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Abstract: Bio-based resins, obtained from renewable raw materials, are a more sustainable alternative
to oil-based resins for fiber-reinforced polymer (FRP) composites. The incorporation of lignin in those
resins has the potential to enhance their performance. This paper presents results of an experimental
study about the effects of Lignoboost lignin incorporation on a partially bio-based vinyl ester (VE)
resin. Two resins were prepared—without (reference) and with lignin addition (4% by weight) to its
main chain—and their chemical, thermophysical, and mechanical properties were compared using
Fourier transform infrared (FTIR) spectroscopy, gel permeation chromatography (GPC), dynamic
mechanical analysis (DMA), thermogravimetric analysis (TGA), and tensile and shear tests. Results
suggest that the addition of lignin to the base resin resulted in a copolymer of increased heterogeneity
and higher molecular weight, incorporating stiff and complex aromatic structures in the polymer
chain. While requiring high-temperature curing, the VE-lignin copolymer presented improvements
of 27% in tensile strength, 4% in shear strength, and increased glass transition temperature by about
8 °C, thus confirming the potential of this natural biopolymer for FRP composite applications.

Keywords: bio-based composites; bio-resin; Lignoboost lignin; natural polymer; fiber-reinforced
polymers; thermomechanical properties; mechanical properties

1. Introduction

Over the past two decades, the use of fiber-reinforced polymer (FRP) composites has
grown steadily as a response to the durability and sustainability challenges associated with
traditional materials, such as reinforced concrete, steel, and timber [1,2]. In particular, FRP
composites have been gaining increased importance in structural applications in various
industries due to their corrosion resistance and high strength-to-weight and stiffness-to-
weight ratios. Moreover, due to their lightness, their installation is typically fast, leading to
increased efficiency during the construction stage [3].

The environmental sustainability of FRPs is now one of the top concerns of the com-
posites industry, with one of the key issues being the fact that conventional polymeric
resins are derived from crude oil. This concern has prompted the development of bio-based
alternatives to the industry-standard oil-derived resins, which, in addition to incorporating
sustainably sourced monomers (i.e., derived from renewable raw materials), also show
comparable mechanical performance to their oil-based counterparts [4-7]. The byproducts
of biomass refinery, such as 1,3-propanediol, isosorbide, fumaric acid, vanillin, limonene,
and itaconic acid, are examples of bio-derived monomers that have recently been used to
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produce biopolymers and biofuels with lower carbon footprints than their conventional
counterparts [5,6].

Lignocellulosic biomass, derived from forests, is the most abundant type of biomass
and a valuable source of natural polymers, such as cellulose, hemicellulose, and lignin.
In turn, lignin is the second most abundant natural polymer and can be recovered as a
byproduct of the pulp and paper industry [8]. Lignin is an amorphous and heterogeneous
polymer with high molecular weight and takes the form of a complex three-dimensional
structure of alkylphenolic rings that result from the polymerization of three types of
aromatic monomers: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [9,10].
These copolymerize to form the lignin structural units syringyl (S), guaiacyl (G), and p-
hydroxyphenyl (H), with their proportions in the polymer depending on the biomass source
(i.e., the type of vegetation) [11]. Due to its partly aromatic backbone, lignin offers good
thermal stability and fire retardancy, making it suitable for applications where increased
heat resistance and improved fire reaction performance is required [12]. Moreover, lignin is
very stiff, owing to the strong bonds that hold the monomers together.

The incorporation of lignin in resins used in the production of FRP composites; there-
fore, it has excellent potential to enhance the sustainability of these materials by increasing
their renewable content as well as by potentially improving their mechanical properties at
ambient temperature and their high temperature resistance (due to the presence of aromatic
rings with high thermal stability) and fire reaction properties. Through the biorefining of
lignin, valuable aromatic structures akin to phenol can be obtained; however, the depoly-
merization processes required to achieve this are costly [9,13], which explains why this
natural polymer has been mostly incorporated into resins, adhesives, foams, and other
polymeric materials in its macromolecular form [14-19]. In fact, several efforts have been
made in recent years to incorporate lignin into the polymer structures of phenolic [20-22],
polyurethane [23], furanic [24], epoxy [25-27], polyester [28-30], vinyl ester [30,31], and
acrylate-based [32,33] resins.

