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In this study, epoxidized lignins were prepared by reacting softwood (SW) and hardwood
(HW) technical (kraft) lignins with a biobased epichlorohydrin. The chemical structures,
rheological behaviors, and thermomechanical properties of the epoxidized lignins were
measured and compared with those of petroleum-based (DGEBA) epoxy resin. First, the
chemical and physical properties of the lignin samples were assessed using Fourier-
transform infrared spectroscopy (FTIR), gel permeation chromatography (GPC),
quantitative phosphorus nuclear magnetic resonance spectroscopy (P NMR), and 2D-
heteronuclear single quantum coherence (HSQC) NMR analyses. Subsequently, the
unmodified lignins were epoxidized over a short period (3 hours), using ethyl lactate as
a biobased co-solvent. The 3P NMR and HSQC analysis of the epoxidized lignins
confirmed that phenolic hydroxyl and carboxylic acid groups in lignin were selectively
epoxidized without any other significant changes to the chemical structure of lignin.
Rheological multi-wave curing studies of both lignin-based and bisphenol A-based
(DGEBA) resins cured with a biobased curing agent revealed that the lignin-based
systems exhibited significantly shorter gelation times and lower activation energies.
Further analyses, including gel fraction, swelling ratio, thermal gravimetric analysis
(TGA), and dynamic mechanical analysis (DMA) results, demonstrated that lignin-based
thermosets had comparable properties to the petroleum-based epoxy system when
both were prepared with solvent (40 wt%) inclusion. Notably, the thermoset resin made
with kraft hardwood lignin exhibited superior thermomechanical properties compared
to the softwood system.

Introduction

Recently, demand for biobased (derived from renewable resources) polymers has
increased remarkably due to environmental concerns about their petroleum-
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based counterparts.™ This trend is more evident for renewable resources to
replace toxic bisphenol A (BPA) in epoxy resins.* When cured, epoxy resins form
thermosets that provide high mechanical strength and excellent thermal and
chemical resistance.™* Epoxy resin properties can be tailored using a wide range
of curing agents for various applications, including coatings, adhesives, and
composites.* Diglycidyl ether bisphenol A (DGEBA) is the most common epoxy
resin and is industrially made with bisphenol A (BPA) and epichlorohydrin
(ECH).> Although bio-based ECH is commercially produced,® there is no
commercial route to produce biobased BPA. BPA is widely known as an endocrine-
disrupting compound;’ therefore, replacing BPA with safer and sustainable bio-
based alternatives is essential.

Several aliphatic biobased epoxy resins derived from vegetable oils have
already been produced.®® However, aromatic compounds are preferred in epoxy
resins due to their higher thermal and mechanical properties.'® Cashew nutshell,
polyphenols, and lignin are three primary renewable aromatic sources commonly
used by researchers for epoxy resin formulations.” Although some promising
research has been conducted on cardanol,” and flavonoids,"** as potential
replacements for BPA in epoxy resins, lignin has attracted considerable attention
and interest." This is mainly due to lignin being the most abundant aromatic
polymer.

Lignin is formed by radical coupling of three monolignols, p-coumaryl, con-
iferyl, and sinapyl alcohols, into p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(S) units, respectively. These monolignols differ in the methoxy groups attached at
the ortho position.”>'® Lignin's monolignol composition, determined by plant
species, influences its structural characteristics. Hardwood lignin primarily
consists of syringyl (S) and guaiacyl (G) units, while softwood lignin mainly
contains guaiacyl (G) units. Also, the lignin extraction method significantly
impacts its chemical and physical properties.

Kraft, sulfite, soda, and organosolv processes are isolation methods used at
a commercial scale to isolate lignin from biomass. Kraft lignin is the second most
commercially available lignin type after lignosulfonates.”” This makes kraft
lignins a desirable option for replacing BPA in various applications. Around 90%
of pulping processes involve the kraft process; the kraft lignin market was valued
at USD 270 million in 2023, projected to reach USD 422 million by 2032.'* Addi-
tionally, 39.8% of globally produced phenol was used to synthesize BPA in 2025."°
Lignin and BPA have similar structures because they both contain phenolic
alcohols and have an aromatic skeleton. In addition to lignin's structural simi-
larity to BPA, lignin's wide availability, low cost, and renewability make it an
excellent candidate for replacing BPA in epoxy systems.

In this study, ethyl lactate was used as a solvent to dissolve epoxidized lignin
before mixing it with a curing agent. Ethyl lactate can be generated from
renewable raw materials (it is synthesized by the esterification reaction between
lactic acid and ethanol).”® Due to its high polarity and boiling point (151-155 °
C),** it is an ideal solvent to replace high-boiling-point solvents such as dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF). It was also shown that ethyl
lactate is fully biodegradable, recyclable, non-corrosive, non-carcinogenic, and
non-ozone depleting.”* Hence, the United States Food and Drug Administration
(FDA) approved its use in food products.?
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Directly epoxidizing lignin could be challenging due to its high molecular
weight, low reactivity of hydroxyl groups in lignin toward ECH, low solubility in
common organic solvents, and reduced control over the epoxidation reaction.
Due to these limitations, many studies used different techniques to obtain more
uniform and reactive lignin-derived compounds, such as depolymerization,>
demethylation,* phenolation,* and fractionation.”® These modification methods
can improve some lignin properties, resulting in epoxidized lignin with relatively
similar performance to the BPA-based thermosets. However, every modification
step requires additional chemicals and energy, resulting in higher costs and
making the process unfavorable for industrial scale-up.

