing the Ozawa-Flynn-Wall (OFW) and Kissinger—Akahira-Sunose (KAS)
isoconversional methods of the polyurethanes synthesised with an NCO:OH ratio of 2.5:1 was carried out. On the
one hand, the E, of each system were estimated for the different a ratios, obtaining slightly higher values for the
adhesives produced using commercial glycerol than crude glycerol. In addition, the pre-exponential factor was
determined, enabling an estimation of the lifetime of the polymers. This study highlights demonstrated that
crude glycerol could replace commercial glycerol without compromising adhesive properties. The findings
revealed that the lignin source significantly influences the adhesive’s characteristics and stability, while
addressing challenges in achieving industrial viability remains essential for broader application.

Thermal degradation kinetics

1. Introduction

Within the large family of plastic materials, polyurethanes (PUs),
first synthesised by Dr. Otto Bayer in 1937, are of great importance to
industry, as they are among the most versatile polymers due to their
tuneable mechanical properties and broad range of applications such as
thermoplastics, foams, elastomers, adhesives, coatings and sealants
[1-3]. PUs are usually synthesised from the polyaddition reaction
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between polyols and a diisocyanate, with the possible addition of low
molecular weight chain extender, to form repeating urethane bonds
(Fig. 1) [4].

Nevertheless, such chemicals are usually obtained from petrochem-
ical industry, which means their environmental impact is a constant
concern for the chemical sector as it aims to comply with increasingly
restrictive regulations. To tackle this challenge, the PU industry could
consider replacing petroleum-derived polyols and isocyanates with bio-
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Fig. 1. Addition reaction between hydroxyl and isocyanate group to form

urethane group.

based alternatives. Using more environmentally sustainable options
would not only help reduce the industry’s environmental footprint but
could also mitigate health issues related to isocyanates, such as asthma
and dermatitis [5]. Extensive research has been conducted in recent
decades on the potential of obtaining these alternatives from various
types of biomasses, with particular emphasis on lignocellulosic biomass,
which stands out as the most promising material [6]. Among all the
components of lignocellulosic biomass, lignin has generated the greatest
interest for synthesising bio-based polyols that are useful for the PU
industry [7]. This is mainly attributed to the following reasons: firstly,
its availability, affordability, and renewable nature, as it is predomi-
nantly generated as a by-product of the Pulp & Papper industry [8].
Secondly, its phenolic structure and the abundance of both phenolic and
aliphatic hydroxyl groups it contains [9]. Lignin can be used without
modification, as a filler to produce PUs [10], nevertheless, these same
characteristics are responsible for the low reactivity of the lignin
molecule [11]. To overcome this drowback, different strategies have
been developed, all aimed at increasing the molecule’s reactivity. These
processes can be classified into three main families: fragmentation or
depolymerisation of lignin, modification to create new chemically active
sites (e.g.,glyoxilation, phenolation, and hydroxymethylation) and
functionalisation of hydroxyl groups [12,13]. Among the existing tech-
niques encompassed within these three routes, liquefaction with poly-
hydric alcohols is one of the most widely studied strategies for
synthesising polyols from lignin [14]. Furthermore, the use of ligno-
cellulosic biomass, along with the implementation of effective strategies
for the reuse or recycling of bio-polyols through processes such as
glycolysis [15,16], can help minimize environmental impact, reduce
waste, and optimize resource efficiency. This is because bio-polyols can
be depolymerized and recovered for reuse in the production of new
polyurethane products.

In this work, organosolv lignins from Eucalyptus globulus and Pinus
radiata were subjected to a microwave liquefaction process using poly-
ethylene glycol (PEG) and glycerol as organic solvents. The conditions
applied were those optimised in a previous study [17]. These bio-polyols
were then used to synthesise PU wood adhesives, employing MDI as
diisocyanate (Fig. 2).

MDI at different NCO:OH ratios (2.0:1, 2.5:1, 3.0:1) was used in this
study, identifying 2.5:1 as the optimal ratio via Automated Bonding
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Evaluation System (ABES). Subsequently, additional PU adhesives were
developed using this ratio, substituting commercial glycerol with crude
glycerol in the bio-polyol synthesis. Thus, the aim of this work was to
study how this class of lignin-based bio-polyols behaves in these types of
systems and how the nature of lignin can influence the microstructure,
the mechanical properties and thermal properties of the polyurethanes.
Characterisation included Attenuated Total Reflectance-Fourier Trans-
form Infrared (ATR-FTIR) spectroscopy to analyse chemical structure
and microphase separation; ABES to measure shear strength; and Dif-
ferential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA) to assess thermal properties. TGA was also employed to determine
degradation kinetics and estimate the lifetime of PUs using the iso-
conversional methods of Ozawa-Flynn-Wall (OFW) and Kissinger-
Akahira-Sunose (KAS).

2. Materials and methods
2.1. Materials

Papelera Guipuzcoana Zikunaga S.A. and Ebaki XXI S.A. provided
the Eucalyptus globulus chips and Pinus radiata sawdust, respectively. The
crude glycerol used in this work was obtained and characterised as
described in our previous study [18]. Lignin from Eucalyptus globulus and
Pinus radiata was obtained through an organosolv process following the
procedure outlined in a previous study [17]. The commercial chemicals
used in this work are summarised in Table 1.