A common issue in these studies is determining the actual role of the macromolecular
lignin in the resulting material. The combination of base polymer and lignin can result
in (i) a composite in which the lignin acts as a filler and there is a well-defined interface
with the base polymer, (ii) a blend of lignin and a base polymer wherein interdiffusion
between the two polymers occurs, and (iii) a copolymerized network in which lignin acts
as a reactive component, either integrating the main polymer structure or functioning as
a crosslinking agent [11,27]. The actual incorporation mechanism will be dependent on
several factors, including but not limited to the compatibility between the base polymer and
the type of lignin used, as well as the process(es) used for lignin incorporation. Depending
on the type of combination between lignin and the base polymer, the properties of the
resulting material can vary significantly, with both reductions and increases in performance
having been reported in previous studies [11].

Among the previously mentioned resin types, those derived from phenol are very
interesting for applications where the thermal behavior is a relevant performance require-
ment, given their low flammability and good mechanical properties at relatively high
temperatures (up to around 200 °C [34,35]). Such properties are highly desirable in FRP
composites used in many applications. However, the use of phenolic resins in FRP materi-
als is hindered by difficulties associated with the production, reinforcement, and thermal
curing of these resins, in addition to their brittleness at ambient temperature and low
impact resistance [36,37].

Considering this context, the greatest potential for the use of lignin in bio-based resins
for FRP composites seems to lie in its incorporation in the polymer structure of the types of
resin more commonly used in the composites industry, such as unsaturated polyester or
vinyl ester. The present study explores this strategy by investigating the effects of lignin
incorporation (4% w/w) on a partially bio-based vinyl ester resin synthesized in a two-step
bulk polycondensation reaction. The bio-based resin was formulated with monomers
derived from renewable sources, namely 1,3-propanediol, isosorbide, and fumaric acid,
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and ortho-phthalic anhydride, sourced from crude oil. The objective of lignin incorporation
was two-fold: (i) to increase the bio-based content of the vinyl ester resin and (ii) to
improve the stiffness of the main polymeric chain, and thus, the mechanical properties
of the resin. To that end, two bio-based vinyl ester resin compositions were produced,
one without (reference formulation) and another with lignin incorporation. These resins
were characterized by means of the following analyses/tests: (i) Fourier-transform infrared
(FTIR) spectroscopy, (ii) gel permeation chromatography (GPC); (iii) dynamic mechanical
analysis (DMA), (iv) thermogravimetric analysis (TGA), (v) tensile tests, and (vi) shear
tests.

2. Materials and Methods
2.1. Materials

Two partially bio-based vinyl ester (VE) resins were produced in this study: a reference
bio-based VE resin (BVE) and a bio-based VE resin incorporating lignin in its main poly-
meric chain (BVEL); the prepolymers of both resins presented a mass bio-based content over
80%. The base formulation of the bio-based VE resin was obtained from the modification
of the polymeric chain of a bio-based unsaturated polyester resin, previously developed
at Instituto Superior Técnico, which was recently used for the pultrusion of carbon fiber-
reinforced polymer laminates [5]. This bio-resin was formulated with monomers obtained
from renewable sources (1,3-propanediol, isosorbide, and fumaric acid) and non-renewable
sources (ortho-phthalic anhydride).

The following materials were used in the synthesis of the resins: 1,3-propanediol (PDO)
was acquired from DuPont and Tate and Lyle under the commercial name of Susterra™
propanediol; isosorbide (ISO, >98%) was provided by Tokyo Chemical Industry Co. (TCI, Tokyo,
Japan); fumaric acid (FA, >98%), ortho-phthalic anhydride (PA) (99%), and 2-hydroxyethyl
methacrylate (HEMA, 97%) were obtained from Sigma Aldrich; styrene (STY), cobalt octoate
1% (OC), and methyl ethyl ketone peroxide (PMEK) were provided by EcoCompdsitos S.A.
(Portugal). All reagents were used without modification (i.e., as received), except for the
Kraft lignin, obtained through the Lignoboost process, which was washed with distilled
water prior to the synthesis to extract its inorganic phase. This lignin was extracted from
Eucalyptus wood, a softwood for which the H/G/S proportions were reported to be in the
range of 0-5/95-100/0 (%) [38].

