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ABSTRACT: The purpose of this study is to valorize biomass waste into products with
added value for indoor applications. Thus, broadleaf sawdust was chemically processed by
the solvolysis reaction in acid catalysis in the presence of diethylene glycol at 160 °C for 4
h. After filtration and removal of the unreacted biomass, the glycolysis product was used in
6 different polyurethane adhesive formulations for wood bonding. The adhesive films were
characterized by FT-IR, TGA, and DMA, while the mechanical performances were
investigated by tensile and three-point bending tests. An innovative method for the
determination of the working time was proposed. After the displacement of the wood
substrates by the tensile test, the bonded area was investigated by SEM analysis. To
confirm a correlation between the mechanical performances of the adhesives and their |
structure/formulation, two-dimensional (2D) simulations were performed based on the \

tensile tests.

1. INTRODUCTION

Nowadays, there are several definitions for the “biomass” term
that have different meanings depending on the circumstances.
For instance, in ecology, biomass is defined as the weight or
total quantity of living organisms of one animal or plant species
(biomass species) or of all the species in a community/habitat,
while in the bioenergy field, biomass is related to the matter
from recently living but not dead organisms."

According to Directive 2009/28/EC defined by the
European Parliament and Council, the term biomass has a
larger meaning describing the biodegradable fraction of
products, including wastes and residues from different
industries such as agriculture, forestry, fisheries, and aqua-
culture, industrial and municipall waste of biological origin
associated to energy/fuel production.”””

Biomass is the main renewable energy source in the
European Union (EU) for cleaner and more effective energy
plans in the short and long terms (2030 and 2050).°~
Therefore, the necessity for new biomass processing strategies
and EU REACH compliant policies prompted researchers to
develop more innovative bio-based products.”"’

The need to get independent from the fossil resources led to
the development of different strategies for lignocellulose
biomass processing, such as extrusion, sonication, milling,
steam explosion, ammonia explosion, supercritical CO,
explosion, organosolv, ozonolysis, hydrolysis, enzymatic
hydrolysis, alkali or acid pretreatment, oxidation, ionic liquid,
and microwave-assisted methods.'' ™"
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The abundance of lignin in nature and its distinctive
structure, which is based on electron-rich aromatic rings, have
drawn interest in a range of chemical techniques for its
decomposition into smaller compounds.'* Thus, in terms of
manufacturing new innovative products, the aromatic structure
of lignin was treated by oxidation, demethylation, hydrox-
ymethylation, phenolysis, liquefaction, etc. due to its relatively
low reactivity and its non-uniform structure attributed to the
origin of lignin (ie, softwood, hardwood, or graminaceous
plants).ls_18 Therefore, the main purpose is to create more
reactive hydroxyl groups susceptible to react with other
compounds like tannin, aldehyde, or isocyanates'® to develop
“greener” products like foams, resins, or adhesives.">!”

Regardless of their chemical structure, the global market for
adhesives is predicted to approach 21 billion USD by 2024."
The main issue concerning these products is related with the
formaldehyde-based formulations that are proven to affect the
environment and human health due to the formaldehyde
emissions.'”

Thus, bicomponent PUR adhesive chemistry is nowadays in
a transition to formaldehyde-free adhesives in which polyols
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Scheme 1. Flow Scheme for Adhesives Formulation, Mechanical, and Process Simulation Testing
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(component A) can be manufactured from renewable
resources.

In terms of PUR wood adhesives, the mechanical perform-
ances are strongly related to the conditions necessary to obtain
bio-polyols with suitable properties such as hydroxyl number
or Viscosity.ls’21 Thus, the reaction conditions involve a
rigorous control of some parameters such as: (i) the moisture
content of the raw lignocellulose material (i.e., a drying process
must be applied), (ii) solvent type, (iii) the catalyst and
catalyst concentration, (iv) process temperature, and (v)
reaction time.*”

For instance, Gosz et al.”* obtained bio-polyols with varying
hydroxyl number in the range of 214—687 mg KOH/g at 120,
150, and 170 °C in the presence of glycerol and poly(ethylene
glycol) derivatives as solvents after 6 h, proving higher
conversion of lignocellulose biomass with higher temperatures.
Similar results were obtained by Lee et al.>’ that
depolymerized the lignocellulose biomass Taiwan acacia and
China fir in acid catalysis in a mixture of glycerol and
poly(ethylene glycol). The final products were reacted with
three different diisocyanates to develop PUR adhesives with
different properties in terms of gel time and bonding strength.