Table 1
Commercial chemical compounds employed in this work.
Chemical compound Abbreviation  Purity Supplier
Ethanol >99.8 % Scharlab
Methanol >99.8 %
Dimethylformamide DMF HPLC >99.9 % Fisher
Lithium bromide PRS Scientific
1,4-dioxane >99.8 %
Pyridine 99.50 %
Tetrahydrofuran THF Analytical
reagent grade
Phthalic anhydride 98 %
Sulfuric acid 96 % Panreac
Polyethylene glycol —400 PEG-400 Technical
Glycerol Gly 99 %
Potassium Hydroxyde KOH 85 %
Sodium Hydroxyde NaOH >97 %
4,4'-Methylene diphenyl MDI 98 % Merk
diisocyanate
Dibutyltin dilaurate DBTDL 95 % Alfa Aesar

Urethane bond ]

Lignin

Fig. 2. Proposal for schematic formulation of a polyurethane using a lignin-based bio-polyol and MDI.
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2.2. Synthesis of bio-polyols through microwave assisted liquefaction

The liquefaction of organosolv lignins from Eucalyptus globulus and
Pinus radiata was performed using the reaction conditions (time: 5 min,
SLR: 1/6 w/w) established in the optimisation described earlier [17], as
summarised in Table 2, and following the procedure described in the
same study. Nevertheless, in this instance, a CEM Microwave Discover
2.0 reactor equipped with 100 mL vessels was employed, allowing a
significant ten-fold scale-up of the reaction. Triplicates of the reactions
were performed.

2.3. Synthesis of lignin-based polyurethane adhesives

The synthesis of various lignin-based polyurethane adhesives (LPAs)
using the aforementioned bio-polyols, namely EPE, EPEcg, PPE, and
PPEC¢g was conducted employing the one-shot method under inert at-
mosphere (N2) and room temperature. Initially, the bio-polyol was
mixed with the THF in a three-necked round-bottomed flask and stirred
vigorously, then catalyst (DBTDL) and the isocyanate (MDI) were added
and stirred until the mixture reached a non-fluid state, which indicates
the gel time. Three different NCO:OH ratios were employed, specifically
2.0:1, 2.5:1 and 3.0:1. For the synthesis of LPAs using EPEcg and
PPEC(g, the ratio that resulted in the highest shear strength value of the
PUs synthesised with EPE and PPE was selected (2.5:1). The detailed
recipe for each of the synthesised LPAs is provided in Table 3.

2.4. Characterisation of the obtained bio-polyols

Important parameters, such as molecular weight distribution (My,
M, and PDI), hydroxyl number (Ioy), acid number (A;) and functionality
(f) of the bio-polyols obtained in the reaction scale-up, were determined
following the procedure described in Ref. [17]. To obtain the average
value and the standard deviation, each analysis was conducted on each
triplicate of the bio-polyols.

2.5. Characterisation of lignin-based polyurethane adhesives

For ATR-FTIR, DSC, and TGA analyses, the LPAs were cured at room
temperature as a film for 7 days in a Petri dish before being grounded
into powder.

The LPAs were characterised using ATR-FTIR to determine both their
chemical structure and their degree of microphase separation and
miscibility. A PerkinElmer Spectrum Two FT-IR Spectrometer equipped
with a Universal Attenuated Total Reflectance accessory provided with
an internal reflection diamond crystal lens was employed. Twenty scans
in transmission mode were collected with a resolution of 4 cm ™! over the
range of 4000-600 cm ™.

The shear strength of the LPAs was assessed using an automated
bonding evaluation system (ABES, Adhesive Evaluation Systems, Cor-
vallis, OR, USA) through a single lap shear test [19]. Tests were carried
out employing beech (Fagus sylvatica) veneer strips with dimensions of
117 mm x 20 mm and a thickness of 0.5 mm. For each test, 10 mg of
pre-cured adhesive was applied and spread on a wooden specimen
(covering 5 mm along the edge of the beech veneer strips to cover a
bonding area of 100 mm?). A second wood strip, without adhesive, was
then placed on top, ensuring both strips were properly aligned.

Table 2

Liquefaction reaction conditions optimised in a previous work [17].
Bio-polyol EPE & EPEcg PPE & PPEcg
Catalyst (% wt.) 5 3.86
Temperature (°C) 180 160
PEG/Gly or CG (% wt.) 7.57/1 7.34/1

EPE (Eucalyptus globulus Polyol for Elastic PU); PPE (Pinus radiata Polyol for
Elastic PU); CG (Crude glycerol).
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Table 3
Recipe used for the synthesis of LPAs.

LPAgpg LPAppg LPAgpgcG 2.5 LPAppgcG 2.5
Bio-polyol (g) 2.5 2.5 2.5 2.5
THF (g) 1.5 1.5 1.5 1.5
DBTDL (wt%) 0.2 0.2 0.2 0.2
NCO:OH 2.0:1 3.68 2.03 - -
2.5:1 4.60 2.53 3.96 3.40
3.0:1 5.52 3.04 - -

The structure as well as the degree of micro-phase separation of the
LPAs were studied by DSC using a Mettler Toledo DSC3+ instrument
equipped with an electric intracooler as a refrigeration unit. Aluminium
closed pans were used to encapsulate a sample weighing between 5 and
10 mg. Subsequently, two consecutive dynamic heating scans were
conducted under a nitrogen atmosphere, from —80 °C to 200 °C, with a
heating rate of 20 °Cemin . The glass transition temperature (Tg) of the
cured LPAs was determined by identifying the inflection point on the
curve during the second heating scan.

TGA of LPAs was performed employing a TGA/SDTA RSI analyser
851 (Mettler Toledo). For the analysis of the samples 3-5 mg of LPAs
were heated, under N, atmosphere (10 mL min™1), from 25 °C to 800 °C
using a heating rate of 10 °Cemin . In addition, thermogravimetric
analysis was employed to study the thermal degradation kinetics and the
lifetime estimation of the LPAs.