2.2. Synthesis

The prepolymers were obtained through a two-step bulk polycondensation reaction
(described below), following the formulations listed in Table 1 and with the chemical
structure depicted in Figure 1, which illustrates how lignin is incorporated in the bio-based
prepolymer. The lignin structure is linked by covalent bonds in the structure of the linear
vinyl ester prepolymer. Depending on the lignin content, each vinyl ester backbone can
have one or more lignin derived segments but not more than three to avoid premature
reticulation.

Both BVE and BVEL resins were formulated with a mixture of unsaturated (PA) and
saturated (FA) acids, at a mass ratio of 1:2.5. BVE and BVEL resins were synthesized using
a glycol excess of 15% and 12% in mol, respectively (in the latter case, the glycol excess
aimed to compensate for uncertainties arising from the polycondensation reaction of the
lignin). In the BVEL resin, 0.1 mol % of isosorbide (regarding the total glycol amount) was
replaced by 35.74 g of lignin, corresponding to a total incorporation ratio of lignin of ca.
4% w/w, (slightly) increasing the prepolymer bio-based mass content from 82.1% to 82.8%.

The reactants were placed inside a 2 1 reactor equipped with a bottom drain valve,
a glass lid with 5 ground joints, an anchor blade mechanical stirrer, a nitrogen gas inlet,
and an addition funnel (to add the FA in the second stage of the synthesis, as described
below). The reactional medium was heated at 206 °C £ 4 °C using a heating mantle,
and the temperature inside the reactor was monitored with a thermocouple. The residual
water formed during synthesis and the water derived from the solubilization of the raw
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materials was collected using a condenser coupled to a distilling receiver (Dean—Stark type
apparatus).

Figure 1. Chemical structure of the prepolymers used in the synthesis of resin BVEL.

Table 1. Dry mass content of BVE and BVEL resins.

BVE Resin BVEL Resin
Monomer
Dry Mass Content (g) Dry Mass Content (g)
Ortho-phthalic anhydride (PA) 148.11 148.11
Fumaric acid (FA) 292.18 292.18
1,3-propanediol (PDO) 187.99 197.27
Isosorbide (ISO) 200.58 188.29
Lignin - 35.74

In the first stage of the synthesis, the reactants were added to the reactor at ambient
temperature, and then stirred and heated to the set-point temperature to promote the
bonding between the OH groups of glycols and the COOH groups of PA. During this stage,
the reaction progress was monitored through acid-base titration, and the reaction proceeded
until the acid number (AN) stabilized below 30 mgKOH/g. In a second stage, the reactor
was cooled to 100 °C and the stirring motion was slowed to incorporate the FA in the
reaction medium. This two-step procedure ensured that the unsaturated double bonds of
FA were formed at the extremities of the polymeric chains, making the resin less hydrophilic
than an unsaturated polyester (UP) resin (as there are fewer unsaturation points in the
polymeric chain), and thus enabling a vinyl ester molecular structure (with less saturation
points over the polymeric chain) to be obtained. The second stage of the polycondensation
reaction proceeded until the AN stabilized (same value in two consecutives measurements,
one hour spaced) or until the maximum viscosity reached 16,000 cp (the viscosity was
measured at 125 °C in a high-temperature ICI cone and plate viscosimeter); once one
of these criteria was satisfied, the prepolymers were cooled to a temperature of 160 °C.
Afterwards, they were diluted (without prior purification) in a balanced mix of STY and
HEMA at an incorporation temperature between 60 °C and 70 °C. The use of reactive
diluents in the processing stage allowed the adjustment of the viscosity of the final product,
whereas in the hardening stage they promoted the connection between the linear chains of
VE (through the crosslinking points of the unsaturated double bonds of FA), thus forming
a thermosetting crosslinked structure.

Of the various formulations tested (in which the ratio between PA and FA was varied
between 1.5 and 3.5), the resin compositions shown in Table 1 were the ones that presented
a better balance between mechanical and thermomechanical properties and processing
parameters (for different manufacturing techniques of FRP composites), and they aimed
at maximizing the overall bio-based content. Indeed, these bio-based VE resins were
produced with monomers predominantly derived from renewable resources, and they
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also incorporated a lower styrene content (partially replaced by HEMA) compared to
conventional VE resins. It is worth mentioning that styrene is more toxic than HEMA,
despite the former being commonly used as the sole reactive diluent in conventional VE
and UP resins; the use of HEMA therefore has fewer harmful effects on human health and
on the environment [39].

