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Abstract: The demand for high-performance bio-based materials towards achieving more sustainable
manufacturing and circular economy models is growing significantly. Kraft lignin (KL) is an abundant
and highly functional aromatic/phenolic biopolymer, being the main side product of the pulp and
paper industry, as well as of the more recent 2nd generation biorefineries. In this study, KL was
incorporated into a glassy epoxy system based on the diglycidyl ether of bisphenol A (DGEBA) and
an amine curing agent (Jeffamine D-230), being utilized as partial replacement of the curing agent
and the DGEBA prepolymer or as a reactive additive. A D-230 replacement by pristine (unmodified)
KL of up to 14 wt.% was achieved while KL-epoxy composites with up to 30 wt.% KL exhibited
similar thermo-mechanical properties and substantially enhanced antioxidant properties compared
to the neat epoxy polymer. Additionally, the effect of the KL particle size was investigated. Ball-
milled kraft lignin (BMKL, 10 um) and nano-lignin (NLH, 220 nm) were, respectively, obtained
after ball milling and ultrasonication and were studied as additives in the same epoxy system.
Significantly improved dispersion and thermo-mechanical properties were obtained, mainly with
nano-lignin, which exhibited fully transparent lignin—epoxy composites with higher tensile strength,
storage modulus and glass transition temperature, even at 30 wt.% loadings. Lastly, KL lignin
was glycidylized (GKL) and utilized as a bio-based epoxy prepolymer, achieving up to 38 wt.%
replacement of fossil-based DGEBA. The GKL composites exhibited improved thermo-mechanical
properties and transparency. All lignins were extensively characterized using NMR, TGA, GPC, and
DLS techniques to correlate and justify the epoxy polymer characterization results.
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1. Introduction

The worldwide dwindling of fossil resources, along with the environmental impact
of their intensive and unsustainable use to produce fuels, chemicals, and materials, has
created the need to search for alternative, eco-friendly, and renewable resources [1-3].
Thermoset and thermoplastic polymers are some of the most commonly used classes of
materials in everyday to high-tech applications and their production had been traditionally
based on petroleum and coal-derived chemicals [4]. Furthermore, most of these synthetic
polymers, such as polyolefins or epoxy-based resins and polycarbonates, exhibit high
resistance to natural or chemical degradation, thus requiring extremely challenging and
energy-intensive processes to recycle them within the concept of the circular economy [5-7].
Thus, over the last 2-3 decades, the research and development focus has shifted towards
the development of advanced green and sustainable biorefining processes for bio-based
platform chemicals, monomers, and polymers, in addition to bio-fuels [8,9].
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Lignocellulosic biomass has tremendous potential in this effort. More specifically, the
three main structural components of lignocellulosic biomass, i.e., cellulose, hemicellulose,
and lignin, represent an abundant source of chemicals that can be derived from chemo- and
bio-catalytic depolymerization and transformations of the above biopolymers [2,10-12]. To
this end, lignin is considered as the most abundant natural source of phenolic and aromatic
compounds with huge valorization and exploitation potential [13-16]. Lignin is a highly
crosslinked natural aromatic polymer, with more than 100 million tons of annual produc-
tion, mainly in the form of lignosulphonates and kraft lignin as by-products of the pulp
and paper industry and the rest originating from alkaline pulping, enzymatic hydrolysis,
and organosolv pretreatment of biomass [17,18]. Despite its valorization potential, lignin is
underutilized and is mainly used as solid biofuel for in-house energy and heating demands.
Lignin’s macromolecule consists mainly of phenylpropanoid monomers, namely, coniferyl
(G units), sinapyl (S units), and p-coumaryl (H units) alcohols with various functional
groups, such as hydroxyl, carbonyl, methoxy, and carboxyl groups [19-21]. In the last
decades, due to its structure and hydroxylated surface, lignin has attracted increased sci-
entific and industrial interest in fields like energy, fuels, chemicals, and, more recently, in
the polymer science field, aiming towards its utilization either with or without functional-
ization for the production of new green polymers and composites. So far, lignin has been
employed in the synthesis of various thermosetting and thermoplastic polymers [13,22,23],
while more recently, many studies have focused on lignin being utilized in resins, adhesives,
and polymer blends [24-31]. Lignin has been successfully studied in the synthesis of epoxy
resins replacing, at least partially, petroleum-derived phenolic prepolymers and curing
agents [32]. Due to its phenolic/aromatic structure, lignin exhibits high chemical similar-
ity and affinity with phenol-based epoxy resins, in addition to being prone to chemical
functionalization via glycidylation (or other reactions) of its abundant hydroxyls [33-37].

Epoxy resins are considered one of the most commonly used thermosetting polymers
in various applications because of their unique properties and performance towards chemi-
cal resistance, thermal stability, and adhesion strength to various substrates [38,39]. Epoxy
resin is cured using various types of curing agents under different conditions depending
on its specific application [40]. Currently, epoxy resins are produced by the reaction of the
petroleum-based chemicals bisphenol-A (BPA) and epichlorohydrin that yield diglycidyl
ether of bisphenol A (DGEBA) [41]. The major drawbacks of DGEBA-based resins are
their limited recyclability [42] and the toxicity of bisphenol A (BPA) [43]. Therefore, there
is an increasing interest in developing bio-based epoxy monomers or oligomers that can
partly or completely replace petroleum-derived BPA monomers towards high-performance
hybrid thermosets and composites.

Currently, studies of lignin-epoxy composites have focused on utilizing raw lignin as
an additive in epoxy resin composites [36,44—46] or as a component capable of replacing
either the epoxy resin prepolymer after chemical modification (glycidylation) [33-35,47] or
the curing agent [46,48,49]. Relevant studies on lignin fractionation towards the achieve-
ment of better homogeneity, functionality, and polydispersity of lignins are also avail-
able [37,50-59]. Synthesis of thermosets like epoxy resins using unmodified lignins as
additives—fillers represent a challenging field. Lignin, and in particular kraft lignin, is
known for its condensed structure, resulting in poor solubility and dispersion in polymers.
In our previous work, we demonstrated that sub-micro-sized organosolv beechwood lignin
can be effectively incorporated in epoxy polymer composites without any modification [36].
In this work, we examined ways to overcome the challenge of kraft lignin’s dispersion
and affinity with the epoxy matrix either by reducing its particle size or by chemically
modifying lignin’s surface. Yin et al. reported the blending of lignin, epoxy resin, and
polyamide in various loading levels, up to 70%, with successful crosslinking of the epoxy
resin [60]. Sasaki et al. [61] prepared epoxy resins cured using the initial bamboo lignin.
Kalili et al. [49] has also used lignin obtained from EFB black liquor as a curing agent with
success in increasing the strength of the epoxy resin composite. Similar results were re-
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ported by Kong et al. [46] on the effect of the curing process of epoxy composites, attributed
to the presence of hydroxyl groups of lignin that can promote the curing process.

To further enhance the miscibility and interaction of lignin with both the epoxy resin
prepolymer and the curing agent, research has focused on the functionalization of the
highly reactive lignin surface and its hydroxyl groups via glycidylation or amination reac-
tions, respectively. The amination of lignin was achieved using the Mannich reaction [62,63]
and was used to cure the epoxy resin. Modification of lignin with amine groups indeed
increased the dispersion of lignin in the epoxy matrix [64] and its thermal stability [65].
However, in most cases, lignin is used as a prepolymer for epoxy composites due to its phe-
nolic structure. Typically, lignin is glycidylized with epichlorohydrin to produce glycidyl
phenolic oligomers in the presence of a phase transfer salt, such as tetramethylammo-
nium hydroxide [61,66], or organic solvent mediums [33,47,67] and is being cured using
various commercial aliphatic of aromatic curing agents [33,34,47,68]. Plenty of studies
were successful in achieving fully cured lignin-epoxy composites, utilizing glycidylized
lignins as the epoxy prepolymer [32,33,35,47-49,68-73]. Furthermore, alternative ways
of achieving better dispersion into the polymeric matrixes need to be exploited, utilizing
cost-effective and sustainable methods. The decrease of lignin’s particle size to achieve
nano or micro-sized particles and its utilization into polymers is a field that has yet to
gain extensive interest. Several methods have been already reported to obtain lignin-based
nanoparticles, depending on the desirable size [36,52,74-78]. Among various strategies,
ultrasonication of lignin suspensions has been one the most promising since it creates stable
colloidal solutions of nano-sized particles that can be utilized towards improved dispersion
and reinforcement in polymers and composites [52,79].

In this work, the synthesis of lignin-epoxy resin composites using softwood kraft
lignin was demonstrated. More specifically, the effect of the as-received (pristine) kraft
lignin as a curing agent as well as a reactive additive in commercial epoxy resins was
studied in detail. To further enhance the reactivity and miscibility of kraft lignin with
the epoxy—curing agent matrix, the parent lignin was functionalized with epoxy rings
through glycidylation or, alternatively, it was subjected to ball milling or ultrasonication to
reduce its particle size. The impact of lignin incorporation on the mechanical, thermal, and
antioxidant properties of the lignin—epoxy resin composites was investigated.

2. Materials and Methods
2.1. Materials

Commercially available kraft lignin (370959, Sigma—Aldrich, St. Louis, MO, USA)
(KL) was used after drying in a vacuum oven at 40 °C overnight. Epichlorohydrin (ECH),
acetone, ethanol, and sodium hydroxide were all of analytical grade and were purchased
from Sigma—Aldrich. The commercially available liquid epoxy resin used was a diglycidyl
ether of bisphenol A (DGEBA, EPON 828, Hexion, Columbus, OH, USA) with an average
epoxide equivalent weight EEW of 188.5 g/eq, as determined by titration (the producer
provided range was 185-192 g/eq) and with Mw = 340 g/mol. The curing agent used
was the aliphatic polyoxypropylene o,w-diamine Jeffamine D-230 (AHEW = 60 g/eq,
Mw =230 g/mol, n = 2.6) (Huntsman Corporation, The Woodlands, TX, USA).

2.2. Treatment of Lignin
2.2.1. Ball Milling of Initial Kraft Lignin (BMKL)

Ball milling was conducted on a Retsch 5100 (Retsch GmbH, Haan, Germany) in-
strument. Approximately, 5 g of pre-dried kraft lignin was placed in an agate jar (80 mL)
containing 8 balls (agate) with a diameter of 1 cm. Lignin was subjected to milling for a
total duration of 8 h at 400 rpm (BMKL). The obtained lignin was dried in a vacuum oven
at 40 °C overnight.
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2.2.2. Ultrasonication of Kraft Lignin towards Nano-Lignin (NLH)

Ultrasonication was performed using a Vibra-Cell sonicator (Model VC250, 20 KHz,
250 W) from Sonics & Materials, Inc. (Newtown, CT, USA), in pulse mode, equipped with
a 1.2 cm diameter probe. A suspension of lignin in water was prepared at a concentration
of 2% w/v and was left to stir at room temperature for 1 h, followed by 2 h of sonication,
centrifugation (3000 rpm, 10 min), and drying under vacuum at 40 °C for 24 h.

2.2.3. Synthesis of Glycidylized Lignin (GKL)

Glycidylation of the pristine kraft lignin was carried out without any previous solvent
fractionation, depolymerization, or utilization of selected solvent-soluble fractions. The
glycidylation process involved the following steps: In a round bottom flask, pristine kraft
lignin (6 g) was dissolved in ECH (16 eq. of the number of active -OHs of the lignin as
determined by SIP_NMR, see below) and acetone (200 mL). The mixture was stirred for
5 min at room temperature followed by the addition of agq. NaOH solution (3 eq. NaOH
of the number of active -OHs of lignin) (200 mL). The mixture was stirred for 5 h at 55 °C.
After the reaction, the mixture was cooled and iced H,O (400 mL) was added, followed by
acidification to pH = 3 using a 1 M HCl solution and left overnight at 4 °C. The residue
that formed at the bottom of the beaker was decanted in Falcon tubes (50 mL), iced H,O
was added, and it was then centrifuged (3800 rpm, 20 min). The solid residue was further
washed with iced HyO to remove any residual ECH. Finally, the recovered glycidylized
lignin (GKL) was thoroughly dried at 40 °C for 24 h (yield = 96%).

2.3. Preparation of Lignin—Epoxy Composites

Neat pristine glassy epoxy polymer, used as control sample, was prepared by mixing
the epoxy monomer DGEBA (EPON 828) with the curing agent (Jeffamine D-230) at 1:1
stoichiometric ratio of amine reactive hydrogens to epoxy rings, according to the respective
epoxy (EEW) and amine-hydrogen equivalent weights (AHEW). The mixture was stirred
at 55 °C for ~5 min followed by degassing (40 mbar, 10 min, 50 °C) to remove entrapped
air and was finally cured in an oven (3 h at 75 °C and 3 h at 125 °C).

For the preparation of the lignin-epoxy composites, three approaches were applied.
In the first approach, kraft lignin was used to partially replace the curing agent D-230,
utilizing lignin’s OH groups (as determined by 3'P-NMR, see below) as epoxy ring opening
initiators. The replacement of the D-230 curing agent was in the range 5-14 wt.%. The
prepared composites were coded as GLx/yKL, where x is the weight percent replacement
of curing agent (5-14 wt.%) and y is the respective weight percent of kraft lignin in the
composites (3-9 wt.%). In a typical experiment, KL lignin was dispersed in DGEBA, and
the mixture was sonicated for 5 min followed by 1 h of stirring to evenly disperse the lignin
(at 55 °C). D-230 curing agent was then added. The mixture was stirred for 5 min, degassed
to remove entrapped air (40 mbar, 10 min, 50 °C), and was finally cured in an oven (3 h at
75°Cand 3 h at 125 °C).

In the second approach, GKL lignin was used as an epoxy prepolymer (i.e., replacing
the commercial epoxy resin DGEBA). The prepared composites were coded as GLx/yGKL,
where x is the weight percent replacement of epoxy resin (4-50 wt.%) and y is the respective
weight percent of glycidylized lignin in the composites (3—40 wt.%). GKL lignin at selected
amounts was dispersed in EtOH and sonicated for 15 min. The mixture was then poured
into the liquid DGEBA and left to stir for 15 min to completely dissolve the GKL. The
DGEBA /GKL mixture was sonicated for 3 extra min. The EtOH was evaporated at 60 °C
and D-230 was added and stirred for 5 min. Degassing (40 mbar, 10 min, 50 °C) was applied
to remove trapped air and solvent, and, finally, the mixture was cured in an oven (3 h at
75°Cand 3 h at 125 °C).

Finally, in the third route for the preparation of composites where lignin acted as
an additive, dried lignin or lignin/EtOH suspensions were pre-mixed with the epoxy
monomer EPON 828 at 60 °C for 1 h (evaporating the solvent when needed), followed
by the addition and mixing with the curing agent for 5 min, degassing (40 mbar, 10 min,
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50 °C), and finally curing in an oven (3 h at 75 °C and 3 h at 125 °C). More specifically, the
stoichiometric molar ratio of commercial epoxy resin (DGEBA) and curing agent (Jeffamine
D-230) was used and lignin was added in selected amounts, ranging from 1 to 45 wt.% of
the DGEBA /D-230 mixture.

2.4. Characterization of Lignins and Lignin—Epoxy Composites

The elemental composition (C/H/N/S) of lignin was determined using an Elemental
Analyzer (Eurovector EA3100 Series CHNS-O). Lignin samples were heated at 980 °C
under a constant flow of helium (90 mL/min). The resulting gas products were analyzed
using a gas chromatograph equipped with a thermal conductivity detector. The oxygen
content was calculated by difference.

An LA-960 Laser Scattering Particle Size Distribution Analyzer (Horiba, Kyoto, Japan)
was used to measure the particle size distribution of lignin samples. Aqueous lignin
suspensions (2 w/v%) were prepared and shortly sonicated before analysis.