To obtain the thermal degradation kinetics as well as the lifetime
estimation of the PUs, the same TGA and procedure described above
were employed. However, in this case, four different heating rates were
used (1, 2, 5and 10 °Cemin~1). For the determination of the activation
energy (E,) two different isoconversional methods were selected,
namely, Ozawa-Flynn-Wall [20] (Equation (1) and
Kissinger-Akahira-Sunose [21] (Equation (2)).

In these equations, $ is the heating rate, T}, is the peak exothermic
temperature at a certain heating rate. E, is the activation energy, A is the
pre-exponential factor, R is the universal gas constant and f(a) is a
function determined by the mechanism.

AE, E,

In(p)=In (W) —5.331 — 1'052RTP Equation 1
B\ _ (AR _ E .
In (T%) 71n(Ea) RT, Equation 2

In both cases, the activation energy (E;) and the preexponential
factor (A) can be obtained from the slop and the intercept of the plots of

In(p) and In (ﬁ) versus 1/Tp.
P

The lifetime estimation of PUs was determined using the Ozawa’s
method and was calculated employing Equation (3).
{ _In(1 - a)}

In t:£+ln

RT Equation 3

A
3. Results and discussion
3.1. Bio-polyols characterisation

The bio-polyols were characterised to establish their suitability for
the synthesis of polyurethane adhesives. Therefore, the molecular
weight distribution (My,, M, PDI), Ioy, A, f, and the chain derived from a
hydroxyl group (EW) of the different samples were analysed, and a
summary of the results is presented in Table 4.

As expected, the obtained results were similar to those obtained in
previous works [17,18], although, due to the scale-up of the reaction,
they differed slightly. Thus, the M, was within the range required for
this type of PU (2000-10000 g/mol) except for PPEcg, which has a M, of
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Table 4
Characterisation of bio-polyols employed to synthesise PUs.
Sample M, My PDI Ton A, f EW
EPE 739 3934 + 5.33 £ 330 35+ 4.16 153.7
+ 43 98 0.18 +3 0.36
EPEcq 852 6644 + 7.79 £ 284 17 + 4.29 186.4
+8 89 0.18 +1 0.24
PPE 707 4079 + 6.29 + 182 25 + 2.29 271.0
+ 32 50 0.92 + 51 0.00
PPEcg 933 11035 + 12.63 + 182 20 £ 2.83 277.7
+ 85 1059 0.00 + 30 0.64

M, and My (g/mol), Ioy and A, (mg KOH/g).

11035 g/mol [22]. As with this type of bio-polyols synthesised through
liquefaction reactions, the A;, in all cases was high, but within the usual
values [23]. However, the Ipy values were higher than 28-160
mgKOH/g, which are the values suggested for the synthesis of these PUs
[24]. This is especially pronounced for EPE and EPEcg, while PPE and
PPE(¢ were practically in the required range. In addition, f of PPE and
PPE(g bio-polyols was between 2 and 3 in both cases, whereas that of the
EPE and EPEcg bio-polyols was 4.16 and 4.29 respectively. The EW of
PPE and PPE was higher than that of EPE and EPEcg, i.e., the chains
derived from the hydroxyl groups of PPE and PPE¢g were higher than
those obtained for bio-polyols synthesised with organosolv lignin from
Eucalyptus globulus [25]. This, together with the low functionality, the
Ioy, and My, suggests that PPE and PPEcg bio-polyols could be more
suitable for the synthesis of PU adhesives. Nevertheless, despite the
higher Iog and f values observed for the EPE and EPEcg bio-polyols,
which could potentially lead to a more cross-linked and rigid struc-
ture, these bio-polyols were deemed suitable for adhesive formulation.

Differences with respect to our previous studies [17,18] can be
explained by the scale-up of the reaction and the type of vessel employed
in each case.

3.2. Lignin-based polyurethane adhesive characterisation

A total of six LPAs were synthesised, three with each of the bio-
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polyols (EPE and PPE), following the procedure summarised in
Table 3. Aliquots of the LPAs were taken every 30 min to monitor the
reaction until the gel time was reached, after which they were analysed
by ATR-FTIR. The ATR-FTIR spectra are shown in Fig. 3, and the most
characteristic bands are listed in Table 5.

As observed, in all cases, as the reaction progressed in time, the band
assigned to the O-H stretching (3400 cm™!) decreased as a consequence
of the reaction between the NCO groups of MDI and OH groups of bio-
polyols to form urethane (NHCO) groups. The formation of urethane
groups was confirmed by the appearance of the peaks at 3290 cm ™ ?,
related to the stretching vibration of N-H groups, 1730 cm ™! and 1706
cm ™! bands corresponding to the C=0 stretching vibration and the N-H
bending vibration at 1507 cm~! [26]. These bands increased as the
isocyanate groups were consumed to form urethane bonds. It is also
observable the C-N stretching bands of urethane group at 1308 cm ™! and
1225 ecm™! [10]. The C-C and C-H absorptions bands which correspond
to the stretching of the aromatic ring of the MDI are observed at 1599
cm~! and 1407 em™! [27].

Two noteworthy aspects should be highlighted: The first is that,
surprisingly, unreacted isocyanate remained unconsumed in all of the
cured LPAgpg samples, while in the LPAppg samples, the band

Table 5
ATR-FTIR band assignments of PU spectra synthesised with EPE and PPE bio-
polyols.