Previous studies demonstrated that the main advantage of
PUR adhesives based on bio-polyols from the liquefaction of
lignocellulosic biomass is related with the abundant availability
of the raw materials (mostly forestry or agricultural wastes),
the richness of hydroxyl groups of the bio-oil, and the (thermal
and mechanical) stability of the aromatic PUR structure of the
final product.'®*>**

Considering the abovementioned advantages, our study was
focused on two directions: (a) the development of bio-polyols
obtained by glycolysis of broadleaf saw dust and (b) the
manufacturing process of PUR adhesives for wood bonding. In
this study, the broad leaf biomass was subjected to drying to
ensure that the moisture content was below 5% before the
liquefaction process. Scheme 1 describes in detail the most
important steps of our study.

One of the main goals of this study is to develop a higher
value-added alternative for forestry waste processing, consid-
ering that sawdust is mostly used in our country as a filling
agent in wood-based composite products for the civil
engineering industry or as briquettes for igniting fire.

The novelty of this study resides in the valorization of
broadleaf sawdust for the obtaining of bio-polyols by glycolysis
using diethylene glycol (DEG). The obtained bio-polyols were
employed in 6 bicomponent polyurethane formulations for
wood adhesives. Standard three-point bending was carried out

in two modes, and tensile testing was used experimentally to
determine the mechanical performance of the adhesives.

To characterize the synthesized adhesives, numerical
simulation was performed based on the tensile test experiment.
The simulation aims to establish a material model and to
determine the material’s parameters that lead to the best
possible approximation of the experimentally obtained results.
This approach is iterative and involves incrementing simulation
parameters based on a set of data presented in the specialized
literature and the comparison between the theoretically
obtained results and the experimental ones.

2. MATERIALS AND METHODS

2.1. Materials. Broadleaf sawdust (from forestry process-
ing, RomSilva, Romania) was dried to 5% wt moisture.
Diethylene glycol (DEG) (Merck Romania), H,SO, (98% wt)
(Redox Romania), and acetone (Merck Romania) were used
as such for the synthesis and separation of glycolysis products.

The bicomponent polyurethane adhesive formulations
involved the use of triol polyether-polyol PETOL 46-3MB
(hydroxyl index, Ioy = 43 + 49 mg KOH/g), polyoxypropylene
glycol PETOL 250—2 (hydroxyl index, Ioy = 240 + 260 mg
KOH/g), and 4,4’-methylene diphenyl diisocyanate (MDI)
(Covestro DESMODUR 44V20L, Merck Romania) (NCO
content = 30.5 + 32.5%) without further purification.

2.2. Methods. 2.2.1. Synthesis of Glycolysis Products
from Lignocellulosic Biomass. In a typical reaction, 15 g of
dried broadleaf sawdust (5% wt moisture) were subjected to
glycolysis using 145 g of DEG and an acid catalysis (4 mL of
H,SO,) for 4 h at 160 °C. At the end of the reaction, the black
liquid (85% conversion) was separated from the undegraded
lignocellulosic biomass by vacuum filtration. The solid fraction
was then washed with 200 mL of distilled water and 20 mL of
acetone to remove the water and organic soluble compounds
from the cake retained by the filter. The glycolysis product,
indexed as Pol-L, was dried until a constant mass to remove
the water and acetone.

2.2.2. Synthesis of Bicomponent Polyurethane Adhesives.
In Table 1, 6 formulations of Pol-L-based polyurethane
adhesives (Al + A6) and their blank counterparts (M1 +
M6) and are presented.

3. CHARACTERIZATION

3.1. Determination of the Hydroxyl Index of the Pol-L
Glycolysis Product. Hydroxyl number was determined based
on the ASTM D4274-99 (standard test methods for testing
polyurethane raw materials: determination of hydroxyl

https://doi.org/10.1021/acsomega.3c04393
ACS Omega 2023, 8, 38178—38190


https://pubs.acs.org/doi/10.1021/acsomega.3c04393?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04393?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Bicomponent Formulations of Polyurethane
Adhesives

sample component A component B
Pol-L, g PETOL 46-3MB, g PETOL 250-2,g MDI, g
M1 2.5 15 4.25
M2 2.5 LS 4
M3 2.5 15 3.75
M4 LS 2.5 4.25
MS 15 2.5 4
M6 LS 2.5 3.75
Al 1 2.5 15 4.25
A2 1 2.5 LS 4
A3 1 2.5 15 3.75
A4 1 15 2.5 425
AS 1 LS 2.5 4
A6 1 15 2.5 3.75

numbers of polyols), method A (acetic anhydride pressure
bottle) (described in detail in the Supporting Information).