2.3. Specimen Preparation

The resin plates used for specimen characterization had a thickness of 4 mm and were
produced differently for BVE and BVEL resins since, due to the phenolic nature of lignin,
the latter resin required curing at an elevated temperature (80 °C). This caused certain
difficulties in terms of limiting the maximum size of the BVEL plates and their frequent
cracking.

The resin plates were produced in open molds comprising two tempered glass plates
with dimensions of 500 x 500 mm? for the BVE resin and 200 x 200 mm? for the BVEL
resin (to enable curing inside a thermal chamber). The gaps between the glass plates of the
BVE and BVEL resins were sealed with a rubber or silicone cord, respectively, and acrylic
spacers (4 mm thickness) were placed adjacently (and externally) to the cord. A releasing
agent was sprayed on the surface of the molds to ease the separation of the cured resin
plate from the glass molds.

The BVE resin plates were cured for 24 h at ambient temperature (20 & 2 °C), while
those with BVEL resin were cured for 3 h at 80 °C. Afterwards, they were both post-cured
at 100 °C for 4 h and then cooled to an ambient temperature. In addition, one batch of
BVEL resin was post-cured at 110 °C for 24 h. All test specimens were cut according to
standardized dimensions (see Section 2.4) in a CNC machine.

2.4. Characterization Tests

Fourier transform infrared (FTIR) analysis was performed on the bio-based prepoly-
mer, without and with lignin incorporation. A Spectrum Two Perkin Elmer spectrometer was
used, and the spectra were captured from 4000 to 600 cm~! and analyzed in Perkin Elmer
Spectrum IR software, version 10.7.2.

Gel permeation chromatography (GPC) tests were carried out in the prepolymer
without and with lignin incorporation to determine their molecular weight average num-
ber (Mp) and molecular weight average weight (My). Tetrahydrofuran (THF) was used
as the solvent, according to ISO 13885-1, at a concentration of 1 mg/mL. The samples
underwent filtration and were then injected into a column set, which consisted of a precol-
umn (8 x 50 mm) PSS SDV and columns (8 x 300 mm) PSS SDV analytical linear S, both
with a particle size of 3 pum, and filled with polystyrene crosslinked with divinylbenzene
(gel). Prior to elution, the columns were equilibrated at 40 °C, and then a flowing rate
of 1.0 mL/min was used. Dual detectors held at 40 °C were employed to monitor the
eluent: the first was a UV /Visible detector (model JASCO UV-4075) set at 254 nm and the
second was a refractive index detector (model JASCO RI-4030). The molecular weights
were calculated based on the retention time using a conventional calibration method with
narrow polystyrene standards (M, ranging from 266 to 59,300 Da).

DMA tests were performed to assess the influence of the aromatic groups of lignin
in the thermo-mechanical behavior and in the glass transition temperature (Tg) of the
bio-based VE resin, determined according to ISO 6721-11. The experiments were conducted
according to the ASTM E1640 [40] standard in a Q800 TA Instruments dynamic mechanical
analyzer. The specimens were tested in a dual cantilever configuration, considering a
deformation amplitude of 15 um and 10 um, respectively, in BVE and BVEL specimens,
as well as an oscillatory frequency of 1 Hz. The tests were performed from —30 °C to
150 °C, at a heating rate of 2 °C/min. For each type of resin, two replicate specimens were
tested and, in the case of the BVEL resin, two runs were carried out to assess the effects
of exposure to elevated temperature (above the post-curing temperature) regarding the
thermomechanical behavior of the material, and a third specimen was tested after post-cure
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for a longer period at a higher temperature to assess the effects of the additional post-cure.
Table 2 lists the specimens tested, indicating the post-curing conditions and the number of
DMA runs.

Table 2. Summary of DMA experiments.