Wavenumber (cm ™) Band assignment

3400 O-H stretching

3290 N-H stretching vibration of urethane groups
2970-2940-2870 CH stretching of CH3 and CH,

2270 Antisymetric stretching vibration of NCO
1730-1706 C=O0 stretching

1599 C-C stretching of the aromatic ring of MDI
1507 N-H vending vibration

1407 C-H stretching of the aromatic ring of MDI
1308 C-N stretching of urethane group

1225 C-N stretching of urethane group

1096 C-O-C stretching
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Fig. 3. ATR-FTIR spectra of the LPA formulations at different reaction times and cured. a, b, and c are the 2.0, 2.5 and 3.0 LPAgpg formulations and d, e and f are the

LPAppg equivalents.
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corresponding to the NCO anti-symmetric vibration (2270 cm™!) was
not observed in the cured samples, which indicated that the polymeri-
sation reaction was incomplete in the former. This unreacted isocyanate
in the LPAgpg samples is likely due to the lignin from Eucalyptus globulus
being more sterically hindered than that from Pinus radiata, as the
former contains more syringyl groups [28]. This unreacted isocyanate in
LPAgpg samples, Besides being toxic, the unreacted isocyanate in the
LPAgpg samples could react with the OH of the beech veneer strip or with
the water adsorbed by wood, forming covalent bonds. This may increase
the shear strength, leading to undesired behaviour of the PU, as it can
lead to adhesives becoming stiffer and more brittle [29]. The second
aspect is that, as the reaction progressed, the intensity of the bands
corresponding to the C=0 groups, related to free urethanes (1730 cm ™)
and those assigned to the urethane groups linked through hydrogen
bonds (1709 cm™ 1) [30], gradually changed.

Using ATR-FTIR spectra, the degree of separation and miscibility of
the micro-phase in LPA can be determined [31]. By analysing the
spectral region corresponding to carbonyl stretching, it is possible to
determine the different C=0 species present in LPAs. These include free
C=0 groups not involved in hydrogen bonding (free C=0 and free C=0
ester), H-bonded C=0 in disordered hard segments (HS), H-bonded C=0
in ordered HS, and H-bonded C=O0 in disordered soft segments (SS) [30].
The analysis of the micro-phase separation is interesting because the
mechanical properties of PUs, among others, depend to a large extent on
it [32].

Through the deconvolution of the absorbance bands of C=0 groups,
the degree of micro-phase separation could be determined. Curve fitting
of the different cured LPAs samples was performed using a Gaussian

International Journal of Adhesion and Adhesives 136 (2025) 103889

n.MMDI

— x 100
(n+ 1)Mupr + Mupoiyor

HS; % = Equation 4

Where Myp; is the molecular weight of the MDI diisocyanate, M nPolyol 18
the average number molecular weight of the bio-polyol (g/mol) and n is
the number of mols.

As expected, a higher NCO:OH ratio resulted in a higher HS; content.
Additionally, the percentage of HS; was consistent for LPAs with the
same isocyanate-to-hydroxyl ratio. In the LPAgpg formulations, the trend
for free urethane carbonyl groups in HS (C) was a general decrease.
Consequently, it would be expected that the H-bonded urethane
carbonyl groups (D, E and F) would be the opposite, since as the HS
increases, the H-bonded urethane C=0 groups tends to increase [33].
This rising trend can be observed in adhesives formulated with EPE,
whereas in adhesives formulated with PPE, the 2.5:1 formulation
showed the lowest value.

Following the procedure described by Ref. [34], the mass fraction of
the hard and soft segments in a PU, along with their degree of
micro-mixing, can be determined. This allows for the calculation of
various parameters, including the proportion of H-bonded C=0 groups
(Xyp) (Equation (5)) the maximum mass fraction of the rigid segment
mixed in the soft phase (Wy) (Equation (6)), assuming that all the
H-bonded C=0 groups are only found in the rigid domains, the weight
fraction of the mixed phase (MPy) (Equation (7)), the soft segment
weight fraction (SSw) (Equation (8)), and the hard segment weight
fraction (HSw) (Equation (9)). The corresponding values of these pa-
rameters for each formulation are indicated in Table 7.

curve model, yielding R? values above 0.999 in all cases. Ther resulting X A Equation 5
g - - = uation
spectra are shown in Fig. 4. Table 6 summarises the theoretical per- B K Ap + Amp q
centage of hard segment (HS;) for each LPA, calculated as indicated in
Equation (4), along with the percentages of the different C=0 species, Wo — (1 —Xup) x 2 Equation 6
which were calculated through the deconvolution of these bands in the (1 —Xup) x2+ (1 —2)]
ATR-FTIR spectra.
MPy =2 x Wy Equation 7
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Fig. 4. ATR-FTIR spectra in the absorbance region of the carbonyl groups of the different LPAs. a, b and c are the 2.0, 2.5 and 3.0 LPAgpg formulations and d, e and f

are the LPAppg equivalents.
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Table 6
Percentages of C=0 urethane species in cured LPAs.
NCO/OH HS; (%) A B C D E F D+E+F
LPAgpg 2.0:1 33.60 3.01 29.02 43.76 - 15.02 9.19 24.41
2.5:1 38.74 2.24 29.56 39.15 8.10 10.46 10.49 29.04
3.0:1 43.15 2.59 46.59 20.16 - 25.70 4.64 30.34
LPAppg 2.0:1 34.33 4.10 17.43 50.29 - 21.67 6.51 28.18
2.5:1 39.52 2.92 25.23 45.67 - 20.19 5.98 26.17
3.0:1 43.95 2.76 38.83 26.36 - 27.05 5.00 32.05

A: 1745-1743 cm ™! Free C=0 in Soft Segment (%).

B: 1732-1729 cm ™ ': Carbonyl-carbonyl interactions in Soft Segment (%).

C: 1714-1713 cm™*: Free urethane C=0 in Hard Segment (%).

D: 1706 cm ™ ': H-bonded C=O0 in Soft-Hard Segment (%).

E: 1701-1697 cm™': H bonded urethane C=0 in disordered Hard Segment (%).
F: 1686-1688 cm!: H bonded urethane C=0 in ordered Hard Segment (%).

Table 7
Relevant parameters estimated for the determination of microphase of different
formulations.