3.2. FT-IR Analysis of the Pol-L Glycolysis Product
and Polyurethane Adhesives. FT-IR analysis of the
glycolysis product and polyurethane-based adhesive formula-
tions was performed on a Spectrum Two FT-IR Spectrometer
(PerkinElmer), equipped with a universal ATR—MIRacle
Single Reflection ATR—PIKE Technologies, at 4 cm™!
resolution, from 550 to 4000 cm™" and a buildup of 32 scans.

3.3. TGA Analysis of Pol-L Glycolysis Product and
PUR Adhesives. The thermogravimetric analyses (TGA) of
the bio-polyol and cured adhesive formulations were
performed using Netzsch TG 209 F3 Tarsus equipment,
considering the next parameters: nitrogen atmosphere flow
rate 20 mL min~; samples mass ~4 mg; temperature range:
room temperature — 900 °C; heating rate: 10 °C min~" in an
alumina (AL,O;) crucible.

3.4. Determination of Pot-Life/Working Time of the
Polyurethane Adhesive Formulations. The pot life/
working time for the developed polyurethane adhesive
mixtures was determined using a FLIR A6700 MWIR infrared
camera under the following parameters: sample amount: ~15
g; standard temperature range of the device: —20 to 350 °C. A
mechanical mixer was used to stir the polyurethane adhesive
formulations at a speed of 150 rpm. Tests were performed at
ambient temperature.

3.5. DMA Analysis of the Polyurethane Adhesive
Formulations. DMA mechanical tests were performed for all
samples on Discovery 850 DMA TA Instruments equipment in
single cantilever mode on a temperature ramp varying from
—30 to +150 °C with a § °C/min heating rate. For this test,
after complete curing, the samples were cut to approx. 36 mm
X 12 mm X 0.3 mm =+ 0.02 mm to determine the values of
glass transition temperature (Tg).

3.6. Three-Point Bending Test of the Polyurethane
Adhesive Formulations. For all mechanical tests, the wood
strips (Fagus sylvatica L.) were stored at 20 °C/65% relative
humidity until a moisture content of approx. 12% was attained.

The three-point bending test (3PBT) was accomplished in
two ways: (a) stress ramp and (b) oscillation mode using the
same equipment, Discovery 850 DMA TA Instruments,
employing 3-point bending clamps considering an adjustment
of the ASTM D790-17 standard on the clamping system of the
above-mentioned equipment (the samples were S mm wide
compared to the standard).

A thin layer of PUR adhesives was brushed on the surface of
wood specimens, followed by the overlapping of two wood
substrates of S mm X 42 mm X 1 mm =+ 0.02 mm.

For rate control stress ramp (a), the tests were performed at
25 + 0.1 °C with a preload force of 0.1 N and a ramp rate of §
N/min up to 17 N maximal force. The results were compared
by plotting the medium values of stress versus strain obtained
after the analysis of three specimens for each sample.

For oscillation mode (b), the samples were subjected to
sweep mode by varying the amplitude from 1 to 50 gm with a
frequency of 1 Hz and a preload force of 0.01 N at 25 + 0.1
°C.

Analyses were performed in triplicate, and the mean values
of storage modulus and loss modulus were plotted versus
oscillation strain to compare the Pol-L-based PUR adhesive
formulations with blank samples.

All the abovementioned tests were also performed on wood
substrates without adhesive.

3.7. Tensile Tests of the Polyurethane Adhesive
Formulations. To determine the value of the maximal stress
at break, the blank and Pol-L-based PUR adhesives were
subjected to tensile tests on the Titan 10 Universal Strength-
Testing Machine equipped with a 10,000 N force cell. The
tensile tests were performed according to Standard EN 20S-
2016—wood adhesives for non-structural applications—
determination of tensile shear strength of lap joints. In this
case, the rectangular-shaped wood substrates (F. sylvatica L.) of
20 mm X 150 mm were bonded by a 0.5 + 0.02 mm layer of
PUR adhesive, applied on a 20 X 25 mm area, and subjected to
a tensile test with a rate of 1 mm/min. The results were
compared by plotting the stress versus strain multigraphs. For
this test, five specimens for each sample were used.

3.8. SEM Analysis of the Wood Substrate after
Performing the Tensile Test. After displacement of the
bonded wood substrates, SEM analysis was employed to
analyze the bonded area. The micrographs were acquired with
a Nova NanoSEM 630 scanning electron microscope (FEI
Company, Hillsboro, OR, USA) at an acceleration voltage of
10 kV. All specimens were sputtered with a thin layer of
conductive metal (Au) to prevent the charging of the samples
during SEM analysis.