A few studies have focused on utilizing unmodified lignin for the epoxidation
reaction.”*** Lignin from softwood, wheat straw, hardwood, and different isola-
tion processes, such as kraft, alkaline, and organosolv, replaced 2-42 wt% of BPA-
based epoxy resin.**** Using our developed epoxidation method, we previously
measured the reactivity of thirteen unmodified lignins from various sources and
isolation processes with biobased ECH.*® Our modeling results showed that
lignins with lower molecular weights and higher phenolic hydroxyl contents were
more suitable for epoxy resin formulations.*

The objectives of the present study were unlike those of previous studies,
which primarily focused on epoxidation using excess epichlorohydrin. This work
introduces ethyl lactate as a sustainable co-solvent, enabling milder reaction
conditions. Furthermore, this is the first time rheological curing analysis of
lignin-based resins has been explored in depth, shedding light on their curing
kinetics and gelation behavior. The study also systematically compares the ther-
momechanical performance of these bio-based resins with traditional BPA-based
DGEBA epoxy systems, providing valuable industrial benchmarks.

Experimental
Materials

Two commercially available lignins (kraft softwood and hardwood) were kindly
provided by West Fraser and Suzano. The following chemicals were supplied or
purchased and used as received: ethyl lactate (Fisher Scientific), tetrabuty-
lammonium bromide (Tokyo Chemical Industry Co., Ltd, Purity >98%), tetrae-
thylammonium bromide (Fisher Scientific), perchloric acid 0.1 N (Fisher
Scientific), ethyl L(—) lactate (Acros Organics, 97%), and biobased epichlorohydrin
(Advanced Biochemical Thailand Co., Ltd, 99.9%). Commercial DGEBA (Epon
828) epoxy resin and biobased curing agent (Cardolite GX-3090) were purchased
from E. V. Roberts and Cardolite, respectively.

Methods

Lignin characterization

Ash content. The ash contents of lignin samples were determined according to
the TAPPI T 211 om-02 standard method.*” Briefly, oven-dried lignin samples (1-2
g) were loaded in a pre-weighed, oven-dried crucible. Next, the crucibles were
placed in a muffle furnace (Fisher Scientific), and the temperature was gradually
increased to 525 °C at 5 °C min~" and kept at that temperature for 4 h. The
crucibles were then cooled to 100 °C and transferred to a desiccator until they
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cooled to room temperature, and then weighed. The ash content was calculated
according to eqn (1):

Ash content (%) = — 2% 100 (1)
Lignin
where Wyg, and Wy gnin are the weights of ash and lignin, respectively.

GPC analysis. The molecular weight of lignin samples was determined by gel
permeation chromatography (GPC) using tetrahydrofuran (THF) as the mobile
phase. Due to the low solubility of lignin in THF, the lignin samples were first
acetylated so that they could be dissolved in THF. One gram of lignin was dis-
solved in 40 mL acetic anhydride/pyridine mixture (50-50 v/v%) and mixed at
room temperature for 24 h. The lignin was then precipitated with 150 mL 0.1 N
hydrochloric acid solution. The precipitate was collected using vacuum filtration
and washed several times with diluted hydrochloric acid (pH = 1) and DI water to
remove residual pyridine and acetic anhydride. The acetylated lignin samples
were dried in a vacuum oven (Across International) at 40 °C for 24 h. Then,
samples were dissolved in THF (HPLC grade) and filtered using a syringe filter
(PTFE, 0.45 um). Polystyrene standards with the following molecular weights (162,
370, 580, 945, 1440, 1920, 3090, 4730, 6320, 9590, 10 400, 16 700, and 42 400 Da)
were used as external calibration standards (R*> = 0.99996). The filtrates and
polystyrene standards were analyzed by a Waters GPC system (Waters €2695
Separation Module) at a flow rate of 1 mL min ", using three 300 mm x 7.8 mm
Waters columns in series: (1) Styragel HR 4 THF (5k-600k A), (2) Styragel HR 3
THF (500-30k A) and (3) Ultrastyragel THF (100-10k A). The filtrate solution (25
pL) was injected into the system and detected using a 2414 RI Detector, constantly
maintained at the same temperature as the columns (35 °C) during the analysis.
Data was collected and analyzed using Empower GPC Software.