Molecular weight properties (weight- and number-average molecular weight (Mw,
Mn) and polydispersity (PDI) of lignins were determined by GPC. The GPC analysis was
performed using a Shimadzu Corporation instrument (Kyoto, Japan) consisting of a con-
troller unit (CBM-20A), a pumping unit (LC-20AT), a degasser unit (DGU-20AsR), a column
oven (CTO-20AC), a diode array detector (SPD-M20A), and a refractive index detector
(RID-20A). Three analytical linear GPC columns (each 8 x 300 mm) were used for the
analysis: Shodex KF-801, KF-802.5, and KF-803 (6 pm, with a Mw range of 100-70,000 Da).
Molecular weights were given relative to polystyrene standards within the calibration range
of 162-500,000 Da. Prior to the injection, all lignin samples were completely dissolved in
THF (1-2 mg/mL) and filtered through a 0.45 um PTFE syringe filter. A sample volume of
50 pL was injected. The analysis was performed using THF as the eluent with a constant
flow rate of 0.5 mL/min, while the columns and the injection system were maintained at
42 °C.

The FT-IR-ATR analysis of lignins and composites was performed on an IR Tracer-
100 (Shimadzu Corporation, Kyoto, Japan). Infrared transmittance spectra of lignin and
composite powders were obtained in the range 4504000 cm ! at a resolution of 3 cm™!
using 32 co-added scans. All spectra presented are baseline corrected and normalized.

The thermogravimetric analysis (TGA) to determine the thermal stability and residual
mass of lignins and lignin—epoxy composites was performed using a Netzsch STA 449F5
instrument (Netzsch Group, Selb, Germany). Pre-dried lignin samples or cured composites
(5-10 mg) were placed in alumina crucibles and were heated under a 50 mL/min flow
of N, and a heating rate of 10 K/min in the temperature range of 25-950 °C (lignins) or
25-700 °C (composites).

A differential scanning calorimeter (DSC) analysis was performed in a Perkin—-Elmer
Pyris (Perkin Elmer Corporation, Waltham, MA, USA) for the determination of the glass
transition temperature (Tg) of the lignins and cured lignin-DGEBA mixtures. About
5-10 mg of pre-dried lignin samples was placed in a sealed aluminum crucible and heated
from 20 °C to 105 °C at a heating rate of 10 °C, maintained for 20 min, followed by quench-
ing at 20 °C, held at this temperature for 20 min, and finally heated to 200 °C at a heating
rate of 10 °C/min. Regarding the lignin-DGEBA mixtures, approximately 5-10 mg was
sealed in an aluminum crucible and subjected to a heating—cooling-heating cycle from
30-225 °C at 10 °C/min. During the analysis, an inert environment was maintained using
nitrogen gas (50 mL/min).

The morphology of lignin samples was studied by scanning electron microscopy (SEM)
using a JEOL JMS-840A instrument (JEOL Ltd., Akishima, Tokyo, Japan) operating at 20 kV
equipped with an energy-dispersive X-ray spectroscopy (EDS) detector. Lignin powders
samples were placed on double-sided carbon tape attached on an aluminum stub and were
gold-sputtered to enhance conductivity.

High-resolution transmission electron microscopy (HRTEM) was performed using a
JEOL 2011 microscope with an LaB6 filament, an accelerating voltage of 200 kV, a point
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resolution of 0.23 nm, and a spherical aberration coefficient of Cs = 1 mm. The lignin
powder was placed onto a carbon lacey film supported on a 3 mm diameter and 300 mesh
copper grid. The sample was further coated with a carbon layer to enhance its conductivity.

The porosity characteristics of all lignins were determined by N, adsorption-desorption
experiments performed at —196 °C in an Automatic Volumetric Sorption Analyzer
(Autosorb-1 MP, Quantachrome, Boynton Beach, FL, USA). The samples were previously
outgassed at 80 °C for 19 hundera 5 x 10~? Torr vacuum. The BET area (total surface area)
of the lignins was determined by the multi-point BET method and the total pore volume by
the BJH analysis of adsorption data.

The NMR analysis was carried out in an Agilent 600 MHz spectrometer (Agilent
Technologies, Santa Clara, CA, USA). Two-dimensional HSQC-NMR spectra were acquired
using approximately 100 mg of the pre-dried lignin samples dissolved in 0.5 mL of DMSO-
d6 (dimethylsulfoxide-d6, 99.8%, Deutero GmbH, Kastellaun, Germany). The chemical
shifts were referenced to the solvent signal (2.50/39.52 ppm). The relaxation delay was
set to 5 s, the number of scans was 16, and 450 increments (t1) were recorded in the
13C dimension. Prior to Fourier transformation, FID (free induction decay) signals were
apodized with a 71/2 sine squared-bell function in both dimensions. A baseline and manual
phase correction were also applied to both dimensions. The relative abundance of the
different lignin bonding types lignin was calculated by a semiquantitative integration of
the respective correlation peaks. The area obtained from the integration of the G, units was
set as 100 aromatic units (Ar) and the amount of each linkage type (expressed as a number
per 100 Ar) was calculated with the equation:

I RICONN
I(x) T1(G,) 100 1)
where I(x) is the integral value of the x-position (Cy—H) of the A (3-O-4), B (3-3), and
C (B-5) types of inter-unit linkages and I (G) is the integral value of Go. NMR data were
processed with MestReNova (Version 12.0.2-2091).

The quantitative 3'P-NMR analysis was performed as previously reported [80]. In
detail, an accurately weighted amount of 39—40 mg of pre-dried lignin sample was dissolved
in 0.5 mL of a deuterated chloroform and anhydrous pyridine solution (1:1.6, v/v) (Solvent
A), and 100 pL of a solution of chromium(IIl) 2,4-pentanedionate (5 mg/mL) as relaxation
agent and N-hydroxy-5-norbornene-2,3-dicarboxylic acid imide (NHND, 18 mg/mL) as
the internal standard (dissolved in Solvent A) was added. The solution was stirred for
30 min to let the lignin to fully dissolve. Then, 100 pL of 2-Chloro-4,4,5,5-tetramethyl-
1,2,3-dioxaphospholane (TMDP) was added dropwise under stirring and the mixture was
transferred to a 5 mm NMR tube and taken for measurement in an Agilent 500 MHz
spectrometer (Agilent Technologies, Santa Clara, CA, USA). The spectra were acquired
from 120-190 ppm, with 128 scans and a relaxation delay of 10 s. Prior to the quantification
analysis, the sharp peak corresponding to the TMDP+H,O was shifted and assigned to
132.2 ppm. NMR data were processed with MestReNova (Version 14.0.2-26256).

The epoxy content of the glycidylized lignin was determined using ' H-NMR analysis.
Approximately, 20 mg of pre-dried glycidylized lignin was dissolved in 0.6 g of DMSO-d6
and approximately 4 mg of 2,3,4,5,6-Pentafluoro-benzaldehyde (PFB) as internal standard.
To acquire a detailed spectrum, 32 scans and a relaxation delay of 13 s were selected. For
quantification, the area of the signal at 10.14 ppm corresponding to the aldehyde of the PFB
was correlated to the area of the signal at 2.83 ppm, which corresponds to the H; proton of
the oxirane ring. The spectrum was auto-baseline corrected.

An Axio Lab.Al light microscope (Carl Zeiss, Jena, Germany) equipped with a mi-
croscopy camera (AxioCam ERc 5s Rev.2) was used to capture the optical microscopy
images of lignin-epoxy composites using ZEN 2012 lite software (Version 1.1.2.0).

Tensile tests to record the stress—strain curves were performed on an Instron 3344
dynamometer, in accordance with ASTM D638 using a crosshead speed of 5 mm/min.
Dog-bone-shaped specimens were prepared with dimensions of 12 x 3 x 3 mm (length in
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the narrow region; width; thickness). The exact dimensions of specimens were measured
before testing.

The thermo-mechanical properties (storage modulus, tanD) of the epoxy composites
were measured on a Perkin Elmer Diamond DMA analyzer (Perkin Elmer Corporation,
Waltham, MA, USA). The bending method was used with a frequency of 1 Hz and applied
force of 500 mN. Heating of the specimens was performed at 3 °C/min in the temperature
range of 25 °C to 110 °C. The specimens had rectangular shapes with dimensions of
50 x 13 x 2 mm. The exact dimensions of each sample were measured before the test.

The antioxidant activity (free radical scavenging) of the samples was determined
by the 2,2-Diphenyil-1-picrylhydrazyl (DPPH) method. Approximately 50 mg of epoxy
composites was placed with 3 mL of a 60 uM DPPH/EtOH solution in a glass vial. The
stock (60 uM) DPPH/EtOH solution was used as a reference (control). The vials were
stored in a dark space. To measure the antioxidant activity of composites, the absorbance
of each solution was recorded at selected time intervals (1-8 h, 24 h, and 48 h) using a
UV-VIS spectrometer at 517 nm. The antioxidant activity (AA) was calculated using the
following equation:

Absorbance of control — absorbance of solution

AA(%) =100 x Absorbance of control

@

Weight uptake and resistance to EtOH of lignin—-epoxy composites were tested by
submersing pre-weighed composites in EtOH. The composites were weighed at selected
time intervals (8, 24, and 48 h, up to 30 days) and the weight uptake was calculated based
on the following equation:

Ws — Wi

Weight Uptake(%) =1
eight Uptake(%) = 100 x i

®)
where w; is the weight of composites prior the submersion (initial) (g) and w; is the weight
of the submerged and dried composites (g).

3. Results and Discussion
3.1. Physicochemical Characterization of Initial and Modified Lignins

The lignins used in this work were the commercial pristine kraft lignin (KL) and its
three modified variants, i.e., ball-milled lignin (BMKL), nano-lignin (NLH) and glycidylized
(GKL) lignin, as described in the experimental section. All lignins were analyzed using
GPC, N, adsorption-desorption porosimetry, and elemental analysis to determine their
molecular weight (Mw) and polydispersity (PDI), their total pore volume and surface area,
and their elemental composition, respectively. The Mw data and GPC curves are given
in Table 1 and Figure S1, respectively. Pristine softwood kraft lignin (KL) shows a Mw of
6500 g/mol and a relatively high PDI of 4.7, which is expected due to the relatively harsh
conditions of the isolation process. During kraft pulping, cleavage and repolymerization
reactions of lignin-based fragments take place, affecting the molecular weight and structure
of the native lignin [16,81]. Kraft lignin is thus composed of two main fractions: the first
one showing a higher molecular weight and a higher concentration of aliphatic hydroxyl
groups, and the second possessing a highly condensed structure, lower molecular weight,
and a higher abundance of phenolic OH groups. The large and non-uniform molecular
weight and PDI of kraft lignin has been a point of issue, especially towards the production
of polymers.

Various methods have been employed to counteract this un-uniformity using chemical
functionalization [22], depolymerization [82,83], and sequential fractionation [50]. Alter-
natively, mechanical treatment methods, such as ball milling, have been used to reduce
the particle size of lignin and eventually affect structural/chemical properties. Ball milling
has been mostly used to assist with lignin isolation from biomass [84,85]. In the present
study, the pristine kraft lignin was ball milled (BMKL) to primarily decrease its particle
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size (as discussed below). However, as can be seen in Table 1, the Mw of BMKL is lower
and the PDI is narrower compared to those of the pristine lignin as a result of the treat-
ment. Similarly, when KL was ultrasonicated, the resulting nano-lignin (NLH) showed a
significant reduction of the Mw compared to the pristine KL, from 6500 to 3200 g/mol. The
chemical treatment applied in this work was the functionalization of lignin’s hydroxyls
with epoxide groups (via glycidylation) in order to induce reactivity towards amine curing.
Glycidylation has been extensively studied in the last decade as a potential way of obtaining
bio-based lignin—epoxy polymers [33,47,67,86]. In most published works, lignins had to
be pre-treated to attain dissolution in the reaction solvent. Most common pre-treatments
were sequential solvent fractionation [87,88] or depolymerization [89,90] approaches. In
the present study, the combination of an acetone and water mixture was found to be an
excellent solvent that resulted in the complete dissolution of kraft lignin, thus utilizing the
entire kraft lignin sample for glycidylation. A reduction of the Mw was also observed for
the GKL sample, although to a lesser extent compared to the other modified lignins (BMKL
and NLH), while PDI was also decreased compared to the pristine KL.

Table 1. Physicochemical characteristics of initial kraft and modified lignins as obtained from GPC,
N, porosimetry, and elemental analysis.

GPC N, Porosimetry Elemental Analysis
. Mw Mn Total Pore Surface N C H o o %
Lignin  (/mol) (g/mol) TPY  Volume (cc/g) Area(mZig) (wt%)  (wt%)  (we%) O (WER) O (wt%)
Kraft 6500 1400 4.7 0.009 0.8 1.44 61.13 5.73 1.49 30.21
BMKL 3400 1000 34 0.042 5.1 297 62.67 5.29 1.27 27.80
NLH 3200 650 49 0.104 8.6 3.34 51.64 4.75 292 37.35
GKL 5400 1500 3.6 0.013 1.7 2.82 62.63 5.72 1.11 27.72

* Calculated by difference.

The elemental analysis of the various lignin samples is also shown in Table 1. The
contents of C, H, N, S, and O were typical for this type of lignin [21].

The chemical structure and variety of bonds present in the structure of the pristine
(KL) and treated lignins can be identified from the FI-IR-ATR spectra (Figure S2). The
characteristic absorption bands of the parent KL lignin appear with a broad band at
3410 cm~! corresponding to OH stretching, while the bands at 2932 and 2840 cm ™! are
assigned to C-H stretching in CH; and CHj [72,91]. Absorption bands at 1684-1730 cm !
are attributed to C=0 stretching in carboxyl and ester groups. Four bands associated
with the skeleton C-H and C=C bonds of the aromatic ring are found at 1590, 1514, 1138,
and 754 cm ™! [72,91-93], the bands at 1456 and 1423 cm ™! are assigned to methoxy C-H
bonds [35,92], while the bands at 1268 cm ™! (G ring) and 1218 cm ! correspond to the C-C,
C-0, and C=0 bonds of the aromatic rings [35,92,94]. The band at 1367 cm ™! represents
the phenolic -OH groups [35], while the bands found at 1081 and 1025 cm ™! correspond to
the ether C-O-C bond and C-H ring deformation [92,93]. Bands corresponding to aromatic
C-H bond vibrations, 1025cm ™1, 857 cm ™!, and 812 cm ™!, are typically found in guaiacyl
monomers. The characteristic bands of the pristine KL lignin are also present in the BMKL
and NLH samples, indicating the structural similarity between the three lignins. The
successful functionalization of pristine kraft lignin with epoxy groups (GKL lignin) via
glycidylation of lignin’s hydroxyls is also confirmed by the new characteristic absorption
(oxirane C-O-C stretching) bands at 915 em 1,857 cm 1, and 759 cm ! [73] that are present
in their spectra along with the disappearance of the characteristic band at 1367 cm !
assigned to phenolic -OH.

The thermal decomposition profile of the pristine and treated lignins are depicted in
the thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG)
curves shown in Figure 1. The temperature at which 5% weight loss is observed (Tq 59,)
and the maximum degradation temperature (DTGax) are shown in Table 2. At lower
temperatures (below 100 °C), only a slight weight loss was observed due to residual sorbed
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moisture release. KL, BMKL, and NLH lignins exhibit similar weight loss profiles with
only one major step at temperatures of 170-500 °C and with a maximum (DTG) at about
340 to 372 °C. This steep weight loss is attributed to the thermal decomposition of the
phenolic/aromatic polymeric structure of lignin. Furthermore, the relatively high residual
mass at 800 °C (40-47%) is a confirmation of the high thermal stability of lignin’s aromatic
nature [95], which is mainly converted into bio-char at those high temperatures. Overall,
the thermal stability of kraft lignin was retained after the mechanical treatment with ball
milling and ultrasonication (BMKL and NLH).

0 v w
~ SO a2
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€
£ 10
X
o
B 15
20 4
—— KL —— BMKL —— NLH —— GKL 264 KL —— BMKL —— NLH —— GKL
100 400 500 630 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
(a) (b)

Figure 1. (a) TGA and (b) DTG curves of the different lignin samples (N, atmosphere).