Post-Curing

Resin Specimen Temperature (°C) Time (h) Runs
BVE-1 1

BVE BVE-2 1
BVEL-1 100 4 2

BVEL BVEL-2 2
BVEL-3 110 24 1

Thermogravimetric analyses (TGA) were also conducted according to ASTM E2550-
21 [41] standard on a Hitachi-STA7200 analyzer. These tests aimed at quantifying the
mass variation of the resins as a function of temperature and estimating their decomposi-
tion temperatures. The experiments were conducted on two samples for each resin with
mass of 15-30 mg, from ambient temperature (20 °C) up to 600 °C, at a heating rate of
10 °C/min, and in both oxidative (synthetic air) and inert (nitrogen) atmospheres (air flow
of 100 mL/min).

The mechanical behavior of the resins was compared by means of tensile and shear
tests conducted according to ASTM D638-14 [42] and ASTM D5379/D5379M [43] standards,
respectively, and the shear tests were performed according to the V-notched beam method.
For each test type, five replicate specimens of the BVE resin and three of the BVEL (due to
the aforementioned difficulties in obtaining cured material for testing) were tested in an
Instron universal testing machine (model 5982, with load capacity of 100 kNN); the tests were
performed under displacement control, at a displacement rate of 1 mm/min. Displacements
were measured at different points of the specimens with a video extensometer, which
comprised a high-resolution SONY camera (model XCG-5005E) with Fujinon lens (model
Fujifilm HF50SA-1). This system enabled us to track the position of a set of points (targets)
marked on the surface of the specimens during the tests and then compute the relative
displacement (i.e., deformation) between those points to estimate the elastic and distortion
moduli of the resins.

3. Results and Discussion
3.1. FTIR

The FTIR spectra of the partially bio-based prepolymers, without and with lignin
incorporation, are depicted in Figure 2. As expected, due to the relatively low incorporation
of lignin (4% wt.), the same band patterns were found in the FTIR spectra of both bio-based
resins. The carbonyl stretching mode of the ester groups can be associated with the intense
bands in the region of 1715 cm ™! [44], whereas the band in the region of 1250 cm ™! can be
attributed to the C-O-C and C-O stretching of those same groups [45]. The (-C=C-) double
bond from fumaric acid is apparent in the band located at 1645 cm ™! [46]. Regarding the
transmittance peaks in the regions of 1600 cm~! and 1475 cm ™!, these should highlight
the presence of the aromatic rings in the polymer structure. The bands in the region of
2900 cm ! can be attributed to the stretching vibration mode of methylene (-CH2-) [47]. The
band corresponding located in the region of 3500 cm ! can be attributed to the vibration of
the hydroxyl group (-OH) [48].
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Figure 2. FTIR spectra of bio-based prepolymers, without and with lignin incorporation.

3.2. GPC

Figure 3 shows the retention time results from the GPC analyses performed on the
bio-based resins without and with lignin incorporation. Table 3 summarizes the resulting
values of My, My, and polydispersity index (PDI).
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Figure 3. GPC spectra of the two bio-based prepolymers (without and with lignin incorporation).

Table 3. Summary of GPC results.

Parameter BVE BVEL
Mn 1555 1483
Mw 2956 3561
PDI 1.9 2.4

The differences in spectra obtained for BVE and BVEL suggest that the incorporation
of lignin in the linear vinyl ester was overall successful, having produced a significant
increase (20%) in the molecular weight of the lignin-containing prepolymer relative to
the base prepolymer. The PDI obtained for the BVEL prepolymer was also higher (26%),
indicating an increased heterogeneity of the polymer segments.

3.3. DMA

Figure 4 presents the storage modulus (E’) and tangent delta (tan §) curves obtained
from DMA both as function of temperature. Table 4 presents the values of Ty obtained
from each of the curves plotted in Figure 4. The thermomechanical response of the BVE
and BVEL resins mostly present similar qualitative behavior, with some differences in the
behavior immediately following the glass-transition process, which are discussed below
(in this section). For both resins, the storage modulus showed a sigmoidal variation with
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increasing temperature, which was characterized by an initial plateau during the vitreous
state, followed by a steep reduction due to the softening of the resin during the glass
transition process; accordingly, this process is also correlated with the peaks of the tangent
delta curves. The Ty values obtained from the onset of E” decay were relatively similar for
the resins cured for 4 h at 100 °C (BVE-1,2 and BVEL-1,2), being in the 55-60 °C range; the
Ty estimates obtained from the tan 6 peak were in the range of 95-105 °C, with the BVEL
samples at the higher end of this range.