Sample NCO:OH z Xup Wy MPy, SSw HSw

LPAgpg 2.0:1 0.336 0.316 0.257 0.086 0.750 0.250
2.5:1 0.387 0.428 0266 0.103 0.716 0.284
3.0:1 0.431 0.556 0.252 0.109 0.677 0.323

LPAppg 2.0:1 0.343 0.318 0.263 0.090 0.747 0.253
2.5:1 0.395 0.323 0.307 0.121 0.726 0.274
3.0:1 0.440 0.503 0.280 0.123 0.684 0.316

z is the HS; fraction.

SSw=MPy + (1 —2) Equation 8

HS,,=1—SSy Equation 9

Where Xpp is the weight fraction of H-bonded urethane and urea
groups, App is the absorbance of the H-bonded C=0 urethane groups
(1708-1704 cm™?, 1697-1694 cm™' and 1688-1686 cm™') and urea
groups (1675-1654 cm~! and 1644-1630 cm_l), Ap. is the absorbance of
free urethane C=0 groups (1730-1728 cm’l), the constant value K’,
with a value of 1.2 [34], is the extinction coefficient between H-bonded
and free urethane C=0, and z is the theoretical Hard Segment (HSy).

Based on the data in Table 7, the mass fraction of the H-bonded
urethane groups (Xyp) increased with higher HS content. Additionally,
the Xyp content was low across all formulations. This could be attributed
to the cross-linked and sterically hindered structure of the lignin-based
bio-polyol. Such a chemical configuration could inhibit hydrogen
bonding between the carbonyl group of the urethane in the rigid
segment chain and the NH urethane groups of adjacent rigid segment
chains [35].

When analysing the mass fraction of the rigid segment mixed in the
soft phase (Wy), a similar trend to that of Xy was observed, where the
Wy tended to increase with increasing the isocyanate content. Conse-
quently, the mass fraction of the mixed phase also increased. This aligns
with expectations, as increasing MDI content typically reduces the de-
gree of phase separation, meaning more hard segments mix into the soft
phase [34]. However, in the 3.0 formulations of both LPAs, a decreasing
behaviour was observed obtaining the lowest value for LPAgpg, while for
LPAppg, the formulation 3.0 showed an intermediate value between the
2.0 and 2.5 formulations. Overall, the Wy and MPy values of LPAgpg
were slightly lower than those for LPAppg, indicating that the former
exhibited higher phase separation or lower miscibility between the HS
and the SS. An explanation for this may lie in the nature of the lignin
used to synthesise the PUs. Lignin from Eucalyptus globulus, which con-
tains a higher number of syringyl groups in its structure, likely in-
troduces greater steric hindrance, increasing phase separation and
decreasing miscibility. Although this increased phase separation in
LPAgpg is relatively small, it could lead to improved mechanical

properties in the PU [36].

The SS content predictably decreases with increasing HS content,
which significantly impacts the final mechanical properties of the PU, as
the SS provides flexibility and mobility to the polymer chains [37].
Therefore, it is necessary to find a balance between the chain mobility
offered by the SS and the stiffness imparted by HS. Additionally, it
should be noted that the theoretical HS content was higher than the
calculated value, suggesting that the presence of lignin as well as its
origin affected HS formation.

The ABES testing was carried out to measure the bonding strength of
the different LPAs formulation. Such tests determine the tensile strength
required to break the adhesive bond and provides an indication of the
adhesive’s shear strength [10]. Fig. 5a and b shows the shear strength
test results for LPAs synthesised with EPE and PPE bio-polyols,
employing different NCO:OH ratios.

A significant difference is evident between LPAs synthesised with
EPE (Fig. 5a) and those synthesised with PPE (Fig. 5b). At NCO:OH ra-
tios of 2.0 and 2.5, the LPAs synthesised with the PPE bio-polyol
exhibited lower shear strength values. In contrast, when using a ratio
of 3.0:1 the shear strength of the LPA increased rapidly, reaching 4.08
MPa at pressing time of 120 s.

The shear strength continued to increase, reaching 5.66 MPa at 180
s, except for the 2.0 and 2.5 LPAppg formulations. After this pressing
time, the Beech veneer strips fractured, resulting in substrate failure. As
seen in Fig. 5a, corresponding to LPAgpg formulations. very similar high
shear strength values were obtained regardless of the formulations used.
This behaviour was probably caused by the unreacted isocyanate in
these formulations, which interacted with the hydroxyl groups of the
veneer strips, forming additional covalent bonds that distorted the re-
sults. This substrate failure also occurred in the LPAppg 3.0 formulation;
however, in this case, the failure occurred at longer times. Considering
the values presented in Table 7, there was no significant difference in
HSw and SSy between the LPAgpg and LPAppg formulations. Therefore,
the previously mentioned unreacted isocyanate is the most plausible
explanation for the unexpectedly high results obtained in the 2.0 and 2.5
LPAgpg formulations.

Although pressing time is also influenced by temperature, to deter-
mine an optimal formulation, shear strength was evaluated using a
pressing time of 120 s which is a common pressing time, for example, in
particleboard industry [38], since times above 120 s are not profitable.
At this pressing time, the highest shear strength value (3.58 MPa) was
obtained with the 2.5:1 NCO:OH ratio in LPAs formulated with EPE,
while a value of 4.08 MPa was achieved in PUs formulated with PPE
using the 3.0:1 NCO:OH ratio. Although the shear strength of the 2.5:1
formulation of PPE was found to be significantly lower compared to that
obtained from the same EPE formulation, as it was a value above 2 MPa
[39], this ratio was chosen for formulating the LPAs based on the
bio-polyols synthesised using CG (EPEcg and PPE(g).
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Fig. 5. Shear strength of lignin-based polyurethane adhesives; (a) LPAgpg, (b) LPAppg.