3.9. Simulation Analysis of the Polyurethane Adhe-
sive Formulations. A tensile test modeling was performed
using LS-DYNA, specialized software for simulating nonlinear
transient phenomena. The test conditions were conducted in
accordance with EN ISO 1421, Method 1, called the Strip
Test, which uses strip-type specimens and is used to determine
the tensile strength and elongation at break.

Since the specimen geometry is relatively simple, the
modeling was carried out in three dimensions using a
structured hexahedral mesh, as shown in Scheme 2, with
SOLID 3 type elements, which are fully integrated quadratic 8
node elements with nodal rotations.

Mesh characteristics are presented in Table 2.

To comply with the testing conditions, two sets of nodes
were defined on both pieces of wood, with a distance of 200
mm between the two sets, representing the actual clamping
distance between the grips. The right piece of wood is fixed
using the corresponding set of nodes by applying a boundary
condition that locks these nodes, while the other piece of wood
is subjected to a constant pulling speed of 1 mm/min through
the corresponding set of nodes.

https://doi.org/10.1021/acsomega.3c04393
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Scheme 2. Simulated Model of the Specimens: 1—
Adhesive; 2—Mobile Wood Strip; 3—Fixed Wood Strip

= =

T~
Table 2. Mesh Characteristics
nodes elements parts materials sections
15,750 13,000 3 2 1

To validate the virtual model, the displacement and force
were recorded as a function of time. Subsequently, the force—
displacement curve obtained from the model was compared
with the experimental one.

The material properties used into the program for modeling
the conducted test correspond to the plastic-kinematic (a) and
elastic material models (b), as described below:

3.9.1. Plastic Kinematic Material Model. To model the
adhesive used between the two pieces of wood, the plastic-
kinematic material model was utilized. The plastic-kinematic
material model simulates isotropic and kinematic hardening
plasticity, with an option to include the effects due to the rate
of deformation. The rate of deformation is calculated using the
Cowper—Symonds model,”® which scales the yield stress by a
factor

e\"” fr
— —_ . . e
o, = 1+(C) (0 + B-E, e,

ey
_ E,E

tan

" E-E, @)

where o,—initial yield stress; é—the strain rate; C and P—the
Cowper—Symonds strain rate parameters; f—the strain
hardening parameter (adjusts the contribution of isotropic
and kinematic hardening); e}fff—the effective plastic strain;
E,—the plastic hardening modulus, which is given in terms of
the elastic modulus E; E_,—the tangent of the elastic
modulus.”

Alternatively, a fully viscoelastic formulation incorporating
the Cowper—Symonds formulation on the yield surface is
optional. Kinematic, isotropic, or a combination of kinematic
and isotropic hardening can be specified by varying the
parameter f (hardening coefficient) between 0 and 1.

Table 3 presents the material constants used in the proposed
simulation”®

3.9.2. Elastic Material Model. Since the test is conducted at
a low speed in the quasi-static domain, the two pieces of wood
are modeled using the elastic material model described by eq 3.
For the linear elastic material model, the constitutive equations

. . f 27

are given by the generalized Hooke’s law

1
e = E(Gx - (o, + a))

™
|

L = %(ay—v(cfﬁ@))

1
& = E(Gz - v(o, + 0,))

\<
|

g
|

zx (3)

Gx(x) )’; z, t)
o(x,y, 2, 1)
Gz(‘xl )’; z, t)
—stress components

Txy(xt Vs Z t)

7.(x, 5, 2, t)

7.(x, 9,2, 1)

{e} = —strain components

E—Young’s modulus. G—Shear modulus. z—Poisson’s ratio.
There is a dependency relationship between the three
parameters

R
T 2(1+0)

In LS-DYNA software, it is used an isotropic hypoelastic
material”® which is available for beam, shell, and solid
elements. The axial and bending damping factors are used to
damp down numerical noise. The update of the force
resultants, F, and moment resultants, M;, includes the damping
factors

Table 3. Plastic-Kinematic Material Constants Used>®

nr. crtt component material

1 adhesive psolyurethane 1,0

p (Adhesive density, kg/m’) E (module of elasticity, MPa) v (Poisson’s coefficient) o, (tension at flow) E

tan

2 0,35 1 0

https://doi.org/10.1021/acsomega.3c04393
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Table 4. Constants Used for the Elastic Material*’

component material

wood strips F. sylvatica L. 672

p (wood density, kg/m?)

E (module of elasticity, MPa) v (Poisson’s coefficient)

12.1 X 10° 0, 37

DA
Fin+1 Fin (1 ) 2 Fin+1/2

M = M + (1 + %)AM."H/Z
i i At i (5)
In Table 4, the material constants for the two pieces of wood

(F. sylvatica L.) are given presented.”’