(@) (b)

10,000 1.0
_ E BVEL-1
(]
M BVEL-1-R
S 1000 - 084 BvELo
= XN BVEL-2-R
[#8)

N — —— BVEL-3*
g 104 w064 oo
= © —— BVE2
] c
g £ 04
7]
)
g 0.2
S
)

T T T O'O — 71\7 - T T - T
50 100 150 -50 0 50 100 150

Temperature [°C] Temperature [°C]

Figure 4. DMA results: (a) storage modulus and (b) tangent delta curves of BVE and BVEL resins as

a function of temperature (* specimen cured for 24 h at 110 °C; remaining specimens cured for 4 h at
100 °C).

This slight performance improvement of the BVEL resin (reflected in higher T, values)
suggests that the incorporation of lignin somewhat reduced the polymer chain mobility
compared to the reference resin. This was expected considering that lignin is a complex and
heterogeneous natural polymer with a relatively high molecular weight and rather rigid
aromatic segments and considering its effects on the molecular weight of the prepolymers
as discussed for the GPC analysis. The magnitude of the tan  peaks for the two resins was
also significantly different, being 5 to 10% higher in BVEL. This further suggests a more

amorphous and heterogeneous (less crystalline) polymer structure in that resin compared
to BVE.

Table 4. Summary of DMA results.

1st Run 2nd Run
Resin Specimen
Ty, E Ty, tan & Failure Tg, E Tg, tan & Failure
BVE-1 54.9 94.9 No ) -) (-)
BVE BVE-2 62.1 98.3 No ) ) “)
BVEL-1 57.6 107.2 No 66.2 116.8 Yes
BVEL BVEL-2 58.3 102.3 No 69.2 114.3 Yes
BVEL-3 * 79.7 145.7 Yes ) ) )

* Specimen cured for 24 h at 110 °C (remaining specimens cured for 4 h at 100 °C).

However, it is important to note that the BVEL-3 specimen, post-cured for 24 h at
110 °C, exhibited significantly higher T¢ values, estimated both from the onset of E” decay
(79.7 °C) and tan 4 peak (145.7 °C); additionally, this specimen exhibited a sudden increase
in E’ following the glass transition process, failing due to bending inside the DMA chamber
shortly after. The peak of tan 6 occurred during this segment of the material’s response,
resulting in the unusual development of this curve; this should be taken into account when
considering the T, estimate taken from the tan & peak for this specimen.

To further investigate this observation, the remaining BVEL samples were subjected
to a second DMA run, during which similar post-glass-transition behavior (E” increase
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followed by failure) was observed. Additionally, as expected, these samples presented
increased Ty in the second run (in the range of 66-69 °C from the onset of E” decay and
114-116 °C from tan 6 peak) relative to the first run, suggesting increased crosslinking from
the consecutive heating processes undergone during DMA. In fact, the results gathered
from the BVEL-3 specimen (significantly increased Ty after longer post-curing at higher
temperature), combined with the results from the second run of the BVEL-1 and 2 speci-
mens, indicate that there was still significant potential for additional cross-linking in the
BVEL resins even after post-curing at 100 °C for 4 h. It is reasonable to consider that the
increases in E’ after glass-transition may have resulted from additional cross-linking being
facilitated by the polymer’s state of increased molecular mobility.

Similar post-glass-transition increases of E” have been reported in the literature for
acrylate-based resins incorporating lignin, either as a filler or as part of a copolymerized
network [33]. In that study, the authors also suggested that lignin may have contributed to
further crosslinking at elevated temperatures, thus resulting in increased E’.

3.4. TGA

Figure 5 shows the percentage of remaining mass vs. temperature curves and the
derivative of the mass loss curve (DTG) obtained from TGA tests in oxidative and inert
(nitrogen) atmospheres. Table 5 summarizes the main results of the TGA tests, namely
the temperatures for the mass reductions of 5%, 10%, and 50% (often used to define the
decomposition temperature) and the mass residue (in %).