3.3. Characterisation of LPA employing bio-polyols formulated with CG

Employing the respective quantities of reagents summarised in
Table 3, two new LPAs were synthesised using the bio-polyols formu-
lated with CG and NCO:OH ratio of 2.5:1, referred to as LPAgpgcg 2.5 and
LPAppEcG 2.5. A comparison was then made with the LPAs synthesised at
the same NCO:OH ratio from the previous section.

The ATR-FTIR spectra of both cured LPAs, as well as the analysis of
the region belonging to the carbonyl groups, are represented in Fig. S1
(Supplementary data), and Fig. 6a and b and respectively. The spectra
exhibited the same characteristic bands as those described above.
Notably, in this case as well, unreacted isocyanate was observed when
the LPA was formulated using the bio-polyol from Eucalyptus globulus
lignin. This, it can be confirming that due to the higher steric hindrance
of the bio-polyol, part of the isocyanate was unable to react with the
hydroxyl groups.

From the deconvolution of the carbonyl group region represented in
Fig. 6a and b, the parameter Xyg, Wy, MPy, SSw and HSy were calcu-
lated. The results obtained were summarised and compared with those
for LPAgpg 2.5 and LPAppg, 2 5 and summarised in Table 8.

Compared to their respective counterparts, both LPAs synthesised
using the bio-polyol formulated with CG showed a lower theoretical HS
content and Xyg. Similarly, MPy was lower, indicating that in this PUs,
the amount of HS mixed into the soft phase was reduced, resulting in a
greater micro-phase segregation. Such behaviour could be explained by
the higher molecular weight of the EPEcg and PPEcg bio-polyols
compared to EPE and PPE, which would promote the phase separation
[40].

The structural analysis of polyurethanes was also performed using
DSC. Fig. 7 presents the DSC thermograms of the polyurethane adhesives

Table 8
Relevant parameters estimated for the determination of microphase separation
in GC-formulated LPAs.

NCO:OH 2z Xu Wi MPy  SPyw  HSw

LPAgpr 25 2.5:1 0.387 0.428 0266 0103 0716 0.284
LPAprcg2s  2.5:1 0.362 0.335 0274 0.099 0737 0.263
LPAppr 25 2.5:1 0.395 0.323 0307 0121 0726 0.274
LPApppcg 25 2.5:1 0.346 0303 0269 0.093 0747  0.253

LPAgpg 2.5, LPAgpecG 2.5, LPAppE 2.5 and LPAppgcg 2.5.

The glass transition temperature (Tg) of a polyurethane is influenced
by various factors related to the polyol, such as the Ipy, My, function-
ality, and the equivalent weight, which represent the ratio of molecular
weight to functionality [41]. It is also well stablished that rigid struc-
tures, which restrict chain mobility, tend to increase the Ty of the
polymer [25]. As expected for the synthesised lignin-based poly-
urethanes, the T of all systems was high due to the rigidity that lignin
imparts to the system [10]. Furthermore, the Ty of a polyurethane is
closely related to its structure; thus a linear polyurethane generally ex-
hibits a higher T than branched ones, meaning that as the degree of
crosslinking increases, the Ty of the polymer tends to decrease [42].
Another key factor is the phase mixing between the HS and SS of the
polyurethane; greater phase separation tends to result in a higher T,
[43].

In relation to this study, given the similarity of the lignin and PEG/
Gly ratios, and with identical NCO:OH ratios leading to a comparable
degree of phase miscibility (Table (8), the resulting Tgs were notably
similar. However, as shown in Fig. 7, the observed Tgs for each system
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Fig. 6. ATR-FTIR spectra of the absorbance region of the carbonyl groups of LPAgpgcg 2.5 (@) and LPApprcg 2.5 (b) obtained through a Gaussian curve shape. The

obtained R? values were above 0.999.
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Fig. 7. DSC thermograms of the lignin based polyurethane adhesives.

varied, attributable to their distinct characteristics. For the LPAs syn-
thesised with Eucalyptus globulus lignin, the Tg of LPAgpg 2.5 was slightly
higher than that of LPAgprcg 2.5, despite the EPE bio-polyol having a
lower EW than the EPEcg bio-polyol, indicating a higher degree of
crosslinking and lower microphase separation. Conversely, for the LPAs
synthesised with Pinus radiata lignin, the higher T, observed for LPAp.
PECG 2.5 can be attributed to increased microphase separation, resultinf
from the higher molecular weight of the polyol used in the synthesis and
a lower crosslinking of the system due to its higher EW value.

In Fig. 8, the shear strength of the LPAgpgcg 2.5 and LPAppgcg 2.5 was
measured and compared with their counterparts, LPAgpg 25 and
LPAppg 25. As expected, the results aligned with the conclusions ob-
tained after studying the degree of microphase separation of LPAs, as the
mechanical properties of polyurethanes can be improved by increasing
the microphase separation [32]. Consequently, LPAppgcg 2.5 exhibited
the highest shear strength of 6.06 MPa at 120 s, due to its lower weight
fraction of the mixed phase and longer chains (EW), which reduce the
concentration of urethane bonds and their cohesion. Together with its
low functionality and high molecular weight, these factors contribute to
an increase in the elasticity of the polyurethane [25], enabling the ad-
hesive to withstand greater elongation before rupture. Nevertheless,
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Fig. 8. Shear strength of lignin-based polyurethane adhesives. The red point
indicated the substrate failure.
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similar to LPAgpg, 2 5, substrate failure occurred at pressing times higher
than 180 s. On the other hand, it can be observed that the LPAgpg o 5 and
LPAgpgcG 2.5 exhibited very similar shear strength values of 3.58 MPa
and 3.44 MPa, respectively, despite the differences in microstructure
and the molecular weight of the bio-polyols employed. Regarding the
differences observed among the adhesives LPAppg 2.5 and LPApprcg 2.5
can be explained solely by the variations in molecular weights of the
polyols, as well as the resulting differences in the microstructure of the
polyurethanes.