4. RESULTS AND DISCUSSION

4.1. Determination of the Hydroxyl Index of Pol-L.
The first step of our study involved the determination of the

(1662‘$
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Figure 1. FT-IR analysis of the Pol-L glycolysis product resulted after
the depolymerization of lignocellulose broadleaf biomass.
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Figure 2. FT-IR analysis of blank (M1 and M4) and Pol-L-based
polyurethane adhesive formulations (Al and A4).

hydroxyl number for the glycolysis product, Pol-L based on the
standard method ASTM D4274-99-method A (detailed in
Section 3.1). Thus, the hydroxyl number for the glycolysis
product was 466.9 mg KOH/g. This information was useful to
develop polyurethane adhesive formulations based on the
reaction of Pol-L-bio-based polyol (component A) and

diisocyanate curing agent (component B), as detailed in
Section 2.2.2.

4.2. FT-IR Analysis of the Pol-L Glycolysis Product
and Polyurethane Adhesives. Pol-L bio-oil was charac-
terized by FT-IR analysis to evidence the degradation
components that resulted after the depolymerization of the
lignocellulose-based biomass. Thus, in Figure 1, the FT-IR
spectrum of the glycolysis product is presented.

The intense signal registered at 3350 cm™" corresponds to
OH groups, while the peaks from 2937 to 2869 cm™' were
assigned to —CH, and CHj vibration stretching.”’ The peak
from 1732 cm™" was identified as C=0 groups assigned to the
aldehydes, ketones, and ester groups from the compounds
resulted from the glycolysis of lignocellulose material.”"* The
stretching vibration of C=C groups from 1662 cm™ was
assigned to the aromatic ring from the lignin structure. At 1224
cm ™}, a characteristic band was attributed to the ether C—O—
C groups bending from the initial structure of lignin, while at
1049 cm ™', the CO group is associated with the breaking of
glucoside bonds from the cellulose structure.*

To prove the reaction between the two main components
and the formation of urethane groups, FT-IR analysis was
performed for the most relevant blank and Pol-L-based polyol
adhesive formulations. In Figure 2, the FT-IR spectra of blank
samples M1 and M4, respectively, of the bio-based polyur-
ethane adhesives Al and A4 registered the characteristic peaks
for the urethane group.

The signal from 3310 cm™ was attributed to NH stretching,
while the signal from 1722 cm™' was assigned to C=0
stretching, confirming the formation of urethane groups as a
result of the reaction between the OH groups from component
A and NCO groups from MDI (component B).*" Vibrations of
CH, groups were registered at 2877 cm™'. The NCO signal
from 2102 cm™" was assigned to the terminal groups of the
polymeric chain. The C=C registered at 1601 cm™ was
attributed to the aromatic rings of the MDI or to the aromatic
components resulted after the depolymerization of the lignin
structure.”””* The signal from 1502 to 1540 cm™" was assigned
to the N—H vibration in the plane of the amide group.’
Another indication that the reaction took place was proved by
the C—N stretching vibrations in amine assigned at 1225
13334

4.3. TGA Analysis of Pol-L Glycolysis Product, Blank
Samples M1, M4, and Adhesives A1, A4. In Figure 3, TGA
analyses give information on the thermal stability of the most
relevant products. For Pol-L bio-polyol, the highest mass loss is
registered around 200—210 °C, which can be attributed to the
boiling point of DEG solvent (approx. 240 °C).

The blank samples M1 and M4 registered the highest mass
loss in the 300—400 °C temperature range. The main
difference between the two blank samples is determined by
the crosslinking density, which is higher for the M1
formulation. This is due to a higher amount of trifunctional
commercial polyether-polyol PETOL 46-3MB detectable by
the higher amount of residue and registered in Figure 3A (blue
line compared with black line). Similar behavior was registered
for Al and A4 formulations, with Al being more stable after
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Figure 3. TGA (A) and DTA (B) analysis of the Pol-L glycolysis, polyurethane blank samples M1, M4, and adhesives Al and A4.