(a) (b)
—— BVE-O-1 — BVE-I
1004 . = 1004
—— BVEL-O-1 =
1 R \ S e BVEL-O-2 S g0l
2 2
g [
g 60 . g 601 )
& 50% mass reduction a0 50% mass reduction
& ap E 40 \
: 1 o= T
.a g
§ 2l & 20
4
(1| prepremp 04
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature [°C] Temperature [°C]
(c) (d)
3000 3000
—aveo — o
..... BVE-O-2 — BVEL-I
2500 —— BVEL-O-1 2500
""" BVEL-0-2
" 2000+ ' 2000+
5 5
s 1500 -| = 1500 -
8 1000 - 8 1000 -
a a
500 4 500 -
0+ 0+
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Temperature [°C] Temperature [°C]

Figure 5. TGA results: the remaining mass (a,b) and the derivative of mass loss curve (DTG) (c,d) of
BVE and BVEL resins as a function of temperature.
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In an oxidative environment, the remaining mass of the BVE and BVEL resins showed
an almost identical two-step sigmoidal variation with increasing temperature (two peaks in
DTG): while mass was reduced moderately at ~300 °C, it dropped sharply between ~300 °C
and ~420 °C, and then between ~500 °C and ~600 °C, due to the thermal decomposition
of the resins with a slight lag (~10 °C) between the BVE and BVEL resins (the disturbance
in the BVE curve at ~500 °C, which occurred for the two samples, is likely due to smoke
release during combustion of the resin). In an inert environment, the remaining mass
curves of the BVE and BVEL resins almost overlapped, presenting a single drop (one peak
in DTG) to between ~300 °C and 420 °C.

In an oxidative atmosphere, the decomposition temperature, defined for a mass
reduction of 50% with respect to that at ambient temperature, is 387 °C and 393 °C for
resins BVE and BVEL, respectively. This confirms the positive impact, even if slight, of
introducing the complex aromatic lignin structures into the resin’s polymeric chain. For the
inert atmosphere, the decomposition temperature of both resins is 393 °C.

Table 5. Summary of TGA results.

Atmosphere Resin Specimen  Tse, (°C)  Tyge, (°C) Tsq9, (°C) Residue (%)

BVE-O-1 229 290 385 0.1
o BVE BVE-O-2 257 316 389 0.2
Oxidative BVEL-O-1 239 308 394 12
BVEL  pyEL-0-2 266 326 392 0.2

BVE BVE-I 247 313 393 57

Inert BVEL BVEL-I 239 300 393 5.1

3.5. Tensile Behavior

Figure 6 presents the axial stress vs. axial strain curves obtained in the tensile tests of
BVE (Figure 6a) and BVEL resins (Figure 6b). The resins presented a similar behavior up
to failure, characterized by an initial linear response, a gradual stiffness reduction before
attaining the maximum stress and failing in a brittle manner. Table 6 summarizes the tensile
strength, tensile modulus (calculated for strains between 0.1% and 0.5%, for which the
response was linear), and the ultimate tensile strain of both types of resins. As shown, BVE
and BVEL resins presented similar tensile moduli (3.2-3.4 GPa), yet the incorporation of
4% by the weight of lignin resulted in a 27% increase in tensile strength, and 45% increase
in average ultimate tensile strain, which offers a significant advantage for incorporation
in FRP composites. This increase in mechanical properties is consistent with the results
of GPC tests, namely with the increase in M,, with lignin incorporation. Performance
increases have also been reported in previous studies using lignin as a source of hydroxyl
groups in polyurethane synthesis, i.e., where lignin acts as a reactive component and is
integrated into the polymer structure [49,50]. On the other hand, performance reductions
have also been reported in the literature, particularly when lignin is found to behave as a
filler [51,52].

It is worth noting that, as shown in Figure 6b, the properties of the BVEL resin showed
a slightly higher scatter than those obtained for the BVE resin, possibly owing to the
heterogeneity introduced in the main polymeric chains of the former resin via the complex
structure of lignin, during the first stage of the polycondensation reaction. This higher
heterogeneity has been consistently suggested from the results of the different experiments
presented here.
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Figure 6. Tensile test results: axial stress vs. axial strain curves obtained for (a) BVE and (b) BVEL
resins.

Table 6. Tensile test results (average + standard deviation and coefficient of variation (CoV)).