The shear strength values obtained in this study were in the range of
those reported by other authors. For instance Ref. [29], achieved a shear
strength of 6.8 MPa using Kraft lignin and MDI with a NCO:OH ratio of
1.2:1. Additionally [10], used lignosulphonates along with MDI and
different quantities of PEG200 to synthesise different wood adhesives,
concludeding that the optimal formulation had an NCO:OH ratio of
2.1:1, yielding a shear strength value close to 3 MPa. Furthermore [44],
studied the effect of lignin hydroxypropylation by synthesising various
PU wood adhesives using kraft lignin (KL) and hydroxypropylated KL
with MDI at a NCO:OH ratio of 1.1:1. Their findings indicated that the
highest shear strength value was obtained with unmodified lignin (4.59
MPa), while hydroxpropylation improved elasticity and tensile strength
but compromised shear strength. Meanwhile [45], obtained a wood PU
adhesive based on oxyalkylated Kraft lignin, attaining a shear strength
of 3.1 MPa with a NCO:OH ratio of 1.3:1.

The thermostability of the LPAs was studied through thermogravi-
metric analysis. According to the DTG curves represented in Fig. 9, the
most significant weight loss for the samples occurred between 225 °C
and 450 °C. Regardless of the polyol used in the LPA formulation, the
degradation zones were the same although the maximum degradation
temperatures varied slightly.

The first degradation zone, occurring between 225 °C and 310 °C, is
associated with the H-bonded urethane groups of the HS [46], as well as
the cleavage of unstable ether linkages of lignin ($-O-4, a-O-4 and 4-0-5)
[47]. The second region, which exhibits the highest mass loss and occurs
between 310 °C and 375 °C, is associated with the degradation of the
soft segment of the polyurethane [28]. The final mass loss area, desig-
nated as region 3 (375 °C to 420 °C), is considered the degradation area
of the diisocyanate and the aromatic rings of lignin [48]. A similar final
residue was observed across all LPAs, due to the presence of lignin in the
samples. Notably, the maximum degradation temperature during the
initial mass loss phase was higher for LPAgpg 25 and LPAgpgcg 2.5
compared to LPAppg, 2 5 and LPAppgcg 2.5, indicating greater stability of
the formers. Generally, since the first degradation zone corresponds to
the degradation of the H-bonded urethane groups, PUs with less amount
of these, tend to be less stable, as less energy will be required to break
them. Although this pattern was observed in the analysed samples, that
is, the PUs synthesised with EPE showed a higher H-bond urethane
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Fig. 9. TGA and DTG curves of the different LPAs.
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groups, the slight difference compared to LPAppg PUs alone it cannot
explain the greater stability of the former. This differences could be
amplified by the degradation of ether linkages, which also occurs in the
first degradation zone in polyurethanes containing lignin, which are
more abundant in hardwoods such as Eucalyptus globulus than in soft-
wood as Pinus radiata [49].

Using different heating rates (1, 2, 5 and 10 °C/min) and previously
described isoconversional methods of OFW and KAS, the activation
energy (E,) for each system was calculated. In addition, the average
lifetime of the LPAs was estimated through the OFW method, for which
the pre-exponential factor A was determined. The calculation of both E,
and A was performed from the slope and the intercept of the plots of

In(p) and In (%) versus 1000/Tp. In these graphs, the conversion rates
P

from 5 % to 90 % were ploted for each system (Fig. S2). In all cases, as
expected, as the heating rate increases, the degradation curve shifted
towards higher temperatures. The final residue of each LPA was between
16.5 and 17 % (LPAEPE_245), 14-16 % (LPAEPECG_Z.S); 13.9-15.8 %
(LPAppE_z.s) and 11.8-13.8 % (LPAPPECG_z.S)-

From Table 9 and Fig. S3 and Table S1 from the supplementary data,
it could be concluded that the model was well selected since linear and
parallel straight lines and very high correlation coefficients were ob-
tained. Nevertheless, in the case of the LPAppgcg 2.5 samples (Figs. S3d
and S3h), the line corresponding to the 0.9 conversion was not properly
fitted, and therefore, it was not considered for the calculation of the E,
and A.

According to the results outlined in Tables 9 and S1, and considering
that the E, represents the impediment to the degradation process [50],
the degradation rate of synthesised LPAs will follow this order from the
slowest to fastest for a = 0.05: LPAgpg 2.5 > LPAgpEcG 2.5 > LPAppg 2.5 >
LPAppgcG 2.5. Due to the nature of the bio-polyols, different behaviour
was observed in the decomposition reaction mechanism between LPAs
formulated with different bio-polyols, as shown in Fig. 10. The E, fol-
lowed a similar trend for both LPAgpg, 2 5 and LPAgpgcg 2.5, starting with
a high value, decreasing to a minimum, and then increased again. In
contrast, LPAPPE ; 5 and LPAppgcg 2.5 exhibited a different pattern, with
the minimum E, value appearing at the beginning, followed by an in-
crease. However, in the case of LPAppgcg 2.5, the last two values tend to
decrease because of the poor fitting.

Consequently, the values of the pre-exponential factor (A) estimated
with the OFW method and presented in Table 10, followed the same
tendency. This factor reflects the collision frequency between molecules,
providing an indication of the availability of chemical groups which are
susceptible to degradation [50]. Hence, a higher A value suggest that the
polymer is more resistant to degradation. Therefore, LPAgpg 25 and
LPAgpgcG 2.5 polyurethanes exhibited greater stability at 5 % of con-
version, while LPAppg, 2 5 and LPAppgcg 2.5 were more prone to degrade
at this conversion rate.