Scheme 3. Schematic Determination of Pot-Life/Working Time of the Polyurethane Adhesive Formulations (1—Data
Acquisition; 2—FLIR Camera; 3—Mixture Stirring)

Rectangle 1

)

A

T ="702s

50 Table 5. T, Values for Bio-Based PUR Adhesives and Their
Counterparts
45
_ sample T, (°C) sample T, (°C)
& a0 M1 80 Al 73
£ M2 57 A2 69
£ 354 M3 65 A3 60
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25
204 - 450 °C compared with A4 considering the higher amount of
0 100 200 300 400 500 600 700 800 900 PETOL 46-3MB commercial compound used in this case.
Time (s) In the case of bio-based polyurethane adhesive Al,

additional mass loss was registered in the 600—700 °C
temperature range compared with its M1 counterpart, which
was attributed to the higher thermal sensitivity of the
polyurethane chains from the bio-polyol glycolysis product.
However, in the case of A4, this behavior was different, with

Figure 4. Temperature versus time during continuous stirring of the
bicomponent polyurethane adhesive formulation.
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Figure S. Stress versus strain registered for blank (A), and Pol-L-based PUR adhesive formulations (B).
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Figure 7. Tensile tests of the blank (A) and Pol-L-based PUR adhesives (B).
Table 6. Values of Maximal Failure Stress and Failure Strain for All PUR Adhesive Specimens
sample failure stress (MPa) failure strain sample failure Stress (MPa) Failure strain MDJ, %
M1 6.4 + 020 0.7 + 0.020 Al 44 + 0.16 0.53 + 0.014 45.9
M2 7 + 0.15 0.8 + 0.013 A2 3.7 £0.18 0.48 + 0.011 44.4
M3 5.5 +£0.12 0.68 + 0.021 A3 3.1+£023 0.39 + 0.016 42.8
M4 6.5 + 0.21 0.76 + 0.016 A4 3.6 +0.19 0.47 = 0.015 45.9
MS 6.8 + 0.10 0.8 + 0.13 AS 3.5 +£0.12 0.45 + 0.010 44.4
M6 6 + 0.17 0.71 + 0.014 A6 2.6 +£0.11 0.38 + 0.017 42.8

Scheme 4. Successive Data Obtained from Numerical
Simulation

t=0s t=10s t=15s t=25s t=35s t=42s

the mass loss being lower compared to the M1 counterpart. It
is worth mentioning that the A4 formulation had the highest
thermal stability after 700 °C compared with all other PUR
samples analyzed by TGA.

4.4. Determination of Pot-Life/Working Time of the
Pol-L-Based Polyurethane Adhesive Formulations. The
pot life or the working time is specific for the bi-component
formulations and measures the average length of time between
the start of mixing and the moment of application. During this
time interval, the adhesive retains a low enough viscosity that
allows application on the selected support. After this time, the
adhesive may set before the parts are assembled. To determine
the pot-life in an accurate manner, an innovative set-up is
described in Scheme 3. During the mixing of the polyurethane
bio-based formulations, an infrared camera (Scheme 3—
number 2) was positioned close to the reaction vessel (Scheme
3—number 3). The temperature increase was monitored in
time while keeping the mixing rate constant, the data being
collected by a data acquisition system (Scheme 3—number 1).

In Figure 4, the temperature was plotted versus time, and the
highest temperature of 48.25 °C was registered after 700 s for

38185

adhesive Al, which had the largest amounts of trifunctional
commercial polyol and diisocyanate compound. For the other
relevant formulation, A6 (in which the lowest amounts of
trifunctional commercial polyol and MDI were used), the
reaction temperature of 44.25 °C was collected after 800 s.

It is worth mentioning that the temperature rises more
abruptly after 100 s, as shown in Figure 4. Considering this
period as the optimum time for mixing the whole components,
the adhesives can be applied in a range of maximum 600 to
700 s (10 to 11 min), depending on the bio-based formulation,
while keeping the speed of stirring at 150 rpm.

4.5. DMA Analysis of the Polyurethane Adhesive
Formulations. DMA analysis was performed for all 6 bio-
based PUR adhesive formulations and their blank counterparts
to determine the T, values (Table S). The glass transition

g
temperature (T,) corresponds to the maximum of the

tangent(delta) gValues from the Tan(delta)-temperature
plots® presented in Figure SIEJF in the Supporting
Information. In Figure SI1A, the storage modulus for the
MI1—-M6 blank specimens is higher compared with the loss
modulus (Figure SI1C), suggesting a rigid structure. Similar
behavior was observed in the case of the bio-based adhesives
that registered lower values of their loss modulus compared to
their storage modulus (Figure S1D compared to Figure S1B).

The T, value of A4—AG6 is higher compared with the values
registered for their blank counterparts, indicating a stiffer
structure of these formulations (Table 5). The same behavior
was registered for A2 (a T, value of 69 °C compared to 57 °C
of the M1 sample). Thus, the bio-based glycolysis product
improved the stiffness of the bicomponent PUR formulations
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in the case of A2, A4, AS, and A6 adhesives compared to their
blanks (Table $).