Table 2. Thermal properties of the various lignin samples, as obtained by DSC and TGA analyses.

Lignin Ty (°O) 2 Ta50% (CO P DTGmax CC) P Residue at 800 °C (%) P
KL 143 219 372 40.7
BMKL 148 220 343 40.1
NLH 116 233 344 47.2
GKL 103 294 325 & 403 46.4

a Determined from DSC; ? determined from TGA.

The thermal stability and degradation temperatures at 5% weight loss (T 5¢,) of the
GKL appear to be increased compared to the other samples. This could be attributed to
the additional bonds and groups identified in the GKL sample, as well as to the cleavage
of the initial 3-O-4 ether bonds (as listed in Table 3). In addition, self-polymerization
reactions might have taken place, leading to a higher degree of crosslinked network [96].
Furthermore, the glycidylized lignin exhibited weight loss in two steps (Figure 1b). The first
step was observed in the range of 250-350 °C, and could be attributed to the breaking of
the new ether bonds due to the addition of the epoxy rings or to the self-crosslinking of the
glycidylized lignins via reactions between the epoxy groups and free hydroxyls, as heating
of epoxy resins to a high temperature can promote homo-polymerization reactions [97]. The
second mass loss peak observed at a higher temperature (>350 °C) can be associated with the
degradation of initial lignin structure, which might have undergone patrial condensation
during the glycidylation reaction [98]. The increase of the degradation temperature for
glycidylized lignins compared to unmodified lignin has already been reported in the
literature for kraft lignin [99].
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Table 3. Quantitative assignments of interunit linkages, structural units” abundances, and functional
group (OH and -COOH) contents of kraft and treated lignins, as determined by 2D-HSQC and
3IP-NMR spectroscopy.

KL BMKL NLH GKL

Lignin interunit bonds—Abundance (per 100 Ar ?) Chemical shifts
(8¢/6w)
Arylglycerol-B-aryl ethers (3-O-4) 22.8 23.7 18.3 5.7 71.1/4.8
Pinoresinols (3-f3) 10.9 12.3 4.8 4.1 84.8/4.6
Phenyl coumaran ([3-5) 6.9 7.6 4.5 2.7 86.9/5.5
Diarylpropane (3-1) 14 3.9 3.9 34 48.7/3.1
Lignin aromatic units—Abundance (%)
G/H ratio 91.2/8.8 91.7/8.3 92.3/7.7 96.5/3.5
Lignin functional groups—Abundance (mmol/gr) P Chen(ltlSC:lll )Shlﬂs
14
Aliphatic OH 225 2.30 247 243 145-150
Condensed OH 1.59 1.49 1.05 0.04 140.3-144.5
Non-condensed OH 2.02 2.13 2.58 0 137.2-140.3
Guaiacyl OH 1.81 1.83 2.31 0 138.4-140.3
p-Hydroxyphenyl OH 0.21 0.30 0.27 0 137.2-138.4
Total PhOH 3.61 3.62 3.63 0.04 137.2-144.3
-COOH 0.45 0.46 0.94 0 134-136

Epoxy content © - - - 3.80 -
a Ar = aromatic units, ? from 3!P-NMR, ¢ from 'H-NMR.

Glass transition temperatures (Tg) of lignins were determined by DSC analysis. The
Tg of lignins can be affected by the molecular weight, degree of condensation (number of
C-C linkages), as well as the content of phenolic OH [100,101]. KL and BMKL samples
showed a relatively high, similar Tg, while NLH and GKL exhibited a substantially lower
Tg (Table 2), most likely due to lower amounts of intermolecular hydrogen bonds as well
as a lower abundance of condensed structures like (3-5, 5-5 and 4-O-5 [22] (Table 3).

The total pore volumes and surface areas of KL, BMKL, and NLH were also investi-
gated with N, porosimetry; the respective N, adsorption—desorption isotherms are shown
in Figure 2. As listed in Table 1, the surface area and total pore volume of both BMKL
and NLH increased significantly after treatment. In more detail, the surface area of BMKL
lignin showed a 5-fold increase, while the NLH lignin showed a significant 11-fold in-
crease compared to the initial KL. Following the same trend, the total pore volume of
BMKL increased by 6-fold, while NLH presented also a significant 12-fold increase. The
observed increase in the porous characteristics is attributed to the enhanced external surface
area and the inter-(nano)particle voids formed upon the mechanical treatment of lignin
with both mechanical methods, especially with ultrasonication, which resulted in smaller
micro/nanoparticles (as discussed below).

The particle size and morphology of all lignin samples were studied using laser
scattering particle size distribution (PSD) analysis and scanning electron microscopy (SEM),
respectively. As shown in Figure 3, KL particles are mostly characterized by monolithic
and fragmented spherical particles of different sizes and diameters (50-200 pm). Based on
the PSD analysis shown in Figure 2b, KL has a relatively narrow particle distribution with
a maximum at ~67 um. Regarding the modified lignins, their morphology is significantly
altered. In particular, BMKL exhibits smaller primary particles of less than 10 pm in
size, with few larger monolithic particles with size of up to ca. 50 um. Accordingly,
the PSD analysis of BMKL shows a bimodal particle size distribution with maxima at
about 1.7 and 9.7 um (Figure 2b). Similarly, the SEM images of the ultrasonicated sample
(NLH) show significantly smaller primary particles compared to KL of ca. less than 5 um
in size, while the PSD analysis reveals a nano-sized distribution with an average size
of 220 nm, as was also previously reported [52]. The nano-sized morphology is also
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confirmed by the TEM images shown in Figure 4, which show nanoparticles of 100-200 nm.
Regarding the morphological characteristics of GKL, it is evident that after the glycidylation
reaction, the initial spherical morphology of KL is lost and the sample is characterized by
more irregular and monolithic-like particles with a variety of sizes, being mostly smaller
than 50 um. The average size from the PSD analysis of GKL is 30 pm (Figure 2b). The
semiquantitative analysis of the samples via SEM/EDS (Figure S3) revealed the presence
of expected elements (C, O, and S) found in kraft lignin similar to the one determined by
elemental analysis (Table 1). Traces of additional elements such as sodium (Na) and chlorine
(Cl) are attributed to the kraft pulping process and the glycidylation reaction, respectively.

—=— KL ——GKL
—— BMKL ——NLH

0.2

KL BMKL NLH GKL

~
S

—_

/ 220 nm

0.4 0.6 0.8 1.0 0.01 0.1 1 10 100 1000
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(a) (b)

Figure 2. (a) Nitrogen adsorption-desorption isotherms and (b) particle size distribution (PSD)
of lignins.

(@) “ b © )

Figure 3. Morphological characterization by SEM of (a) pristine kraft lignin (KL), (b) ball-milled
lignin (BMKL), (c) nano-lignin (NLH), and (d) glycidylized lignin (GKL).
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Figure 4. TEM images of NLH primary nanoparticles.

The content of hydroxyl groups, i.e., aliphatic, phenolic and carboxyl groups, was
determined by quantitative 3'P-NMR analysis, and the results are listed in Table 3. The
hydroxyl content of lignin is of particular interest in lignin-epoxy polymer production
since it provides a way to assess their functionality, effectiveness, and incorporation in the
polymeric network as crosslinkers. On the other hand, the semi-quantitative analysis of
the main lignin motifs was obtained from HSQC analysis, and the data are summarized in
Table 3, together with the peak assignment.

Inter-unit linkages were quantified per 100 aromatic units (Ar) using the aromatic
units (Gp, C/Hy) as the internal standard. The KL lignin spectrum is shown in Figure 5a.
Two-dimensional-HSQC NMR assignments of major structures in the spectra of lignins
are listed in Table S1. As can be seen, the aromatic region of the spectrum is characterized
by the strong guaiacyl (G units) signals at C,—Hj (8¢ /06y 110-6.9 ppm), Cs—-Hs (8¢ /dn
115.3/6.8 ppm), and Cg—Hg (5c/dp 119/6.8 ppm), and p-hydroxyphenyl (H units, Cp 4-
H,¢) signals (8¢ /by 128/7.2 ppm) [21]. On the other hand, in the oxygenated region,
strong signals attributed to the methoxy groups (OMe, 6c /oy 55.6/3.7 ppm) are visible,
together with the main inter-unit linkages. These are the 3-O-4 (3-aryl ethers, type A
linkage, 22.8 units per 100 Ar), B-p (pinoresinols, type B linkage, 10.9 units per 100 Ar), 3-5
(phenylcoumarans, type C linkage, 6.9 units per 100 Ar) and 3-1 (diarylpropane, 1.4 units
per 100 Ar). The difference in the linkage content usually originates from both the type of
biomass feedstock and the type of lignin isolation method [102]. Typically, 3-O-4 linkages
are the most abundant bonds in native lignins and the content of 3-5, - and 3-1 linkages
is much lower [103]. Technical lignins, like kraft lignin, are expected to have a lower 3-O-4
content compared to native lignins due to the harsh kraft pulping conditions, which induce
specific structural alterations and ether bond cleavage [81,88]. Regarding the structure and
OH content of the BMKL, no significant change is observed compared to the pristine lignin,
testifying to its structural integrity after ball milling. In the case of the nano-lignin (NLH),
in accordance with the data presented by Gilca et al. [52], ultrasound treatment resulted in
an overall increase in the aliphatic OH content and carboxylic acids, most probably due to
cleavage of aryl ether (3-O-4) bonds and lignin’s oxidation during the ultrasound treatment.
On the other hand, the total phenolic OH content of NLH was similar to that of pristine KL
(Table 3).



Polymers 2024, 16, 553 13 of 34
BMKL NLH GKL s
L °
b1 5 g1 5 » 5
' 9 ' 9 E‘ 9 9
o . v
( B C; B v
oMe 2 o° OMe -° . F oMe O _B
a:#g‘ ° % gﬁf . % w N % )
| | A A, | A
Yo A v, \ | \ —a ] =
ly 0?? v & I o?? ¢ 154 ch‘%: 63 =?f- fﬂg
‘({“:ﬁ' Y.o S0 Y . c == Lxs
¢ & ' i 5] g B> § o
® ‘ . ®¥s A ]
Aa(p-0-4) . Aagg-0-4 1 Ao ;" M e Hs m N
e en PR .
2 s, 2 2,8
5 5 N . ) 5
[ 9 °
. Agiom ¥ e A ¥ A ’ > RAgem %
C C c B (6/H) c
0 o R g En o s B9 § a9 = 5
° Bagp) ° B 3-p) > Bugp
) Y e ) e ]
W 5 080 & 4w 33 3w O » W 508 4 4« B ow oun o SUE /B LU 1 L 1/ A T ) )
3 (H)/ ppm
iy BMKL 10 1%
i o B,
110 G’ W ) " 0
(:_‘QM/ i_//fif\\/’i\:‘ :
Se X ‘\,;L\:\;‘.{JEQ: Gs
115 - T 15 15 e
o 3
I =
P JREY PN 3
i & FYR), w3
. Q@ Yo
B Gig o ostbene B o
i@ .
) Hys o) 1%
M8 16 M4 12 1 68 6 &4 % %5 14 72 70 68 6 & I8 15 14 12 10 68 & &4 B 05 M 121 68 6 &
5 (H)/ ppm 3 (H)/ ppm 5 (H)/ ppm 5 (H)/ ppm
(a)
i & OMe
Lignin Lignin Lugmn Hy=
6 2 Gly(:ldyhzed Lignin (H)
5 'OMe
o
\Lignin ngnln ngnln a2
ngnm
G-type Unit (G)  Oxidized G-type Unit (G')  H-type Unit (H)  Cinnamyl Alcohol (1)  P-Hydroxybenzoate  Lignin
(pBA) Stilbene (St)
HO_ vy Lignin OMe HO
Lignin )
HO AN o4 SLignin HO B
a OMe OH
OMe
Lignin O OMe
OMe MeO ud OMe
o .
\Lignin Lignin 0\ngnln
B-aryl ether (A) Resinol (B) Phenyl coumaran (C) Diarylpropane (f-1)

(b)

Figure 5. (a) Two-dimensional-HSQC NMR spectra of pristine kraft (KL), ball-milled lignin (BMKL),
nano-lignin (NLH), and glycidylized lignin (GKL). The aliphatic region is shown in the first row,

while the aromatic region is shown in the second. (b) Chemical structures of the main identified

motifs present in the lignin samples.
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Regarding the glycidylized lignin, a significantly different behavior was observed.
The content of phenolic OH and COOH groups dropped, indicating the success of the
functionalization reaction with epoxy rings (Table 3 and Figure 54, Supporting Information).
Overall, the degree of functionalization can be indirectly calculated based on the phenolic
OH and COOH decrease and the contemporary increase in the aliphatic OH content. In fact,
the aliphatic OH content was slightly increased, as already reported in the literature [88].
This is due to self-crosslinking and condensation reactions between the aliphatic OHs and
the epoxy rings attached to the GKL. The free lignin -OH groups may indeed initiate a ring
opening polymerization via nucleophilic addition that creates aliphatic -OHs. Alternatively,
it may be due to undesired side reactions leading to oxirane ring opening, as shown in
Scheme S1 (Supporting Information) and previously discussed [36]. The epoxy content
has been also quantified using 'H-NMR (Figure 6). More specifically, it was determined
by correlating the signal of the internal standard (IS) peak at 10.13 ppm to the H; oxirane
proton peak at 2.83 ppm and resulted in a value equal to 3.80 mmol epoxy rings/g, a
value very close to the epoxide content calculated by 3 P-NMR. The GKL epoxy content is
translated to an epoxy equivalent weight (EEW) value, i.e., the weight in grams of resin
that contain one mole equivalent of epoxide, of 263 g/eq. The determined EEW value of
GKL is higher compared to that of the commercial DGEBA (~185-192 g/eq), but it still
shows that GKL can be utilized as a DGEBA replacement, as shown below.

—10.13
_~2.83
2.70

@ e~
o~ ]
Lignin
e MeO'
295 2.80 2.65 2.50
8 (1H) / ppm LA He

"13.0 120 110 100 90 80 70 60 50 40 30 20 10 00
5 (1H) / ppm

Figure 6. 'H-NMR spectrum of the glycidylized kraft lignin (GKL). The characteristic epoxy ring
peaks (H; and H'y) are identified and quantified.

Regarding the overall structure of GKL lignin, the cleavage of major linkages like
[-O-4, 3-B3, and B-5 is intensified after the glycidylation reaction (Table 3). The introduction
of the epoxy rings on lignin’s structure is also qualitatively confirmed by the 2D-HSQC
spectrum (Figure 5), where the peaks corresponding to the carbon atoms in the epoxy ring
are clearly shown at 8y1/8¢: 2.70 and 2.83/43.40 ppm (H; and Hy'), 3.29/49.50 ppm (Hy),
and 3.90 and 4.28/69.67 ppm (H; and Hj') [33,67]. Moreover, the self-crosslinking of GKL
that might occur to some degree can also be supported by the relevant 2D HSQC peaks in
the GKL spectra (6y/0¢c: 73-74/4.2-4.4, 65/4.0-4.3 ppm).

3.2. Lignin—Epoxy Composites
3.2.1. Reactivity of Kraft Lignin Ohs towards Epoxy Ring Opening

In general, the epoxy resin crosslinking mechanism is based on the opening of the
DGEBA epoxide ring (-C-O-C) by the amine groups (-NH>) of the curing agents. The amine
group reacts with the electrophilic carbon of the epoxide via nucleophilic addition, leading
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to C-O bond cleavage [104-106]. Apart from this typical “DGEBA and amine curing agent”
crosslinking mechanism, the parent lignin and glycidylized lignin can also participate in
the epoxy network expansion, as is shown in Scheme 1.
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Scheme 1. Proposed lignin/DGEBA /diamine crosslinking mechanism. Lignin can be utilized as a
reactive additive or act both as a curing agent via its reactive Ohs or as an epoxy prepolymer via its
epoxy rings (after glycidylation).