Finally, the lifetime of the synthesised LPAs was evaluated, and the

Table 9
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Preexponential factor (A) of the PU samples for the decomposition obtained
through the OFW method.

o A (min’l)
LPAgpg 2.5 LPAgpEcG 2.5 LPAppg 2.5 LPAppecG 2.5

0.05 3.7E+18 9.7E+11 9.8E+08 6.6E+10
0.1 1.5E+17 2.1E+14 8.4E+11 2.3E+11
0.2 2.1E+15 1.0E+14 2.3E+12 5.0E+11
0.3 2.0E+14 5.2E+13 3.6E+12 3.5E+11
0.4 4.6E+13 2.8E+13 9.3E+12 2.1E+11
0.5 8.6E+13 6.9E+13 1.2E+14 2.0E+11
0.6 7.1E+14 2.1E+14 1.1E+15 9.7E+11
0.7 1.9E+15 3.5E+14 3.8E+15 3.1E+12
0.8 1.8E+16 5.4E+14 1.4E+17 1.1E+11
0.9 3.0E+17 6.9E+16 3.1E+21 2.3E+07

results are plotted in Fig. 11. Determining the lifetime of a material is
crucial when developing a product with specific performance re-
quirements for its intended application [51]. The estimation of the
lifetime of the polymers can be determined employing the activation
energies and the pre-exponential factors obtained through the OFW
method. Usually, the lifetime estimation is conducted based on 5 % of
weight loss or 5 % conversion [52]. However, the obtained data should
be interpreted cautiously, as they reflect degradation in an inert atmo-
sphere, and the lifetime will likely differ when the material is exposed to
an oxidising atmosphere, where materials will degrade differently.

As expected, the obtained results aligned with the E, values of the
LPAs. Consequently, the LPA with the highest lifetime expectation was
LPAEPE_2.5: followed by LPAEPECG_Z.S’ then LPAppE_2_5 and ﬁnally

Activation energies (E,) (kJ/mol) and correlation coefficients of the linear regression of the PU samples for the decomposition obtained through the OFW method.

[ LPAgpg 25 LPAgpecG 2.5 LPAppg 25 LPAppecG 2.5
R? E, R? E, R? E, R? E,

0.05 0.9976 226.0 0.9830 180.8 0.9432 146.9 0.9970 143.4
0.1 0.9989 209.8 0.9849 179.0 0.9464 152.0 0.9995 154.9
0.2 0.9995 188.8 0.9899 174.4 0.9526 156.3 0.9992 157.1
0.3 0.9998 177.6 0.9923 171.1 0.9508 158.7 0.9972 154.8
0.4 0.9999 171.0 0.9920 168.7 0.9481 164.2 0.9947 152.2
0.5 0.9999 179.2 0.9893 175.4 0.9467 179.1 0.9919 153.4
0.6 0.9997 190.3 0.9926 184.0 0.9689 193.0 0.9900 164.0
0.7 0.9991 198.9 0.9964 190.3 0.9785 202.2 0.9762 172.9
0.8 0.9913 219.1 0.9939 199.6 0.9468 228.5 0.8829 158.8
0.9 0.9677 284.1 0.9929 243.4 0.9412 307.5 0.4439" 116.9

# Not considered for calculating the average.
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Fig. 11. Estimated lifetime of LPAgpg 2 5 (@), LPAgprcg 2.5 (b), LPAppg 2.5 (¢) and LPAppgcg 2.5 (d).

LPAppgcg 2.5. It is worth noting that the difference between LPAgpg 25
and LPAgpgcG 2.5 Was significant, due to the large disparity in their E,
values, whereas the difference between LPAppg, 5 5 and LPAppgcg 2.5 was
minimal. Additionally, it was observed that as the temperature
increased, the degradation of the polymers accelerated considerably in
all cases.

4. Conclusions

This study demonstrated the potential of bio-polyols synthesised
through the liquefaction process of lignin with polyhydric alcohols (PEG
and Glycerol) using microwave irradiation for formulating PU adhe-
sives. The results indicated that it is feasible to substitute commercial
glycerol with non-purified crude glycerol obtained from used vegetable
oil. It was determined that the origin of the lignin significantly affected
the properties of the lignin-based polyurethane. On the one hand, when
the bio-polyol derived from Eucalyptus globulus (hardwood) lignin was
used, isocyanate remained unreacted in all cases, whereas with its
counterpart derived from Pinus radiata (softwood) lignin did not exhibit
this behaviour, likely due to the higher steric hindrance associated with
the former. Furthermore, the choice of glycerol also had a substantial
impact on the microstructure of the LPAs, as the bio-polyols synthesised
using crude glycerol exhibited higher molecular weights, which fav-
oured greater phase separation.

In terms of thermal stability, it was found that the lignin source
played an important role, since despite the LPAs showed similar H-
bonded urethane groups, the PUs synthesised with EPE bio-polyol dis-
played greater stability attributed to a higher concentration of aryl ether
bonds within their structure. Consequently, the estimated lifetime of the
LPAs at 5 % degradation followed the same order LPAgpr, 25 > LPAg.
PECG_2.5 > LPAppE 2.5 > LPAppEcG 2.5.

Nevertheless, further investigation into how lignin influences the
microstructure of these polyurethanes is warranted, as discrepancies
have been observed between the expected and obtained results con-
cerning phase miscibility in higher NCO:OH formulations (3.0:1).
Additionally, it would be valuable to analyse the behaviour of lignin
with lower polydispersity index and greater homogeneity in such
systems.
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