Resin Specimen Tensile Tensile Ultimate Strain
P Strength (MPa)  Modulus (GPa) (%)
1 45.0 3.40 1.49
2 50.9 3.31 1.86
3 579 3.39 2.21
BVE 4 52.1 3.25 1.92
5 48.9 3.44 1.70
Average 51.0+4.7 3.36 4+ 0.08 1.84 +£0.27
& (CoV =9%) (CoV = 2%) (CoV = 15%)
1 67.4 3.43 2.56
2 70.4 3.18 3.05
BVEL 3 57.2 3.08 241
Average 65.0 6.9 3.23 +0.18 2.67 +0.33
& (CoV =11%) (CoV = 6%) (CoV = 13%)

3.6. Shear Behavior

Figure 7 shows the shear stress vs. distortion curves of the BVE (Figure 7a) and BVEL
resins (Figure 7b), which showed an initial approximately linear behavior, followed by a
non-linear response up to failure characterized by a stiffness reduction with increasing shear
stress, typical of polymeric resins; however, this nonlinearity was less pronounced in some
of the BVEL specimens, once more being indicative of potentially increased heterogeneity
in the polymer structure of this resin. Table 7 summarizes the shear strength, shear modulus
(calculated for shear strains between 0.25% and 0.65%, as per ASTM D5379/D5379M) and
the ultimate distortion of both resins. The results show that the addition of lignin led to an
increase in the average values of the shear properties of the bio-based resin: 4% for shear
strength, 11% for shear modulus, and 4% for ultimate distortion. These improvements are
consistent with those obtained in the tensile tests, and overall should stem from the same
reasons mentioned there.
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Figure 7. Shear test results: shear stress vs. distortion curves obtained for (a) BVE and (b) BVEL
resins.

Table 7. Shear test results (average + standard deviation and coefficient of variation (CoV)).

Resin Specimen Shear Strength ~ Shear Modulus Ultimate
p (MPa) (GPa) Distortion (%)
1 496 1.37 431
2 47.2 1.51 5.65
3 482 1.57 6.19
BVE 4 478 1.45 5.67
5 57.4 1.67 6.61
Avera 50.0 + 4.2 1514 0.11 5.69 + 0.87
verage (CoV = 8%) (CoV = 8%) (CoV = 15%)
1 52.1 1.51 6.41
2 47.5 1.68 5.02
BVEL 3 56.3 1.86 6.27
Aver 52.0 + 4.4 1.68 +0.18 5.90 + 0.77
erage (CoV = 8%) (CoV = 10%) (CoV = 13%)

4. Conclusions

This paper investigated the effects of the incorporation of Kraft lignin obtained through
the Lignoboost process from Eucalyptus wood on a partially bio-based vinyl ester (VE) resin.
The study focused on the impacts of such an incorporation on the short-term mechanical
properties (tensile and shear) and thermomechanical properties (i.e., glass transition and
decomposition temperatures) of the base resin.

The incorporation of 4% wt. of lignin resulted in a more amorphous (less crystalline)
and heterogenous polymer chain with reduced mobility due to lignin’s relatively complex
and high molecular weight aromatic structure. In practical terms, this was reflected in
the improvement of the mechanical and thermomechanical properties of the base resin:
the tensile strength increased 27% and the shear strength increased 4%; an improvement
was also observed for the glass transition temperature (defined based on the tan  peak),
which increased from the 95-98 °C range to the 102-107 °C range. The VE resin with lignin
incorporation also evidenced significant potential for additional cross-linking, even after a
post-cure of 4 h at 100 °C. On the other hand, the resin with lignin incorporation showed
a somewhat increased scatter in its mechanical response, particularly at higher stress
levels, as well as higher brittleness. The tensile and shear moduli and the decomposition
temperature were fairly similar to those of the reference resin without lignin.

Overall, these results demonstrate that, despite requiring curing at high temperature, a
minor incorporation of lignin can significantly improve the thermomechanical and mechan-
ical behavior of bio-based VE resin. These results seem to confirm the promising potential of
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using this sustainable biopolymer in high-performance composite applications. However,
the further assessment of the influence of lignin incorporation fraction on the properties of
the resulting resins as well as their compatibility with typical fiber reinforcements are still
necessary.
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