Kraft lignin, being a phenolic biopolymer, contains many reactive terminal hydroxyls
and can be considered as a potential green and sustainable crosslinker (curing agent) of the
epoxy polymer (DGEBA). In our previous work, we discussed the potential of organosolv
lignin towards the ring opening of DGEBA'’s epoxides via nucleophilic addition [36]. We
suggested that lignin, through its abundant relatively acidic phenolic Ohs, can (i) participate
in the crosslinking mechanism via the nucleophilic addition of the phenolic hydroxy group
to the electrophilic carbon of the epoxide, leading to direct epoxy ring opening without
an amine curing agent (Scheme 1, Method B, blue shading), as well as (ii) catalyze the
DGEBA epoxy ring opening by amines, via the formation of hydrogen bonds between its
Ohs and the DGEBA epoxy ring (Scheme 1, Method C, grey shading). Hydroxyl groups are
present in lignin’s structure but are simultaneously the result of the epoxy ring opening,
hence the (auto)catalytic nature of the reaction. In the case of glycidylized lignin (GKL), its
epoxy rings can react with the amine curing agent (Scheme 1, Method D, orange shading)
or even with lignin Ohs (Scheme 1, Method E, light grey shading), creating a strong
network of interlinks. Therefore, the crosslinking mechanism of lignin (with or without
glycidylation) /DGEBA /diamine mixtures is indeed complicated, multi-parametric and
multi-influenced.

Thus, we investigated more systematically the potential of utilizing kraft lignin (KL)
as a curing agent. Mixtures of pristine kraft lignin (KL) with the commercial epoxy resin
prepolymer EPON 828 (DGEBA) were prepared at an epoxy ring to lignin hydroxyl molar
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ratio of 1:1. The KL content in this formulation was 45 wt.%, while lignin’s OH content was
determined by 3!P-NMR analysis. The reactivity of KL towards ring opening and crosslink-
ing with DGEBA (Scheme 1, Method B, blue shading) is highly related to the temperature
applied. As can be seen in the FT-IR-ATR spectra and DSC curves (Figure 7a and b), the
reactivity of KL towards the DGEBA epoxide requires a higher temperature compared to
the Jeffamine D-230 curing agent due to the lower nucleophilicity of oxygen (of the -OH
group) compared to nitrogen (of the -NH, group) of the diamine. Figure 7a shows the
FT-IR-ATR spectra of DGEBA and KL /DGEBA mixtures cured using different protocols.
Initially, the self-polymerization of DGEBA resin at high temperatures was tested at 200 °C
for 2 h (Figure 7a, black line). Then, the KL /DGEBA mixture was cured in two stages. The
first stage included 3 h of heating at 75 °C followed by 3 h at 125 °C (Figure 7a, orange
line), while the second (consecutive) stage included heating for 3 h at 170 °C followed by
2 h at 200 °C (Figure 7a, blue line). As can be seen from the spectra, DGEBA (after heating
to 200 °C) displays characteristic peaks at 915 and 3048 cm~! [107], typical of the epoxy
rings, testifying to its stability and limited self-curing at 200 °C. Conversely, upon blending
and reacting with KL at high temperature (200 °C), the DGEBA peaks at 915 and 3048 cm ™!
disappear, while upon curing at lower temperature (125 °C), unreacted epoxy bands are
still visible. The DSC analysis results (Figure 7b) support these findings, since the curing
exotherm signal of the KL/DGEBA mixture disappeared upon curing at higher temper-
ature. Therefore, the epoxy ring opening by lignin OH groups and the crosslinking of
DGEBA with lignin as curing agent is possible, although at relatively higher temperatures.
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Figure 7. (a) FT-IR-ATR spectra and (b) DSC curves of pristine KL/DGEBA mixtures after curing
stages: self-polymerization of DGEBA at 200 °C (black line), Stage 1—3 h at 75 °C followed by 3 h at
125 °C (orange line), and (Stage 2—3 h at 170 °C followed by 2 h at 200 °C (blue line).

3.2.2. Dispersion of Kraft Lignin and Modified Lignins in Epoxy Composites

In our previous study [36], the high dispersion and almost complete solubilization of
beechwood extracted sub-micro organosolv lignin in epoxy composites was demonstrated
without the use of solvents, mechanical treatment or functionalization. However, the kraft
lignin in this study, as most of the available technical lignins, does not exhibit the same ideal
particle morphology/size properties. Despite this, the direct utilization of pristine KL as an
epoxy polymer additive was tested. Three protocols for mixing the DGEBA prepolymer
with the pristine lignin were investigated: (a) magnetic stirring (Method A), (b) sonication
(Method B), and (c) dispersion in organic solvent (EtOH) and sonication (Method C). Glassy
lignin-epoxy composites containing 3 wt.% KL were prepared with the abovementioned
methods, and the respective photographs and optical microscope images are shown in
Figure 8.
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Method C: Sonication
and EtOH
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Figure 8. (a) Optical microscopy images of glassy lignin—epoxy composites containing 3 wt.% KL,
prepared by Method A—stirring, Method B—sonication and Method C—combination of sonication
and EtOH. (b) Respective photographs of the glassy lignin—epoxy composites (3 wt.% KL). Indicative
lignin particles of increased size are indicated by arrows.

It is evident that both the sonication (Method B) and sonication/solvent (Method C)
approaches induce a limited dissolution of the condensed lignin particles/agglomerates
(dark, thick spots in the optical microscopy images) found in the stirred (Method A) sample,
towards smaller and more dispersed particles.

The dispersion of the modified lignins within the composites was also studied using
optical microscopy (Figure 9). It is clear that GKL and NLH lignins disperse almost
completely just by sonication (Method B), in contrast to BMKL, as well as to the pristine
KL (Figure 8). When EtOH was added (Method C), complete dispersion of GKL and NLH
was observed and transparent epoxy-lignin composites were obtained (Figure 9). As can
be seen in Figure S5, GKL and NLH lignins are not initially fully soluble in EtOH, while
after sonication, both lignins swell. At this point, the suspension is poured into the liquid
DGEBA and stirred. Within minutes, GKL and NLH lignins are fully solubilized in DGEBA
and remain dissolved even after the removal of EtOH and addition of the D-230 curing
agent. More importantly, the homogeneous dispersion and transparency are preserved even
at higher lignin loadings (9-30 wt.%) (Figure S56). On the contrary, composites containing
BMKL lignin (prepared with either of the three methods) are characterized by visible BMKL
particles and aggregates are still present (Figure 9).

3.2.3. Kraft Lignin as a Curing Agent—Thermo-Mechanical Properties

As previously mentioned, KL was studied as a curing agent, aiming towards the
replacement of up to 100 wt.% of commercial curing agents. The prepared KL/DGEBA
composites were very brittle due to the high mass ratio of lignin in DGEBA and thus were
unable to be mechanically tested (the lignin content was as high as 45 wt.%). Subsequently, a
commercial «, w-polyoxypropylene diamine curing agent (Jeffamine D-230) was introduced
to the mixture, as described in the Experimental Section. The amount of epoxy resin was
fixed, while the amount of KL was gradually reduced, counterbalancing the hydroxyl
reduction by the -NH; groups of the Jeffamine D-230. A stoichiometric ratio of [epoxy
rings]:[lignin’s Ohs + amine reactive hydrogens] of [1:1] was always maintained.

Counterbalancing the amount of KL with Jeffamine D-230 and thus reducing the total
lignin content (from 45 wt.%) resulted in less brittle composites. Tensile stress—strain curves
of the composites containing KL up to and 9 wt.% can be seen in Figure 10. Composites
with 3 wt.% KL, which corresponds to a 5 wt.% of D-230 replacement, resulted in a 25%
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increase in tensile strength, while the strain at break was retained compared to the control
(pristine DGEBA /D-230 epoxy polymer). Similarly, the addition of lignin resulted in
a substantial increase in stiffness (Young’s Modulus), as expected due to the lignin 3-
dimensional aromatic structure that may facilitate enhanced 7-7t interactions with the bulk
epoxy matrix [36,108-110]. When KL was used at higher contents and replaced a higher
amount of D-230, an increased brittleness could be observed. It can be noted that the lower
KL content induced better tensile strength and strain to failure performance. Nonetheless,
the performance improvement of the composite with 5 wt.% of commercial D-230 replaced
by lignin is indeed appreciable considering the glassy, rigid nature of the pristine epoxy
polymer. Thus, KL has potential as a partial replacement for the commercial Jeffamine
D-230 curing agent.

Method B: Sonication

BMKL

-—
50 pm -

Method C: Sonication and EtOH

BMKL

Photographs

Figure 9. (a,b) Optical microscopy images of lignin-epoxy composites with 3 wt.% BMKL, GKL,
and NLH lignins. The composites were prepared using sonication (Method B) or a combination of
sonication and EtOH (Method C). (c) Photographs of the corresponding lignin-epoxy composites
with 3 wt.% lignin.

The storage modulus (E) represents the energy storage and elastic response of a
material. The E’ of all composites ranged between 1500 and 2748 MPa at 30 °C (Table 4).
Various factors can affect the storage modulus E’, like crosslinking density, chain stiffness,
or flexibility. Stiff chains in a network lead to a higher modulus (and higher Tg) with
respect to the network containing flexible chains [111]. Structures with bonds like aliphatic
C-O and C-C show flexibility compared to highly branched and aromatic structures that
confer stiffness to the chain. This can explain the gradual increase in E’ with the increase in
loading of KL, presented in Figure 10 and Table 4, since higher rigidity is gained due to the
increased amount of lignin’s phenolic structure compared to the polyether network chains
of the pristine composite. This also suggests that KL does in fact interact with the epoxy
network, and thus a more rigid matrix is created with decreased mobility (Scheme S2).
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Figure 10. (a) Stress—strain curves, (b) storage modulus E’ curves, and (c) tanD curves of pristine
KL-epoxy composites. KL was used as curing agent, replacing 5 wt.% of D-230 (3 wt.% KL content in
the composite), 10 wt.% of D-230 (6 wt.% KL content), and 14 wt.% of D-230 (9 wt.% KL content).
Table 4. Mechanical and thermo-mechanical properties of kraft lignin-epoxy composites.
Tensile Strength DMA
D-230 Ultimate . Young Storage Modulus E’ 2
KL Content Replacement Strength Strain at Break Modulus, E at the Glassy State ! Ts
(wt.%) (wt.%) (MPa) (%) (MPa) (MPa) Q)
0 0 65.6 £ 3.6 6.1£0.5 1329 £ 22 1580 £+ 74 81.5+£0.6
3 5 81.6 5.6 6.0+ 0.6 1686 & 15 1500 + 62 86.5+ 1.7
6 10 55.6 £4.7 37+04 1545 + 118 2082 + 130 86.1£1.1
9 14 452 £0.9 2.8+0.1 1688 £ 46 2748 + 210 863 £24
45 100 Sample too brittle for tensile and DMA measurement

1 The storage modulus was determined at 30 °C; 2 Tg was determined by the peak of the tanD vs. temperature
curve from DMA.

Valuable information about the cured epoxy networks can be extracted from the tanD
vs. temperature curves. The peak of tanD corresponds to the glass transition temperature
(Tg). Regarding the T, of the KL-containing composites, the same trend as the storage
modulus is observed. The Ty is increased overall compared to the neat pristine epoxy, due
to the hindering of the backbone mobility and immobilization of the network chains from
the interaction with lignin (i.e., via its hydroxyls and/or via 7-r aromatic interactions) and
formation of a rigid and branched interphase/network. Intermolecular interactions or
secondary bonding can affect segmental rotations and increase the rigidity of the composite
and, consequently, the Tg. In addition, an increasing amount of lignin results in the
broadening of the glass transition due to some system inhomogeneity, as expected due to
the higher polydispersity of lignin compared to diamine D-230 [34].

3.2.4. Lignins as Additives in Lignin-Epoxy Composites—Thermo-Mechanical Properties
e  Kraft Lignin as an Additive

Blending of lignin with various polymers has been previously proven very success-
ful [112]. Lignin, on its own, is usually immiscible with most apolar polymers due to its
relatively polar nature. In this context, the pristine kraft lignin was evaluated as an additive,
aiming at increasing the total mass of the prepared composite, or, in other words, replacing
part of the DGEBA /D-230 mixture as a whole. In more detail, the stoichiometric molar ratio
of commercial epoxy resin (DGEBA) and curing agent (Jeffamine D-230) was preserved and
lignin was added in selected amounts. As can be seen from the tensile stress—strain data
(Table 5 and Figure 11), lignin could be utilized and blended with the bulk epoxy polymer
in various amounts (wt.%), and a greater mechanical improvement compared to the use of
lignin as a reactive curing agent could be achieved.
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Table 5. Mechanical and thermo-mechanical properties of lignin-epoxy composites.

Tensile Strength DMA
. . Young's Storage Modulus E’ at 2
KL Content Ultimate Strength Strain at Break Modulus, E the Glassy State 1 Ty
(wt.%) (MPa) (%) (MPa) (MPa) Q)
Pristine 65.6 3.6 6.1+05 1329 + 22 1580 £+ 74 81.5+0.6
1 wt.% KL 82.0+5.3 6.2+05 1644 + 53 2512 £+ 180 74.8 £ 0.9
3 wt.% KL 89.1+57 63+04 1714 + 38 2621 + 322 780+ 1.6
6 wt.% KL 750+ 14 54+0.2 1613 + 14 1411 + 152 771 +12
9 wt.% KL 66.3 1.2 45+0.2 1656 + 36 1561 + 181 791+22
16.6 wt.% KL 60.2+1.8 42401 1620 + 26 1515+ 71 928+ 1.5
23 wt.% KL 58.3 £ 0.8 41+03 1550 +69 - -
30 wt.% KL 582 +4.1 39+04 1598 + 39 2691 £ 69 60.9 £2.1
44.5 wt.% KL 13.6 £10.5 14+21 800 + 287 - -
3 wt.% BMKL 684+ 14 6.1+03 1400 + 55 1847 £ 95 789 £ 0.7
6 wt.% BMKL 71.6 £4.3 59+04 1329 £ 13 2513 + 185 877 £2.1
9 wt.% BMKL 540+ 1.7 3.8+0.2 1536 + 57 1341 £ 72 825+15
16.6 wt.% BMKL 56.1+6.3 38+04 1569 + 91 - -
3 wt.% NLH 682+ 1.1 76+0.1 1379 £ 23 1928 + 88 848 +1.2
6 wt.% NLH 720+ 43 50+0.2 1520 + 41 2001 £90 91.8+ 1.6
9 wt.% NLH 80.5+ 6.1 74+ 0.6 1361 £+ 19 2229 £ 209 93.6+1.1
16.6 wt.% NLH 48.7 + 4.6 34+02 1498 + 53 3709 + 422 90.7 £ 0.9
30 wt.% NLH 642 +5.6 43+0.5 1543 + 34 1662 + 110 88.2+1.9
! The storage modulus was determined at 30 °C. 2 Ty was determined from the peak of the tanD vs. temperature
curve using DMA.
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(a) (b)
Figure 11. Tensile strength of KL-epoxy composites. (a) Effect of the preparation methods. (b) Effect
of KL loading.

As can be seen in Figure 11a, both simple stirring as well as sonication (without the
use of EtOH) offered the best improvement in tensile strength, with the strain at break
being unaffected.

With regard to the effect of KL loading (1 —44.5 wt.%), increases of 3.1%, 35.2% and
28.9% in tensile stress, strain, and stiffness were determined for the 3 wt.% KL-composites
(Figure 11b and Table 5). Increasing the lignin content up to 9 wt.% resulted in a slight
loss of tensile strain, whilst the strength and stiffness were still higher than the control
pristine polymer (Table 5). A further increase in the KL content (16-44.5 wt.%) resulted in
inferior properties, probably due to the bulk structure of lignin that creates defects in the
dense crosslinked epoxy matrix. In addition, -7t stacking between lignin aromatic rings
and other weak interactions like hydrogen bonding and van der Waals attractions between
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polymer chains may cause lignin aggregation that possibly result in impaired properties of
the composites at such high loadings [23].