4.6. Three-Point Bending Test of the Polyurethane
Adhesive Formulations. 4.6.1. Stress versus Strain. One of
the most used test methods for determining the shearing
strength of wood-adhesive-wood sandwich structure is the
three-point bend test (3PBT), often known as the short beam
shear test.*® The purpose of this test was to study the bonding
in a sandwich structure of wood-bio-based adhesive-wood.
Figure S illustrates comparative stress—strain plots for
polyurethane adhesives (Al + A6) (Figure SB) and their
blank counterparts (M1 + M6) (Figure SA) obtained via
3PBT. It is worth mentioning that the samples did not break;
the analysis was performed until reaching the maximal load
allowed by the instrument.

As can be observed from Figure 5B, the presence of the
adhesives in all the sandwich structures ensured their higher
flexural strength compared to BK (wood substrates without
adhesive). The higher increase in strength for some adhesive
formulations could be ascribed to the distinct molar ratios
between their components.

In terms of flexural deformation, these results offered
evidence of the lower tendency of these materials to bend

when a force was applied compared to BK. The ratio of stress
to strain can offer information on the flexural modulus (also
known as the bending modulus). A material that is more
resistant to the same bending stress applied indicates a higher
flexural modulus. In our case, samples A6, A2, A3, and AS
displayed the higher bending resistance, while samples Al and
A4 indicated higher flexibility of these sandwich structures.
3PBT for blank counterparts M1, M5, and M6 indicated that
these samples also possess a higher stiffness. By comparing A2,
A4, AS, and A6 with their blanks (M2, M4, MS, and M6), a
higher mechanical performance in terms of stress is observed,
which is in good agreement with the T, values obtained
previously.

4.6.2. Oscillation Mode. 3PBT was also performed in
oscillation mode to evaluate the storage and the loss modulus
of the same sandwich structures by varying the amplitude with
a constant frequency (1 Hz). Usually, when storage modulus
values are higher than loss modulus values, this indicates the
presence of crosslinking sites inside the analyzed polymeric
material. All samples exhibited this behavior, confirming the
crosslinked nature of the bio-based adhesive, except BK (the
wood substrate), which had no adhesive (Figure 6). Samples
A6, A2 or M6, MS, and M1 displayed higher storage modulus
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values, indicating a higher capacity of storing the energy as
oscillation strain increased, while A3, AS or M4, and M2
displayed lower storage modulus values. Furthermore, when
comparing Figure 6A,B, it can be observed that some of the
bio-based formulations displayed a higher flexural strength
than their analogous blank counterparts (except formulations
A3 and AS compared with M3 and MS).

4.7. Mechanical Tensile Tests of the Polyurethane
Adhesive Formulations. Further, a tensile test was
performed on adhesively bonded single-lap joint samples to
obtain complementary data on the mechanical properties of
the bio-based formulations employed. The results obtained are
comparatively summarized in Figure 7. One averaged curve of
five specimens tested was plotted for each type of bio-based
adhesive formulation.

As can be observed from Figure 7A,B, the uniaxial tensile
stress—strain plots of the bio-based adhesives and their blank
counterparts exhibited non-linear behavior.>’

From the stress—strain curves, the tensile test at break and
the failure strain were analyzed, and the data indexed in Table
6 indicates the variation of the failure stress dependent on the
amount of MDI in the adhesive formulations which are
comparable with literature examples for different polymer
composites’® ' and polyurethane adhesives.*”~**

Thus, in Table 6, the maximal values of failure stress indicate
that at lower amounts of MDI (expressed as weight
percentage), the failure stress decreases in both series of M1
+ M6 and Al + A6, probably due to lower crosslinking sites in
the PUR formulation. Nevertheless, the deformation pattern
follows similar trends for all the tested samples. Among all the
adhesive formulations, higher strength and slightly higher
plastic deformation capability were observed for the M1 + M6
series but also for Al, A2, A4, or AS. In the case of the Al + A6
series, both the adhesive strength and the strain values
obtained are slightly lower compared with their blanks,
probably due to the unreacted DEG from the glycolysis
product, which induces a plasticizing effect on the resulting
crosslinked polymeric structure of the bio-based adhesives.

Yet, the bio-based adhesive strength is still high enough to
ensure an efficient bond between the two wood strips.**
Moreover, the slight plasticity of these bio-based adhesives
may help reduce the brittleness of the adhesive joint, thus
maintaining the wood strips in contact for a longer time when
loadin§ is applied on the sandwich structure wood-adhesive-
wood.” ™%

4.8. Post-Fracture Investigation after Tensile Tests by
SEM Analysis. In Figure S2, SEM micrographs were collected
for the wood substrate and the area on which the blank and
Pol-L-based PUR adhesive were applied after the tensile test
was performed. Usually, the adhesive bonding is analyzed after
the displacement of the bonded structures to study the
propagation of the rupture upon applied stress at the
macroscopic level. According to literature data, there are
three possible types of adhesive bond failure that can occur
during the tensile test:>>" (i) the adhesive is on both surfaces
after detachment of the bonded strips (cohesive failure), (ii)
the adhesive remains only on one of the surfaces (adhesive
failure or delamination), and (iii) the substrate is broken due
to adhesive bonding strength (substrate or adherent failure).>?