The storage modulus values at 30 °C and the glass transition temperatures (Tg) of the
KL-epoxy composites are given in Table 5. The neat pristine epoxy polymer has a higher
Ty compared to all the KL containing samples. Epoxy resins are highly crosslinked materi-
als; thus, the incorporation of a bulky, highly branched material like lignin into the epoxy
network may possibly create disorder and decrease molecular chain packing, leading to a re-
duced Tg [113,114], as also explained above. The reduction of the Tg may also be attributed
to the plasticizing effect [115] induced by the addition of lignin. Regarding the storage
modulus F/, despite the substantially increased E’ exhibited by the composites containing
3 wt.% KL, the E’ of composites with higher loading did not vary significantly compared
to the pristine polymer (Figure 12). In the case of KL as a crosslinker (Section 3.2.3), the
addition of KL resulted in a higher E’ (Figure 10) due to the suggested formation of direct
chemical bonds between lignin’s hydroxyls and epoxy rings (Scheme 1). This is not the
case for the composites where KL was used as an additive, where, as discussed above, high
lignin loadings may create agglomerates that disturb the dense highly crosslinked (due to
the short chain aliphatic diamine curing agent) epoxy matrix, resulting in large volumes
of empty space and voids (Scheme S2) and therefore inhibiting any potential chemical
interaction between lignin and the epoxy polymer chains [114].
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Figure 12. (a) Storage modulus and (b) tanD vs. temperature curves of initial (KL) and modified
(BMKL and NLH) lignin—epoxy composites.

e Modified Lignins as Additives

The utilization of modified lignins (BMKL and NLH) as additives in epoxy compos-
ites was also investigated. Their mechanical and thermo-mechanical performances are
presented in Figures 12 and 13 and listed in Table 5.
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Figure 13. Stress-strain curves of (a) BMKL- and (b) NLH-epoxy composites.

The effect of lignin loading (ranging from 3 wt.% up to 30 wt.%), in the thermo-
mechanical properties of the composites was evaluated by tensile stress and DMA analysis.
As observed in the stress—strain curves (Figure 13a), the mechanical properties of the BMKL-
containing composites are slightly increased compared to the pristine polymer, even when
the BMKL content is as high as 6 wt.%. At higher loadings (9 and 16.6 wt.%), stress and
strain are both reduced by almost half. Notably, increasing the BMKL content resulted in
an increase in Young’s modulus (E), since lignin can offer stiffness to the composites.

The E’ curves of the lignin composites as a function of temperature are shown in
Figure 12a. Overall, E’ was substantially increased with lignin incorporation. The Ty of the
composites did not vary significantly by increasing the lignin loading, but the differentiation
became higher for 6 wt.% BMKL loading (Figure 12b). Additionally, the composite with
9 wt.% BMKL displayed a wider tanD area, suggesting a possibly more inhomogeneous
structure due to the high loading.

The stress—strain curves of the nanocomposites with nano-lignin (NLH) are shown in
Figure 13b. The effect of lignin content is more pronounced compared to the BMKL-based
composites. As shown, the dispersion of NLH particles in the epoxy network/matrix
is ideal since their incorporation results in fully transparent composites. Indeed, the
mechanical and thermo-mechanical properties of those composites are improved. The
stress and strain values, as well as the stiffness, are improved, even up to 9 wt.% NLH
loading, while 30 wt.% NLH loading results in retained strength with only a slight loss of
strain compared to the pristine polymer. Additionally, the storage modulus is increasing
substantially with the NLH content, even at a 30 wt.% content. The same increase is
observed for the Tg, which shows an increase of up to ca. 12 °C (Figure 12b). Furthermore,
the tanD peak areas of all composites exhibit narrow distributions, confirming the formation
of a homogeneous network.

The viscoelastic behavior presented thus far can be additionally correlated with the
lignin particle size. As is visible in Figure 12a,b, the Ty as well as the E’ are influenced
by lignin’s particle size. The smaller the particles, the higher the loading level, which can
generate an improved storage modulus and Tg, since smaller lignin particles reinforce
the composites more efficiently. Reinforcement with KL (~67 pum) results in an increased
E’ at only 3 wt.% loading. When BMKL lignin (~10 pm) is incorporated, E’ is increasing
up to 6 wt.% loading. Finally, in the case of NLH, E’ is higher than the control sample,
even up to 16.6 and 30 wt.% loading due to its nano-scale particle size (220 nm). A similar
behavior can be observed with regard to the Tg. In the case of KL-containing composites,
the Ty was maintained at slightly lower values compared to the pristine polymer. The Ty
slightly increased when BMKL was incorporated and was increased even further when
NLH was added. In conclusion, the epoxy chain/network packing is improved as the
nano- and micro-sized lignin particles are introduced in the epoxy matrix, contrary to the
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ineffective packing (and topographies of increased free volume) caused by KL's irregular
and bigger particles.

3.2.5. Glycidylized Lignin as a DGEBA Replacement—Thermo-Mechanical Properties

Epoxy functionalities were introduced in kraft lignin structure after the reaction with
epichlorohydrin. Glycidylized kraft lignin (GKL) was investigated as a bio-based epoxy
prepolymer, aiming towards achieving the highest replacement of the BPA-based epoxy
prepolymer DGEBA. To this end, the epoxy prepolymer EPON 828 was initially mixed with
GKL at selected ratios so that the amount of GKL in the epoxy composite ranged between 3
and 50 wt.%. The amount of curing agent (Jeffamine D-230) was tuned at a stoichiometric
ratio, maintaining a [1:1] ratio of amine reactive hydrogens (-NH) to epoxy rings (-C-O-C)
deriving from both GKL and EPON 828.

In most studies with lignin-based epoxy resins, the epoxy/diamine systems used
are polyoxypropylene diamines (Jeffamine D-400 and D2000), isophorone diamine (IPD),
or diethylenetriamine (DETA) [32]. Gioia et al. reported mixing issues regarding the
preparation of glycidylized lignins and low(er) molar mass polyetheramine (i.e., Jeffamine
D-400) formulations [33]. In the present work, we tried to test the potential utilization
of glycidylized lignin with short-chain diamine, i.e., Jeffamine D-230. A good affinity
between GKL and DGEBA and D-230 can be observed, as complete dissolution is achieved,
generating transparent composites (Figure 9). The stress—strain curves of the GKL-epoxy
composites are presented in Figure 14, their viscoelastic behavior is shown in Figure 15, and
the values obtained are listed in Table 6. Substantial increases in stress, strain and stiffness
are observed compared to the pristine polymer (control), even when high percentages
of DGEBA are replaced by GKL (16.6 wt.% GKL content, which corresponds to 21 wt.%
DGEBA replacement). Additionally, when 38 wt.% of DGEBA was substituted by GKL
lignin (30 wt.% GKL content in the composite), the properties of the composite were
retained. Regarding Young’s modulus (E) and the stiffness of the composites, by increasing
the lignin content, the composites became more rigid (increase of E) up to the threshold
of 16.6 wt.% GKL content. As seen in Figure 14, the tensile strength profiles of the 9
and 16.6 wt.% GKL composites are very similar, suggesting a GKL content-mechanical
properties threshold. Beyond this point (> 30 wt.% GKL), the properties decline, although
they are still similar to the pristine.

100
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= 70] ——GL21/16.6GKL
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Figure 14. Stress—strain curves of glycidylized lignin GKL-epoxy composites after the replacement
of 4 wt.%-50 wt.% of DGEBA with GKL.
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Figure 15. (a) Storage modulus and (b) tanD vs. temperature curves of glycidylized lignin GKL-epoxy
composites, with GKL lignin as the DGEBA replacement in various percentages.

Table 6. Mechanical and thermo-mechanical properties of glycidylized lignin-epoxy composites.

Tensile Strength DMA
. . Young’s Storage Modulus at the 2
KL Content Ultimate Strength ~ Strain at Break Modulus, E Glassy State ! Ty

(wt.%) (MPa) (%) (MPa) (MPa) (@)
Pristine 65.6 £ 3.6 6.1£0.5 1329 £ 22 1580 + 74 815+ 0.6
GL4/3GKL 744 +22 75+£01 1362 + 54 1516 £+ 95 90.1+1.7
GL12/9GKL 80.8 £ 1.5 6.8 £0.3 1401 £ 17 1390 £ 45 95.1£23
GL21/16.6GKL 804 £1.1 6.7£03 1415 £ 5 1095 £ 130 941+14
GL38/30GKL 64.1 £33 57+04 1241 £+ 69 1397 £ 320 74.3 & 98.9
GL50/40GKL 413 £32 43+04 1052 £ 10 1109 £ 51 70.5 & 109

! The storage modulus was determined at 30 °C. ? T; was determined from the peak of the tanD vs. temperature
curve using DMA.

Regarding the viscoelastic behavior, by increasing the lignin content from 0 to 16.6 wt.%,
a clear increase in the Ty can be observed (Figure 15 and Table 6). Initially, a 3 wt.% loading
in the epoxy polymer caused an increase in the Tg by ~9 °C (from 81.5 °C to 90.1 °C),
while higher lignin incorporation (16.6 wt.%) resulted in an overall increase of ~13 °C
(94.1 °C). This behavior can be attributed to the ability of the GKL to not only catalyze the
crosslinking by its free hydroxyls [36,115] but also participate in the crosslinking via its
epoxide groups, thus affecting/increasing the crosslinking density [35]. A further increase
in the lignin content up to 30 wt.% resulted in the broadening of the tanD peaks and the
formation of a second peak. Despite the initial homogeneous dispersion, at this loading
level, the insurgence of a second, GKL-rich phase is promoted. This phase shows different
characteristics than the DGEBA-rich phase, thus the two Tgs. Additionally, a decrease in
the first Ty value is observed, which can be attributed to lower crosslinking density that is
in turn caused by the high GKL content that increased the free volume [33,116].

The storage modulus E’ in the glassy state (30 °C) did not significantly vary after a 3%
GKL incorporation with respect to the pristine polymer, while higher loading resulted in
a lowering of E’. This can be attributed to the increased deformation of the dense epoxy
polymer matrix at such high lignin loadings, as discussed above for the NHL and BMKL
lignins, despite the increased bi-functionality of GKL via its remaining free hydroxyls and
mostly via its epoxide groups. Overall, GKL can strengthen the DGEBA /D-230 skeletal
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structure through its chemical interaction, as well as improve its strength and toughness
whilst achieving a significant amount of bio-based content in the epoxy resin.

3.2.6. Thermal Properties of Lignin-Epoxy Composites

The effect of KL on the thermal properties of the lignin—epoxy composites was investi-
gated by TGA (Figure 16 and Table 7). Both pristine and lignin—epoxy composites exhibited
one-step degradation. The addition of KL up to 9 wt.% did not impact the thermal stability
of the epoxy polymer. On the other hand, when higher amounts of KL (44.5 wt.%) were
incorporated, the thermal stability was reduced. The T4 59, decreased to 301 °C, while
the maximum degradation temperature (DTGmax) was shifted to a lower temperature (ca.
18 °C lower than the control pristine polymer). The decrease in the thermal stability of the
composites at high KL loadings may suggest a lower crosslinking density, as also discussed
in the thermo-mechanical properties, thus requiring less energy to decompose [117,118]. In
addition, higher KL loadings correspond to a higher amount of methoxy groups that, as es-
tablished by Harvey et al. [119], can negatively affect the thermal stability of cured epoxies
due to increased electron donation from the methoxy groups to the aromatic rings of the
polymer. Interestingly, the residual mass at 700 °C (Charyg) was significantly enhanced
(from 9.9% up to 29.1%) with increasing lignin content [120], indicating that lignin can act as
a char promoter, influencing the pyrolysis mechanisms of cured epoxides [47]. Additionally,
it can be attributed to the reaction of lignin with itself (polycondensation), resulting in the
formation of a condensed char-like material when heated under nitrogen during the TGA
measurement. Notably, the lignin-containing composites showed intumescent properties,
as foaming char residue was observed after the TGA analysis (Figure S7). The formation
of foaming char (intumescent layer) testifies the potential utilization of lignin as a fire
retardant additive in epoxy polymers, as well as other polymer types.
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Figure 16. TGA /DTG curves of KL-epoxy composites showing the effect of KL loading.

As to the effect of various lignin types on the epoxy composites, the incorporation
of 9 wt.% of BMKL, NLH, and GKL did not affect either the thermal stability or the
degradation temperature (Figure 17 and Table 7). The residual mass (Charygg) observed at
700 °C was increased and presented foaming char, as observed in the KL-epoxy composites,
confirming the huge potential towards the development of thermally stable and flame-
retardant materials.

3.2.7. Antioxidant Properties and Solvent Resistance of Lignin—-Epoxy Composites

The radical scavenging activity of lignin—-epoxy composites was investigated using
the DPPH assay method, and the results are shown in Figures 18 and 19. Lignin is a
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well-known radical scavenger due to the high concentration of phenolic Ohs [121-123] and
thus has been utilized in many applications [36,122,124,125].

Table 7. Thermal properties of kraft lignin (KL)-containing composites.

Sample Ty 50 (°C) DTGmax (°C) Charygg (%)
Pristine 348 376 9.9
Effect of the 3 wt.% KL 348 374 11.8
kraft content 9 wt.% KL 348 374 14.8
44.5 wt.% KL 301 358 29.1
3 wt.% BMKL 348 378 14.6
9 wt.% BMKL 341 372 12.6
Effects of the 3 wt.% NLH 338 375 124
lignin type andcontent 9 wt.% NLH 337 365 11.9
3 wt.% GKL 353 376 12.0
9 wt.% GKL 341 371 129
Effect of replacement GL14/9KL 341 379 13.6
by lignin GL12/9GKL 336 368 135
100 100 —
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Figure 17. TGA/DTG curves of lignin-containing composites. (a) Effect of a 9 wt.% content of
various lignins in composites, and (b) effect of D230 and DGEBA replacement by 9 wt.% KL and
GKL, respectively.

Overall, the presence of lignin (KL, BMKL, and NLH) in the epoxy composites resulted
in substantial scavenging activity of free radicals as compared to the pristine polymer. As
expected, the higher the lignin content, the higher the antioxidant activity (Figure 18a).
KL-epoxy composites exhibit significantly higher scavenging activity compared to BMKL-
and NLH-epoxy composites (Figure 18b). This can be associated with lignins’ particle
size and the polymeric chain packing achieved after lignin incorporation. As discussed
above, the reduction in the lignin particle size influenced the packing and crosslinking
of the composites, as smaller sized lignin enhanced the crosslinking degree. It should
be pointed out that in order to measure the antioxidant activity, the composites need to
be submerged in a DPPH-containing EtOH solution. Composites with a less compacted
crosslinking network, i.e., KL-epoxy composites, are more susceptible to solvent diffusion
(Scheme S2), and thus display a higher DPPH radical scavenging ability. Solvent resistance
tests have been carried out to confirm this hypothesis. The results (Figure 20 and Figure S8)
highlight that KL-containing composites exhibited a higher weight uptake upon EtOH
absorption compared to the respective composites with BMKL and NLH. Overall, the
nano-lignin NLH-epoxy composites showed the lowest EtOH uptake compared to the
pristine epoxy resin.
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Figure 18. Antioxidant activity of (a) KL lignin in epoxy composites at various contents (3-9 wt.%)
and (b) various lignins at a 3 wt.% content in epoxy composites.
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Figure 19. Antioxidant activity of KL lignin vs. GKL lignin in epoxy composites.

Last, but not least, the partial replacement of D-230 by KL (GLx/yKL) did not influence
the antioxidant capacity (Figure 19), i.e., provided a similar substantial improvement,
compared to the composites where KL was used as an additive (Figure 18a). On the other
hand, as expected, the addition of GKL lignin (GLx/yGKL) does not provide any additional
radical scavenging ability with respect to the control (Figure 19), since most of GKL's
phenolic hydroxyls have been utilized to graft the epoxide rings.
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Figure 20. Solvent (EtOH) resistance (expressed as weight uptake) of the pristine epoxy polymer and
the lignin-epoxy composites with various contents (3% relative standard deviation).

4. Conclusions

Lignin—epoxy composites were successfully synthesized from kraft lignin (KL) in-
corporated in DGEBA and D-230 glassy epoxy systems. KL was utilized for the partial
replacement of the curing agent and the DGEBA prepolymer (after glycidylation) or as
a reactive additive. Additionally, KL lignin was ball milled (BMKL) and ultrasonicated
(NLH) to study the effect of the lignin particle size reduction to the few micrometers/nano-
size level. Overall, it was demonstrated that the pristine KL is reactive towards DGEBA’s
epoxy ring opening via its functional hydroxyls. Thus, an up to 14 wt.% replacement of
D-230 curing agent was effectively applied, leading to composites with similar/enhanced
properties. When pristine KL was used as an additive, i.e., by replacing certain parts of the
whole DGEBA /D-230 mixture/polymer, an up to 30 wt.% lignin loading was accomplished
without compromising the thermo-mechanical properties, while at the same time offering
significant improvement of the antioxidant properties.

A lignin particle size reduction to ca. 10 pm in the BMKL sample (from 67 pm of the
pristine kraft lignin) and to ca. 220 nm in the NHL sample resulted in better dispersion and
completely transparent samples with nano-lignin, while the thermo-mechanical properties
were further improved with up to ca. 30 wt.% nano-lignin compared to the use of the
pristine (unmodified) lignin. The glycidylized lignin (GKL) offers even more improvements
to dispersion and thermo-mechanical properties owing to its dual functionality, i.e., by its
grafted epoxide rings and by the remaining (after glycidylation) hydroxyl and carboxyl
groups. A DGEBA replacement of up to 38 wt.% was demonstrated, leading to lignin—epoxy
composites with properties that allow their utilization in highly demanding applications in
which classical phenolic epoxy polymers are being used.

In addjition to the sustained /improved mechanical, thermal and antioxidant properties,
the nano-lignin—epoxy composites offer higher resistance to solvent (EtOH) uptake, while
all lignins tested exhibit the potential to be utilized as fire retardant additives in epoxy
polymers, as well as other polymer types, due to their char formation capability.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/polym16040553 /s1: Figure S1. GPC curves of pristine and modified
lignins; Figure S2. FT-IR-ATR spectra of pristine kraft and treated lignins; Figure S3. EDS maps of
pristine and modified kraft lignins; Figure S4. 3'P-NMR spectra of pristine and modified lignins;
Scheme S1. Proposed mechanisms involved in the glycidylation reaction and self-crosslinking;
Scheme S2. Illustration depicting the influence of “lignin as curing agent” vs. “lignin as additive”
in the DGEBA /D-230 polymeric network. “Lignin as curing agent” interacts with the polymeric
matrix, contrary to the “lignin as additive” that creates lignin clusters (large free volume) and
decreased crosslinking; Table S1. NMR assignments of major structures in the 2D-HSQC spectra
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of Kraft lignins; Figure S5. Photographs capturing the preparation steps of NLH- and GKL-epoxy
composites. (A) Lignins dispersed in EtOH, (B) suspension of swelled lignins after sonication (B),
and total dispersion of lignins in the DGEBA /D-230 epoxy system; Figure S6. Optical microscopy
images of transparent lignin—epoxy composites with 9, 16.6 and 30 wt.% NLH and GKL lignins;
Figure S7. Photographs of lignin—epoxy composites exhibiting intumescent properties (foaming scar
layer); Figure S8. Solvent resistance (expressed as weight uptake) as a function of time/days of the
pristine epoxy polymer and the lignin-epoxy composites with various lignin contents using ethanol.

Author Contributions: Conceptualization, C.P.P. and K.S.T.; methodology, C.P.P,; formal analysis,
C.PP,; investigation, C.P.P; investigation—NMR and GPC, C.PP, S.C., M.G. and C.C.; resources,
K.S.T.; data curation, C.P.P.,; writing—original draft preparation, C.P.P.; writing—review & editing,
C.PP,KS.T, M.G. and C.C.; supervision, K.S.T.; project administration, K.S.T.; funding acquisition,
K.S.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Hellenic Foundation for Research and Innovation (HFRI)
under the HFRI PhD Fellowship grant (Fellowship Number: 967).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article and supplementary material.

Acknowledgments: The contribution of COST Action LignoCOST (CA 17128) supported by COST
(European Cooperation in Science and Technology, www.cost.eu, accessed on 27 December 2023)
in promoting the interaction, exchange of knowledge and collaborations in the field of lignin val-
orization is gratefully acknowledged. The authors would also like to acknowledge the Center of
Interdisciplinary Research and Innovation of Aristotle University of Thessaloniki (CIRI-AUTH),
Greece, for access to the Large Research Infrastructure and Instrumentation of the Nuclear Mag-
netic Resonance Laboratory at the Center for Research of the Structure of Matter in the Chemical
Engineering Department.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Lange, J.P. Towards circular carbo-chemicals—The metamorphosis of petrochemicals. Energy Environ. Sci. 2021, 14, 4358—-4376.
[CrossRef]

Schutyser, W.; Renders, T.; Van den Bosch, S.; Koelewijn, S.F.; Beckham, G.T.; Sels, B.F. Chemicals from lignin: An interplay of
lignocellulose fractionation, depolymerisation, and upgrading. Chem. Soc. Rev. 2018, 47, 852-908. [CrossRef] [PubMed]
Shabanov, N.S.; Rabadanov, K.S.; Gafurov, M.M.; Isaev, A.B.; Sobola, D.S.; Suleimanov, S.I.; Amirov, A.M.; Asvarov, A.S.
Lignin-Based Gel Polymer Electrolyte for Cationic Conductivity. Polymers 2021, 13, 2306. [CrossRef] [PubMed]

Geyer, R.; Jambeck, ].R.; Law, K.L. Production, use, and fate of all plastics ever made. Sci. Adv. 2017, 3, e1700782. [CrossRef]
[PubMed]

Coates, G.W.; Getzler, Y.D.Y.L. Chemical recycling to monomer for an ideal, circular polymer economy. Nat. Rev. Mater. 2020, 5,
501-516. [CrossRef]

Soroudi, A.; Jakubowicz, I. Recycling of bioplastics, their blends and biocomposites: A review. Eur. Polym. ]. 2013, 49, 2839-2858.
[CrossRef]

Yan, T.; Balzer, A.H.; Herbert, KM.; Epps, T.H.; Korley, L.T.]. Circularity in polymers: Addressing performance and sustainability
challenges using dynamic covalent chemistries. Chem. Sci. 2023, 14, 5243-5265. [CrossRef]

Luo, Z.; Qian, Q.; Sun, H.; Wei, Q.; Zhou, J.; Wang, K. Lignin-First Biorefinery for Converting Lignocellulosic Biomass into Fuels
and Chemicals. Energies 2023, 16, 125. [CrossRef]

Mabhajan, ].S.; O'Dea, R.M.; Norris, ].B.; Korley, L.T.J.; Epps, T.H., III. Aromatics from Lignocellulosic Biomass: A Platform for
High-Performance Thermosets. ACS Sustain. Chem. Eng. 2020, 8, 15072-15096. [CrossRef]

Chundawat, S.P.S.; Beckham, G.T.; Himmel, M.E.; Dale, B.E. Deconstruction of Lignocellulosic Biomass to Fuels and Chemicals.
Annu. Rev. Chem. Biomol. Eng. 2011, 2, 121-145. [CrossRef]

Losito, O.; Casiello, M.; Fusco, C.; Mateos Cuadrado, H.; Monopoli, A.; Nacci, A.; D"Accolti, L. Eco-Friendly Catalytic Synthesis
of Top Value Chemicals from Valorization of Cellulose Waste. Polymers 2023, 15, 1501. [CrossRef] [PubMed]

Deng, W.; Feng, Y.; Fu, J.; Guo, H.; Guo, Y,; Han, B, Jiang, Z.; Kong, L.; Li, C.; Liu, H.; et al. Catalytic conversion of lignocellulosic
biomass into chemicals and fuels. Green Energy Environ. 2023, 8, 10-114. [CrossRef]


www.cost.eu
https://doi.org/10.1039/D1EE00532D
https://doi.org/10.1039/C7CS00566K
https://www.ncbi.nlm.nih.gov/pubmed/29318245
https://doi.org/10.3390/polym13142306
https://www.ncbi.nlm.nih.gov/pubmed/34301064
https://doi.org/10.1126/sciadv.1700782
https://www.ncbi.nlm.nih.gov/pubmed/28776036
https://doi.org/10.1038/s41578-020-0190-4
https://doi.org/10.1016/j.eurpolymj.2013.07.025
https://doi.org/10.1039/D3SC00551H
https://doi.org/10.3390/en16010125
https://doi.org/10.1021/acssuschemeng.0c04817
https://doi.org/10.1146/annurev-chembioeng-061010-114205
https://doi.org/10.3390/polym15061501
https://www.ncbi.nlm.nih.gov/pubmed/36987281
https://doi.org/10.1016/j.gee.2022.07.003

Polymers 2024, 16, 553 30 of 34

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

Patel, R.; Dhar, P; Babaei-Ghazvini, A.; Nikkhah Dafchahi, M.; Acharya, B. Transforming lignin into renewable fuels, chemicals,
and materials: A review. Bioresour. Technol. Rep. 2023, 22, 101463. [CrossRef]

Bruijnincx, P.C.A.; Rinaldi, R.; Weckhuysen, B.M. Unlocking the potential of a sleeping giant: Lignins as sustainable raw materials
for renewable fuels, chemicals and materials. Green Chem. 2015, 17, 4860-4861. [CrossRef]

Sternberg, J.; Sequerth, O.; Pilla, S. Green chemistry design in polymers derived from lignin: Review and perspective. Prog. Polym.
Sci. 2021, 113, 101344. [CrossRef]

Argyropoulos, D.D.S.; Crestini, C.; Dahlstrand, C.; Furusjo, E.; Gioia, C.; Jedvert, K.; Henriksson, G.; Hulteberg, C.; Lawoko,
M.; Pierrou, C.; et al. Kraft Lignin: A Valuable, Sustainable Resource, Opportunities and Challenges. ChemSusChem 2023, 16,
€202300492. [CrossRef]

Bajwa, D.S.; Pourhashem, G.; Ullah, A.H.; Bajwa, S.G. A concise review of current lignin production, applications, products and
their environmental impact. Ind. Crops Prod. 2019, 139, 111526. [CrossRef]

Dessbesell, L.; Paleologou, M.; Leitch, M.; Pulkki, R.; Xu, C. Global lignin supply overview and kraft lignin potential as an
alternative for petroleum-based polymers. Renew. Sustain. Energy Rev. 2020, 123, 109768. [CrossRef]

Ragauskas, A.].; Beckham, G.T.; Biddy, M.J.; Chandra, R.; Chen, F; Davis, M.F,; Davison, B.H.; Dixon, R.A.; Gilna, P;
Keller, M.; et al. Lignin valorization: Improving lignin processing in the biorefinery. Science 2014, 344, 1246843. [CrossRef]
[PubMed]

Rinaldi, R.; Jastrzebski, R.; Clough, M.T.; Ralph, J.; Kennema, M.; Bruijnincx, P.C.A.; Weckhuysen, B.M. Paving the Way for Lignin
Valorisation: Recent Advances in Bioengineering, Biorefining and Catalysis. Angew. Chem. Int. Ed. 2016, 55, 8164-8215. [CrossRef]
[PubMed]

Constant, S.; Wienk, H.L.].; Frissen, A.E.; Peinder, P.D.; Boelens, R.; van Es, D.S,; Grisel, R.J.H.; Weckhuysen, B.M.; Huijgen, W] .J.;
Gosselink, R.J.A_; et al. New insights into the structure and composition of technical lignins: A comparative characterisation
study. Green Chem. 2016, 18, 2651-2665. [CrossRef]

Sen, S.; Patil, S.; Argyropoulos, D.S. Thermal properties of lignin in copolymers, blends, and composites: A review. Green Chem.
2015, 17, 4862-4887. [CrossRef]

Yang, J.; Ching, Y.C.; Chuah, C.H. Applications of Lignocellulosic Fibers and Lignin in Bioplastics: A Review. Polymers 2019, 11,
751. [CrossRef]

Maldhure, A.V.; Ekhe, ].D.; Deenadayalan, E. Mechanical properties of polypropylene blended with esterified and alkylated
lignin. J. Appl. Polym. Sci. 2012, 125, 1701-1712. [CrossRef]

Chen, F; Dai, H.; Dong, X.; Yang, ].; Zhong, M. Physical properties of lignin-based polypropylene blends. Polym. Compos. 2011,
32, 1019-1025. [CrossRef]

Lu,S;Li, S; Yu, J.; Guo, D.; Ling, R.; Huang, B. The effect of hyperbranched polymer lubricant as a compatibilizer on the structure
and properties of lignin/polypropylene composites. Wood Mater. Sci. Eng. 2013, 8, 159-165. [CrossRef]

Auvergne, R.; Caillol, S.; David, G.; Boutevin, B.; Pascault, J.-P. Biobased Thermosetting Epoxy: Present and Future. Chem. Rev.
2014, 114, 1082-1115. [CrossRef] [PubMed]

Sadeghifar, H.; Argyropoulos, D.S. Macroscopic Behavior of Kraft Lignin Fractions: Melt Stability Considerations for Lignin—
Polyethylene Blends. ACS Sustain. Chem. Eng. 2016, 4, 5160-5166. [CrossRef]

Toriz, G.; Denes, E; Young, R.A. Lignin-polypropylene composites. Part 1: Composites from unmodified lignin and polypropylene.
Polym. Compos. 2002, 23, 806-813. [CrossRef]

Fiorani, G.; Crestini, C.; Selva, M.; Perosa, A. Advancements and Complexities in the Conversion of Lignocellulose Into Chemicals
and Materials. Front. Chem. 2020, 8, 797. [CrossRef]

Argyropoulos, D.S.; Crestini, C. A Perspective on Lignin Refining, Functionalization, and Utilization. ACS Sustain. Chem. Eng.
2016, 4, 5089. [CrossRef]

Pappa, C.; Feghali, E.; Vanbroekhoven, K.; Triantafyllidis, K.S. Recent advances in epoxy resins and composites derived from
lignin and related bio-oils. Curr. Opin. Green Sustain. Chem. 2022, 38, 100687. [CrossRef]

Gioia, C.; Lo Re, G.; Lawoko, M.; Berglund, L. Tunable Thermosetting Epoxies Based on Fractionated and Well-Characterized
Lignins. J. Am. Chem. Soc. 2018, 140, 4054—4061. [CrossRef] [PubMed]

Nikafshar, S.; Wang, J.; Dunne, K.; Sangthonganotai, P.; Nejad, M. Choosing the Right Lignin to Fully Replace Bisphenol A in
Epoxy Resin Formulation. ChemSusChem 2021, 14, 1184-1195. [CrossRef] [PubMed]

Over, L.C,; Grau, E.; Grelier, S.; Meier, M.A.R.; Cramail, H. Synthesis and Characterization of Epoxy Thermosetting Polymers
from Glycidylated Organosolv Lignin and Bisphenol A. Macromol. Chem. Phys. 2017, 218, 1600411. [CrossRef]

Pappa, C.P; Torofias, S.; Triantafyllidis, K.S. Sub-Micro Organosolv Lignin as Bio-Based Epoxy Polymer Component: A Sustainable
Curing Agent and Additive. ChemSusChem 2023, 16, €202300076. [CrossRef]

Gianni, P; Lange, H.; Crestini, C. Functionalized Organosolv Lignins Suitable for Modifications of Hard Surfaces. ACS Sustain.
Chem. Eng. 2020, 8, 7628-7638. [CrossRef] [PubMed]