The desirable sort of failure is one in which the adhesion
between two adherends or within the adhesive itself indicates
that the bonded materials have achieved their maximal
strength.>’

In our case, there were no obvious changes after the tensile
test in the bonded area observable at the macroscopic level.
Thus, to give some information about the type of adhesive
failure for the bio-based PUR adhesives, SEM analysis was
performed for the wood strip, the adhesive layer for blank, and
the Pol-L-based formulations (Figure S2). Since all the samples
had similar behavior, in Figure S2b and Figure S2c, the
microstructure of the specimens is presented for MS6,
respectively A6 formulations.

Comparing the unbonded wood substrate (Figure S2a) with
the other two specimens (Figure S2b and Figure S2c) it was
noticed that the adhesive layer is still present on the surface
and there are no splinters of wood detached from the surface
for both specimens (blank and bio-based adhesive). The
adhesive layer was continuous on the surface of the wood
substrate, revealing a complete protrusion of the adhesive in
the interstitials of the wood structures, which indicates a good
interaction between the adhesive and substrate.>® Furthermore,
the adhesive layer had no cracks but a slightly porous aspect on
the wood surface (yellow circles in Figure S2b,c). According to
the SEM investigation, the PUR adhesive layer developed few
striations (marked with yellow arrows in Figure S2) on the
uniaxial direction of the applied stress, indicating a cohesive
failure. Additionally, the striations of the layer indicate that the
adhesive material had an elastic component followed by a
slight brittle/ riéid behavior attributed to the pores from the
adhesive layer.>*

4.9. Simulation Analysis of the Polyurethane Adhe-
sive Formulations. A numerical simulation of the adhesive
bonding tests on two pieces of wood was conducted, following
the EN ISO 1421 method 1 standard. The obtained results are
presented in the following figures, highlighting both the
adhesive’s stretching behavior and its failure during the test.

In Scheme 4, successive data obtained from numerical
simulation was obtained as a correlation between time and
deformation to final displacement of the wood substrates.
During the tensile test, the right wood strip is fixed while the
other is pulled with a tension of 1 mm/min. As shown in
Scheme 4, at the beginning of the motion, both parts move
together due to the elasticity of the wood, while after a
duration of 15 s, the adhesive starts to deform. After 42 s, the
complete breaking of the two wood strips occurs.

This is in good correlation with the tensile test and the SEM
analysis that indicated both elastic and brittle behavior of the
wood-adhesive-wood material.

In Figure 8, the experimentally recorded extension exhibited
a very accurate correlation between simulated and exper-
imental data.

In Figure 9, the experimentally recorded force exhibits a
plateau-like variation in the initial test phase until around 17 s,
which is different from the variation observed from 17 to 42 s.
This difference is not reflected in the relative displacement
graph, which can be attributed to the compliance of the testing
machine. However, the material models used, although
relatively simple in formulation, provided a good approx-
imation of the experimental data with errors below 5%.

5. CONCLUSIONS

In conclusion, bio-polyol products were obtained by the
depolymerization of lignocellulose broadleaf sawdust through
an acid catalysis solvolysis reaction in the presence of DEG.
The bio-oil resulted from the reaction was used to formulate 6
bicomponent PUR adhesives.
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The adhesive films were characterized by FT-IR, TGA, and
DMA, while the mechanical performances were investigated by
tensile and 3PBT tests.

An innovative method applied for the determination of the
working time indicated a 10 to 12 min pot life for the bio-
based adhesives.

The bio-based component increased the T, value and
enhanced the stiffness of the bicomponent PUR formulations,
as demonstrated by the 3PBT tests performed in two modes
(stress vs strain and oscillation mode). The unidirectional
tensile tests showed that the slight plasticity of the bio-based
adhesives could decrease the brittleness of the wood-adhesive-
wood material.

The post-fracture SEM investigations indicated a cohesive
failure for all formulations and an elastic component, followed
by a slight brittle/rigid behavior after detachment of the wood
strips. The numerical simulation performed in LS-DYNA of
the adhesive bonding tests exhibited an accurate correlation
between simulated and experimental data for both extension
and force.
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