Jin, E-L.; Li, X,; Park, S.-J. Synthesis and application of epoxy resins: A review. J. Ind. Eng. Chem. 2015, 29, 1-11. [CrossRef]
Kumar, S.; Krishnan, S.; Samal, S.K.; Mohanty, S.; Nayak, S.K. Toughening of Petroleum Based (DGEBA) Epoxy Resins with
Various Renewable Resources Based Flexible Chains for High Performance Applications: A Review. Ind. Eng. Chem. Res. 2018, 57,
2711-2726. [CrossRef]


https://doi.org/10.1016/j.biteb.2023.101463
https://doi.org/10.1039/C5GC90055G
https://doi.org/10.1016/j.progpolymsci.2020.101344
https://doi.org/10.1002/cssc.202300492
https://doi.org/10.1016/j.indcrop.2019.111526
https://doi.org/10.1016/j.rser.2020.109768
https://doi.org/10.1126/science.1246843
https://www.ncbi.nlm.nih.gov/pubmed/24833396
https://doi.org/10.1002/anie.201510351
https://www.ncbi.nlm.nih.gov/pubmed/27311348
https://doi.org/10.1039/C5GC03043A
https://doi.org/10.1039/C5GC01066G
https://doi.org/10.3390/polym11050751
https://doi.org/10.1002/app.35633
https://doi.org/10.1002/pc.21087
https://doi.org/10.1080/17480272.2013.769464
https://doi.org/10.1021/cr3001274
https://www.ncbi.nlm.nih.gov/pubmed/24125074
https://doi.org/10.1021/acssuschemeng.6b00636
https://doi.org/10.1002/pc.10478
https://doi.org/10.3389/fchem.2020.00797
https://doi.org/10.1021/acssuschemeng.6b02173
https://doi.org/10.1016/j.cogsc.2022.100687
https://doi.org/10.1021/jacs.7b13620
https://www.ncbi.nlm.nih.gov/pubmed/29498848
https://doi.org/10.1002/cssc.202002729
https://www.ncbi.nlm.nih.gov/pubmed/33464727
https://doi.org/10.1002/macp.201600411
https://doi.org/10.1002/cssc.202300076
https://doi.org/10.1021/acssuschemeng.0c00886
https://www.ncbi.nlm.nih.gov/pubmed/33828929
https://doi.org/10.1016/j.jiec.2015.03.026
https://doi.org/10.1021/acs.iecr.7b04495

Polymers 2024, 16, 553 31 of 34

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

Hirose, S.; Hatakeyama, T.; Hatakeyama, H. Novel Epoxy Resins Derived from Biomass Components. Procedia Chem. 2012, 4,
26-33. [CrossRef]

Nikafshar, S.; Zabihi, O.; Hamidi, S.; Moradji, Y.; Barzegar, S.; Ahmadi, M.; Naebe, M. A renewable bio-based epoxy resin with
improved mechanical performance that can compete with DGEBA. RSC Adv. 2017, 7, 8694-8701. [CrossRef]

Tsai, H.-Y.; Fujita, T.; Wang, S.; Naito, M. Environmentally friendly recycling system for epoxy resin with dynamic covalent
bonding. Sci. Technol. Adv. Mater. 2021, 22, 532-542. [CrossRef]

Khan, N.G.; Correia, J.; Adiga, D.; Rai, P.S.; Dsouza, H.S.; Chakrabarty, S.; Kabekkodu, S.P. A comprehensive review on the
carcinogenic potential of bisphenol A: Clues and evidence. Environ. Sci. Pollut. Res. Int. 2021, 28, 19643-19663. [CrossRef]
Yamini, G.; Shakeri, A.; Zohuriaan-Mehr, M.].; Kabiri, K. Cyclocarbonated lignosulfonate as a bio-resourced reactive reinforcing
agent for epoxy biocomposite: From natural waste to value-added bio-additive. J. CO2 Util. 2018, 24, 50-58. [CrossRef]

Ortiz, P.; Vendamme, R.; Eevers, W. Fully Biobased Epoxy Resins from Fatty Acids and Lignin. Molecules 2020, 25, 1158. [CrossRef]
Kong, X.; Xu, Z.; Guan, L.; Di, M. Study on polyblending epoxy resin adhesive with lignin I-curing temperature. Int. J. Adhes.
Adhes. 2014, 48, 75-79. [CrossRef]

Jablonskis, A.; Arshanitsa, A.; Arnautov, A.; Telysheva, G.; Evtuguin, D. Evaluation of Ligno Boost™ softwood kraft lignin
epoxidation as an approach for its application in cured epoxy resins. Ind. Crops Prod. 2018, 112, 225-235. [CrossRef]

Delmas, G.-H.; Benjelloun-Mlayah, B.; Bigot, Y.L.; Delmas, M. Biolignin™ based epoxy resins. J. Appl. Polym. Sci. 2013, 127,
1863-1872. [CrossRef]

Abdul Khalil, H.P.S.; Marliana, M.M.; Alshammari, T. Material properties of epoxy-reinforced biocomposites with lignin from
empty fruit bunch as curing agent. BioResources 2011, 6, 5206-5223. [CrossRef]

Cui, C; Sun, R.; Argyropoulos, D.S. Fractional Precipitation of Softwood Kraft Lignin: Isolation of Narrow Fractions Common to
a Variety of Lignins. ACS Sustain. Chem. Eng. 2014, 2, 959-968. [CrossRef]

Jaaskeldinen, A.-S.; Liitia, T.; Mikkelson, A.; Tamminen, T. Aqueous organic solvent fractionation as means to improve lignin
homogeneity and purity. Ind. Crops Prod. 2017, 103, 51-58. [CrossRef]

Gilca, L.A,; Popa, V.I; Crestini, C. Obtaining lignin nanoparticles by sonication. Ultrason. Sonochem. 2015, 23, 369-375. [CrossRef]
[PubMed]

Iravani, S.; Varma, R.S. Greener synthesis of lignin nanoparticles and their applications. Green Chem. 2020, 22, 612-636. [CrossRef]
Gigli, M.; Crestini, C. Fractionation of industrial lignins: Opportunities and challenges. Green Chem. 2020, 22, 4722-4746.
[CrossRef]

Ebrahimi Majdar, R.; Ghasemian, A.; Resalati, H.; Saraeian, A.; Crestini, C.; Lange, H. Case Study in Kraft Lignin Fractionation:
“Structurally Purified” Lignin Fractions—The Role of Solvent H-Bonding Affinity. ACS Sustain. Chem. Eng. 2020, 8, 16803-16813.
[CrossRef]

Majdar, R.E.; Crestini, C.; Lange, H. Lignin Fractionation in Segmented Continuous Flow. ChemSusChem 2020, 13, 4735-4742.
[CrossRef] [PubMed]

Karnaouri, A.; Lange, H.; Crestini, C.; Rova, U.; Christakopoulos, P. Chemoenzymatic Fractionation and Characterization of
Pretreated Birch Outer Bark. ACS Sustain. Chem. Eng. 2016, 4, 5289-5302. [CrossRef]

Duval, A,; Vilaplana, E; Crestini, C.; Lawoko, M. Solvent screening for the fractionation of industrial kraft lignin. Holzforschung
2016, 70, 11-20. [CrossRef]

Lange, H.; Schiffels, P.; Sette, M.; Sevastyanova, O.; Crestini, C. Fractional Precipitation of Wheat Straw Organosolv Lignin:
Macroscopic Properties and Structural Insights. ACS Sustain. Chem. Eng. 2016, 4, 5136-5151. [CrossRef]

Yin, Q.E; Di, M.W. Preparation and Mechanical Properties of Lignin/Epoxy Resin Composites. Adv. Mater. Res. 2012, 482—484,
1959-1962. [CrossRef]

Sasaki, C.; Wanaka, M.; Takagi, H.; Tamura, S.; Asada, C.; Nakamura, Y. Evaluation of epoxy resins synthesized from steam-
exploded bamboo lignin. Ind. Crops Prod. 2013, 43, 757-761. [CrossRef]

Du, X,; Li, J.; Lindstrom, M.E. Modification of industrial softwood kraft lignin using Mannich reaction with and without
phenolation pretreatment. Ind. Crops Prod. 2014, 52, 729-735. [CrossRef]

Pan, H.; Sun, G.; Zhao, T. Synthesis and characterization of aminated lignin. Int. J. Biol. Macromol. 2013, 59, 221-226. [CrossRef]
Mendis, G.P,; Hua, I.; Youngblood, J.P.; Howarter, ].A. Enhanced dispersion of lignin in epoxy composites through hydration and
mannich functionalization. J. Appl. Polym. Sci. 2015, 132, 41263. [CrossRef]

Pan, H.; Sun, G.; Zhao, T.; Wang, G. Thermal Properties of Epoxy Resins Crosslinked by an Aminated Lignin. Polym. Eng. Sci.
2014, 55, 924-932. [CrossRef]

Asada, C.; Basnet, S.; Otsuka, M.; Sasaki, C.; Nakamura, Y. Epoxy resin synthesis using low molecular weight lignin separated
from various lignocellulosic materials. Int. J. Biol. Macromol. 2015, 74, 413—419. [CrossRef] [PubMed]

Li, WX.; Xiao, L.P,; Li, X.Y.; Xiao, W.Z.; Yang, Y.Q.; Sun, R.C. Renewable and flexible thermosetting epoxies based on functionalized
biorefinery lignin fractions. Mater. Today Sustain. 2021, 15, 100083. [CrossRef]

Gouveia, J.R.; Garcia, G.E.S.; Antonino, L.D.; Tavares, L.B.; Dos Santos, D.J. Epoxidation of Kraft Lignin as a Tool for Improving
the Mechanical Properties of Epoxy Adhesive. Molecules 2020, 25, 2513. [CrossRef]


https://doi.org/10.1016/j.proche.2012.06.004
https://doi.org/10.1039/C6RA27283E
https://doi.org/10.1080/14686996.2021.1897480
https://doi.org/10.1007/s11356-021-13071-w
https://doi.org/10.1016/j.jcou.2017.12.007
https://doi.org/10.3390/molecules25051158
https://doi.org/10.1016/j.ijadhadh.2013.09.003
https://doi.org/10.1016/j.indcrop.2017.12.003
https://doi.org/10.1002/app.37921
https://doi.org/10.15376/biores.6.4.5206-5223
https://doi.org/10.1021/sc400545d
https://doi.org/10.1016/j.indcrop.2017.03.039
https://doi.org/10.1016/j.ultsonch.2014.08.021
https://www.ncbi.nlm.nih.gov/pubmed/25218770
https://doi.org/10.1039/C9GC02835H
https://doi.org/10.1039/D0GC01606C
https://doi.org/10.1021/acssuschemeng.0c05364
https://doi.org/10.1002/cssc.202001138
https://www.ncbi.nlm.nih.gov/pubmed/32715624
https://doi.org/10.1021/acssuschemeng.6b01204
https://doi.org/10.1515/hf-2014-0346
https://doi.org/10.1021/acssuschemeng.6b01475
https://doi.org/10.4028/www.scientific.net/AMR.482-484.1959
https://doi.org/10.1016/j.indcrop.2012.08.018
https://doi.org/10.1016/j.indcrop.2013.11.035
https://doi.org/10.1016/j.ijbiomac.2013.04.049
https://doi.org/10.1002/app.41263
https://doi.org/10.1002/pen.23960
https://doi.org/10.1016/j.ijbiomac.2014.12.039
https://www.ncbi.nlm.nih.gov/pubmed/25572718
https://doi.org/10.1016/j.mtsust.2021.100083
https://doi.org/10.3390/molecules25112513

Polymers 2024, 16, 553 32 of 34

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Ferdosian, F,; Yuan, Z.; Anderson, M.; Xu, C. Synthesis of lignin-based epoxy resins: Optimization of reaction parameters using
response surface methodology. RSC Adv. 2014, 4, 31745-31753. [CrossRef]

Ferdosian, F.; Zhang, Y.; Yuan, Z.; Anderson, M.; Xu, C. Curing Kinetics and Mechanical Properties of Bio-based Epoxy Composites
Comprising Lignin-Based Epoxy Resins. Eur. Polym. |. 2016, 82, 153-165. [CrossRef]

Malutan, T.; Nicu, R.; Popa, V. Lignin modification by epoxidation. BioResources 2008, 3, 1371-13767. [CrossRef]

Mansouri, E.; Yuan, Q.; Huang, F. Synthesis and characterization of kraft lignin-based epoxy resins. BioResources 2011, 6, 2492-2503.
[CrossRef]

Sun, J.; Wang, C.; Yeo, ].C.C.; Yuan, D.; Li, H.; Stubbs, L.P.; He, C. Lignin Epoxy Composites: Preparation, Morphology, and
Mechanical Properties. Macromol. Mater. Eng. 2016, 301, 328-336. [CrossRef]

Sipponen, M.H.; Lange, H.; Ago, M.; Crestini, C. Understanding Lignin Aggregation Processes. A Case Study: Budesonide
Entrapment and Stimuli Controlled Release from Lignin Nanoparticles. ACS Sustain. Chem. Eng. 2018, 6, 9342-9351. [CrossRef]
Sipponen, M.H.; Lange, H.; Crestini, C.; Henn, A,; Osterberg, M. Lignin for Nano- and Microscaled Carrier Systems: Applications,
Trends, and Challenges. ChemSusChem 2019, 12, 2039-2054. [CrossRef]

Cailotto, S.; Gigli, M.; Bonini, M.; Rigoni, E; Crestini, C. Sustainable Strategies in the Synthesis of Lignin Nanoparticles for the
Release of Active Compounds: A Comparison. ChemSusChem 2020, 13, 4759-4767. [CrossRef]

Piombino, C.; Lange, H.; Sabuzi, F.; Galloni, P; Conte, V.; Crestini, C. Lignosulfonate Microcapsules for Delivery and Controlled
Release of Thymol and Derivatives. Molecules 2020, 25, 866. [CrossRef]

Zongo, L.; Lange, H.; Crestini, C. A Study of the Effect of Kosmotropic and Chaotropic Ions on the Release Characteristics of
Lignin Microcapsules under Stimuli-Responsive Conditions. ACS Omega 2019, 4, 6979-6993. [CrossRef] [PubMed]

Garcia Gonzalez, M.N.; Levi, M.; Turri, S.; Griffini, G. Lignin nanoparticles by ultrasonication and their incorporation in
waterborne polymer nanocomposites. J. Appl. Polym. Sci. 2017, 134, 45318. [CrossRef]

Argyropoulos, D.S,; Pajer, N.; Crestini, C. Quantitative 31P NMR Analysis of Lignins and Tannins. J. Vis. Exp. JoVE 2021, 174,
€62696. [CrossRef]

Crestini, C.; Lange, H.; Sette, M.; Argyropoulos, D.S. On the structure of softwood kraft lignin. Green Chem. 2017, 19, 4104—4121.
[CrossRef]

Margellou, A.; Triantafyllidis, K.S. Catalytic Transfer Hydrogenolysis Reactions for Lignin Valorization to Fuels and Chemicals.
Catalysts 2019, 9, 43. [CrossRef]

Lazaridis, P.A.; Fotopoulos, A.P.,; Karakoulia, S.A.; Triantafyllidis, K.S. Catalytic Fast Pyrolysis of Kraft Lignin With Conventional,
Mesoporous and Nanosized ZSM-5 Zeolite for the Production of Alkyl-Phenols and Aromatics. Front. Chem. 2018, 6, 295.
[CrossRef] [PubMed]

Yang, G.; An, X.; Yang, S. The Effect of Ball Milling Time on the Isolation of Lignin in the Cell Wall of Different Biomass. Front.
Bioeng. Biotechnol. 2021, 9, 807625. [CrossRef] [PubMed]

Sapouna, I.; Lawoko, M. Deciphering lignin heterogeneity in ball milled softwood: Unravelling the synergy between the
supramolecular cell wall structure and molecular events. Green Chem. 2021, 23, 3348-3364. [CrossRef]

Lu, X; Gu, X. A review on lignin-based epoxy resins: Lignin effects on their synthesis and properties. Int. J. Biol. Macromol. 2023,
229,778-790. [CrossRef] [PubMed]

Jawerth, ML.E.; Brett, C.J.; Terrier, C.; Larsson, P.T.; Lawoko, M.; Roth, S.V.; Lundmark, S.; Johansson, M. Mechanical and
Morphological Properties of Lignin-Based Thermosets. ACS Appl. Polym. Mater. 2020, 2, 668-676. [CrossRef]

Gioia, C.; Colonna, M.; Tagami, A.; Medina, L.; Sevastyanova, O.; Berglund, L.A.; Lawoko, M. Lignin-Based Epoxy Resins:
Unravelling the Relationship between Structure and Material Properties. Biomacromolecules 2020, 21, 1920-1928. [CrossRef]
[PubMed]

Feghali, E.; van de Pas, D.J.; Parrott, A.J.; Torr, K.M. Biobased Epoxy Thermoset Polymers from Depolymerized Native Hardwood
Lignin. ACS Macro Lett. 2020, 9, 1155-1160. [CrossRef] [PubMed]

Ferdosian, F.; Yuan, Z.; Anderson, M.; Xu, C. Sustainable Lignin-based Epoxy Resins Cured with Aromatic and Aliphatic Amine
Curing Agents: Curing Kinetics and Thermal Properties. Thermochim. Acta 2015, 618, 48-55. [CrossRef]

Ding, J.; Gu, L. Epoxidation Modification of Renewable Lignin to Improve the Corrosion Performance of Epoxy Coating. Int. ].
Electrochem. Sci. 2016, 11, 6256—6265. [CrossRef]

Stark, N.M.; Yelle, D.J.; Agarwal, U.P. 4—Techniques for Characterizing Lignin. In Lignin in Polymer Composites; Faruk, O., Sain,
M., Eds.; William Andrew Publishing: Norwich, NY, USA, 2016; pp. 49-66.

Yin, Q.; Yang, W.; Sun, C.; Di, M. Preparation and properties of lignin-epoxy resin composite. Bioresources 2012, 7, 5737-5748.
[CrossRef]

Lauwaert, J.; Stals, I.; Lancefield, C.S.; Deschaumes, W.; Depuydt, D.; Vanlerberghe, B.; Devlamynck, T.; Bruijnincx, P.C.A,;
Verberckmoes, A. Pilot scale recovery of lignin from black liquor and advanced characterization of the final product. Sep. Purif.
Technol. 2019, 221, 226-235. [CrossRef]

Haiping, Y.; Yan, R.; Chen, H.; Zheng, C.; Lee, D.; Liang, D. In-Depth Investigation of Biomass Pyrolysis Based on Three Major
Components: Hemicellulose, Cellulose and Lignin. Energy Fuels 2005, 20, 388-393. [CrossRef]


https://doi.org/10.1039/C4RA03978E
https://doi.org/10.1016/j.eurpolymj.2016.07.014
https://doi.org/10.15376/biores.3.4.1371-1376
https://doi.org/10.15376/biores.6.3.2492-2503
https://doi.org/10.1002/mame.201500310
https://doi.org/10.1021/acssuschemeng.8b01652
https://doi.org/10.1002/cssc.201900480
https://doi.org/10.1002/cssc.202001140
https://doi.org/10.3390/molecules25040866
https://doi.org/10.1021/acsomega.8b03510
https://www.ncbi.nlm.nih.gov/pubmed/31459811
https://doi.org/10.1002/app.45318
https://doi.org/10.3791/62696
https://doi.org/10.1039/C7GC01812F
https://doi.org/10.3390/catal9010043
https://doi.org/10.3389/fchem.2018.00295
https://www.ncbi.nlm.nih.gov/pubmed/30073162
https://doi.org/10.3389/fbioe.2021.807625
https://www.ncbi.nlm.nih.gov/pubmed/34970536
https://doi.org/10.1039/D0GC04319B
https://doi.org/10.1016/j.ijbiomac.2022.12.322
https://www.ncbi.nlm.nih.gov/pubmed/36603715
https://doi.org/10.1021/acsapm.9b01007
https://doi.org/10.1021/acs.biomac.0c00057
https://www.ncbi.nlm.nih.gov/pubmed/32160463
https://doi.org/10.1021/acsmacrolett.0c00424
https://www.ncbi.nlm.nih.gov/pubmed/35653206
https://doi.org/10.1016/j.tca.2015.09.012
https://doi.org/10.20964/2016.07.56
https://doi.org/10.15376/biores.7.4.5737-5748
https://doi.org/10.1016/j.seppur.2019.03.081
https://doi.org/10.1021/ef0580117

Polymers 2024, 16, 553 33 of 34

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Fache, M.; Boutevin, B.; Caillol, S. Epoxy thermosets from model mixtures of the lignin-to-vanillin process. Green Chem. 2016, 18,
712-725. [CrossRef]

Sbirrazzuoli, N.; Vincent, L.; Alzina, C. Isoconversional kinetic analysis of stoichiometric and off-stoichiometric epoxy-amine
cures. Thermochim. Acta 2006, 447, 167-177. [CrossRef]

Jiang, G.; Nowakowski, D.; Bridgwater, T. A systematic study of the kinetics of lignin pyrolysis. Thermochim. Acta 2010, 498,
61-66. [CrossRef]

El Mansouri, N.E.; Yuan, Q.; Huang, F. Characterization of alkaline lignins for use in phenol-formaldehyde and epoxy resins.
BioResources 2011, 6, 2647-2662. [CrossRef]

Hatakeyama, H. Thermal Analysis; Springer: Berlin/Heidelberg, Germany, 1992.

Gordobil, O.; Moriana, R.; Zhang, L.; Labidi, J.; Sevastyanova, O. Assesment of technical lignins for uses in biofuels and
biomaterials: Structure-related properties, proximate analysis and chemical modification. Ind. Crops Prod. 2016, 83, 155-165.
[CrossRef]

Zijlstra, D.S.; de Santi, A.; Oldenburger, B.; de Vries, J.; Barta, K.; Deuss, PJ. Extraction of Lignin with High -O-4 Content by
Mild Ethanol Extraction and Its Effect on the Depolymerization Yield. JoVE 2019, 143, e58575. [CrossRef]

Gabov, K.; Gosselink, R.J.; Smeds, A.L; Fardim, P. Characterization of lignin extracted from birch wood by a modified hydrotropic
process. J. Agric. Food Chem. 2014, 62, 10759-10767. [CrossRef]

Shundo, A.; Yamamoto, S.; Tanaka, K. Network Formation and Physical Properties of Epoxy Resins for Future Practical
Applications. JACS Au 2022, 2, 1522-1542. [CrossRef]

Mora, A.-S.; Tayouo, R.; Boutevin, B.; David, G.; Caillol, S. A perspective approach on the amine reactivity and the hydrogen
bonds effect on epoxy-amine systems. Eur. Polym. . 2020, 123, 109460. [CrossRef]

Tcharkhtchi, A.; Nony, F; Khelladi, S.; Fitoussi, J.; Farzaneh, S. 13—Epoxy/amine reactive systems for composites materials
and their thermomechanical properties. In Advances in Composites Manufacturing and Process Design; Boisse, P., Ed.; Woodhead
Publishing: Cambridge, UK, 2015; pp. 269-296.

Nikolic, G.; Zlatkovic, S.; Cakic, M.; Cakic, S.; Lacnjevac, C.; Rajic, Z. Fast Fourier transform IR characterization of epoxy GY
systems crosslinked with aliphatic and cycloaliphatic EH polyamine adducts. Sensors 2010, 10, 684-696. [CrossRef] [PubMed]
Li, Q; Fu, C; Liang, C.; Ni, X,; Zhao, X.; Chen, M.; Ou, L. Crop Lodging and The Roles of Lignin, Cellulose, and Hemicellulose in
Lodging Resistance. Agronomy 2022, 12, 1795. [CrossRef]

Gibson, L.J. The hierarchical structure and mechanics of plant materials. J. R. Soc. Interface 2012, 9, 2749-2766. [CrossRef]

Zhao, D.; Luan, Y;; Xia, X.; Shi, W.; Tang, Y.; Tao, J. Lignin provides mechanical support to herbaceous peony (Paeonia lactiflora
Pall.) stems. Hortic. Res. 2020, 7, 213. [CrossRef] [PubMed]

Ponyrko, S.; Donato, R.; Matéjka, L. Tailored high performance shape memory epoxy-silica nanocomposites. Structure design.
Polym. Chem. 2016, 7, 560-572. [CrossRef]

Vasquez-Garay, F; Carrillo-Varela, I.; Vidal, C.; Reyes-Contreras, P.; Faccini, M.; Teixeira Mendonga, R. A Review on the Lignin
Biopolymer and Its Integration in the Elaboration of Sustainable Materials. Sustainability 2021, 13, 2697. [CrossRef]

Putz, K.W.; Palmeri, M.].; Cohn, R.B.; Andrews, R.; Brinson, L.C. Effect of Cross-Link Density on Interphase Creation in Polymer
Nanocomposites. Macromolecules 2008, 41, 6752—-6756. [CrossRef]

Mat Yazik, M.H.; Sultan, M.T.H.; Jawaid, M.; Abu Talib, A.R.; Mazlan, N.; Md Shah, A.U.; Safri, S.N.A. Effect of Nanofiller
Content on Dynamic Mechanical and Thermal Properties of Multi-Walled Carbon Nanotube and Montmorillonite Nanoclay
Filler Hybrid Shape Memory Epoxy Composites. Polymers 2021, 13, 700. [CrossRef]

Xidas, PI.; Triantafyllidis, K.S. Effect of the type of alkylammonium ion clay modifier on the structure and thermal /mechanical
properties of glassy and rubbery epoxy—clay nanocomposites. Eur. Polym. |. 2010, 46, 404—417. [CrossRef]

Song, L.; Meng, Y.; Lv, P; Liu, W.; Pang, H. Preparation of a Dmap-Catalysis Lignin Epoxide and the Study of Its High
Mechanical-Strength Epoxy Resins with High-Biomass Content. Polymers 2021, 13, 750. [CrossRef]

Qin, J.; Wolcott, M.; Zhang, J. Use of Polycarboxylic Acid Derived from Partially Depolymerized Lignin As a Curing Agent for
Epoxy Application. ACS Sustain. Chem. Eng. 2013, 2, 188-193. [CrossRef]

Ferdosian, F; Yuan, Z.; Anderson, M.; Xu, C. Synthesis and characterization of hydrolysis lignin-based epoxy resins. Ind. Crops
Prod. 2016, 91, 295-301. [CrossRef]

Harvey, B.G.; Guenthner, A.J.; Lai, WW.; Meylemans, H.A.; Davis, M.C.; Cambrea, L.R.; Reams, ].T.; Lamison, K.R. Effects of
o-Methoxy Groups on the Properties and Thermal Stability of Renewable High-Temperature Cyanate Ester Resins. Macromolecules
2015, 48, 3173-3179. [CrossRef]

Aniol, A.; Grosse, T.; Fischer, F.; Bochm, S. Evaluation of adhesion properties of lignin-epoxy adhesives in structural wood
applications for automotive components. Proc. Inst. Mech. Eng. Part E |. Process Mech. Eng. 2020, 234, 511-519. [CrossRef]

Li, K.; Zhong, W.; Li, P,; Ren, J.; Jiang, K.; Wu, W. Recent advances in lignin antioxidant: Antioxidant mechanism, evaluation
methods, influence factors and various applications. Int. J. Biol. Macromol. 2023, 251, 125992. [CrossRef] [PubMed]

Xiao, L.; Liu, W.; Huang, J.; Lou, H.; Qiu, X. Study on the Antioxidant Activity of Lignin and Its Application Performance in SBS
Elastomer. Ind. Eng. Chem. Res. 2021, 60, 790-797. [CrossRef]

Domenek, S.; Louaifi, A.; Guinault, A.; Baumberger, S. Potential of Lignins as Antioxidant Additive in Active Biodegradable
Packaging Materials. J. Polym. Environ. 2013, 21, 692-701. [CrossRef]


https://doi.org/10.1039/C5GC01070E
https://doi.org/10.1016/j.tca.2006.06.005
https://doi.org/10.1016/j.tca.2009.10.003
https://doi.org/10.15376/biores.6.3.2647-2662
https://doi.org/10.1016/j.indcrop.2015.12.048
https://doi.org/10.3791/58575
https://doi.org/10.1021/jf5037728
https://doi.org/10.1021/jacsau.2c00120
https://doi.org/10.1016/j.eurpolymj.2019.109460
https://doi.org/10.3390/s100100684
https://www.ncbi.nlm.nih.gov/pubmed/22315562
https://doi.org/10.3390/agronomy12081795
https://doi.org/10.1098/rsif.2012.0341
https://doi.org/10.1038/s41438-020-00451-5
https://www.ncbi.nlm.nih.gov/pubmed/33372177
https://doi.org/10.1039/C5PY01450F
https://doi.org/10.3390/su13052697
https://doi.org/10.1021/ma800830p
https://doi.org/10.3390/polym13050700
https://doi.org/10.1016/j.eurpolymj.2009.11.004
https://doi.org/10.3390/polym13050750
https://doi.org/10.1021/sc400227v
https://doi.org/10.1016/j.indcrop.2016.07.020
https://doi.org/10.1021/acs.macromol.5b00496
https://doi.org/10.1177/0954408920907407
https://doi.org/10.1016/j.ijbiomac.2023.125992
https://www.ncbi.nlm.nih.gov/pubmed/37544567
https://doi.org/10.1021/acs.iecr.0c04699
https://doi.org/10.1007/s10924-013-0570-6

Polymers 2024, 16, 553 34 of 34

124. Dominguez-Robles, J.; Martin, N.K.; Fong, M.L.; Stewart, S.A.; Irwin, N.J.; Rial-Hermida, M.I.; Donnelly, R.F.; Larrafieta, E.
Antioxidant PLA Composites Containing Lignin for 3D Printing Applications: A Potential Material for Healthcare Applications.
Pharmaceutics 2019, 11, 165. [CrossRef] [PubMed]

125. Boarino, A.; Schreier, A.; Leterrier, Y.; Klok, H.-A. Uniformly Dispersed Poly(lactic acid)-Grafted Lignin Nanoparticles Enhance
Antioxidant Activity and UV-Barrier Properties of Poly(lactic acid) Packaging Films. ACS Appl. Polym. Mater. 2022, 4, 4808-4817.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/pharmaceutics11040165
https://www.ncbi.nlm.nih.gov/pubmed/30987304
https://doi.org/10.1021/acsapm.2c00420
https://www.ncbi.nlm.nih.gov/pubmed/35846781

	Introduction 
	Materials and Methods 
	Materials 
	Treatment of Lignin 
	Ball Milling of Initial Kraft Lignin (BMKL) 
	Ultrasonication of Kraft Lignin towards Nano-Lignin (NLH) 
	Synthesis of Glycidylized Lignin (GKL) 

	Preparation of Lignin–Epoxy Composites 
	Characterization of Lignins and Lignin–Epoxy Composites 

	Results and Discussion 
	Physicochemical Characterization of Initial and Modified Lignins 
	Lignin–Epoxy Composites 
	Reactivity of Kraft Lignin Ohs towards Epoxy Ring Opening 
	Dispersion of Kraft Lignin and Modified Lignins in Epoxy Composites 
	Kraft Lignin as a Curing Agent—Thermo-Mechanical Properties 
	Lignins as Additives in Lignin–Epoxy Composites—Thermo-Mechanical Properties 
	Glycidylized Lignin as a DGEBA Replacement—Thermo-Mechanical Properties 
	Thermal Properties of Lignin–Epoxy Composites 
	Antioxidant Properties and Solvent Resistance of Lignin–Epoxy Composites 


	Conclusions 
	References