3'p NMR. The hydroxyl content of each lignin was determined using
phosphorus-31 nuclear magnetic resonance (*'P NMR) spectroscopy. To prepare
the sample, 30 mg of lignin was dissolved in a solvent solution (400 pL, 1.6 : 1 v/v)
consisting of pyridine and deuterated chloroform, along with 200 pL of dime-
thylformamide (DMF). Following this, 100 pL of cyclohexanol solution (22 mg
mL ™" in anhydrous pyridine and deuterated chloroform, 1.6 : 1 v/v) was added as
an internal standard. Next, 100 puL of chromium(m) acetylacetonate solution
(5.8 mg mL " in anhydrous pyridine and deuterated chloroform, 1.6:1 v/v) was
included as a relaxation agent in the mixture. Finally, 100 puL of 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane was added as a phosphitylation reagent.*®
The spectra were acquired using an Agilent DDR2 500 MHz NMR spectrometer
equipped with a 7600AS, running Vnmzi] 3.2A. Data were collected using a 5-mm
tube (600 uL solution), a 90° pulse angle flip, a relaxation delay of 10 seconds, and
128 scans. The hydroxyl content of lignin was determined as the ratio between the
integrated area of the internal standard (cyclohexanol) and that of the following
spectral regions: aliphatic hydroxyls (149.1-145.4 ppm), cyclohexanol (145.3-
144.9 ppm), condensed phenolic units (144.6-143.3; and 142.0-141.2 ppm),
syringyl phenolic units (143.3-142.0 ppm), guaiacyl phenolic hydroxyls (140.5-
138.6 ppm), p-hydroxyphenyl phenolic units (138.5-137.3 ppm), and carboxylic
acids (135.9-134.0 ppm). For softwood lignin, the entire region of (144.6-138.6
ppm) was regarded as condensed phenolic since softwoods do not contain any
syringyl units.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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Characterization of epoxidized lignin

Measuring epoxy content of epoxidized lignin samples. "H NMR: '"H NMR spec-
troscopy was used to measure the epoxy content of epoxidized lignin samples.
First, epoxidized lignin (approximately 50 mg) was dissolved in 700 uL deuterated
dimethyl sulfoxide (DMSO-d¢). Approximately 20 mg (measured with a high
precision balance) of 1,1,2,2-tetrachloroethane was added to the mixture as an
internal standard. The samples were analyzed using an Agilent DDR2 500 MHz
NMR spectrometer equipped with 7600AS with a 10 s relaxation delay and 64
scans. The epoxy content of the epoxidized lignin samples was calculated based
on the ratio of the integrated peak area of internal standard (6.89, s, H) to that of
the epoxy ring of epoxidized lignins 2.77 (m, 1H); 2.92 (m, 2H); 3.41 (m, 1H), 4.32
(dd, 1H), and 4.64 (m, 1H).

Titration: The epoxy contents of epoxidized lignin samples were determined by
an auto-titrator (Metrohm. 916 Ti-touch Swiss Mode) according to a modified
version of ASTM D1652-11. In brief, 0.2-0.3 g of epoxidized lignin was added to
30 mL of dichloromethane and 15 mL of tetraethylammonium bromide reagent
solution (25% w/v tetraethylammonium bromide in glacial acetic anhydride). The
mixture was stirred for 5 min to ensure the epoxidized lignin was fully dissolved in
the solution. Then, the solution was titrated with 0.1 N perchloric acid reagent to
reach the endpoint.

HSQC (*H-"3C-gradient heteronuclear single-quantum coherence): Approxi-
mately 80 mg epoxidized lignin was dissolved in 600 pL de-DMSO. NMR spectra
were obtained on a 500 MHz Bruker NMR spectrometer equipped with a 5 mm
iProbe (BBO probe) at room temperature. Spectra were recorded with spectral
widths of 8013 Hz (*H) and 20 kHz (**C) with acquisition times of 63.9 ms (F,, 512
complex points for 'H) and 63.9 ms (F;, 1024 increments for the *C dimension),
and 48 scans were taken per increment with a delay of 1.5 s.

HSQC spectra were analyzed, and semi-quantitative data were obtained
according to the cross-peak assignments, as shown in Table 1.

FTIR: The spectrum of each oven-dried lignin sample was recorded on a Per-
kinElmer Spectrum II in attenuated total reflectance (ATR) mode, with a wave-
number range of 4000-400 cm ™, a resolution of 4 cm™*, and 32 scans.

Synthesis of epoxidized lignin. First, 4 g of lignin was dissolved in 20 g of ethyl
lactate and mixed for 10 min at room temperature. Then, biobased ECH (20 eq_.)
and TBAB (0.1 eq.), based on the total hydroxyl content of lignin, were added to

Table 1 H and **C assignments of the signals in HSQC spectra of lignin used for quan-
titative analysis®®

Chemical shift of the Chemical shift of
Integrals integrated peak dy (ppm) the integrated peak d¢ (ppm)
p-Coumaryl (pCA) 7.6 144.0
Guaiacyl (G) 7.1 114.6
Syringyl (S) 6.9 104.2
Aromatic unit 6.9 110.0
B-5 (A) 5.6 87.7
B-0-4 (A) 5.0 71.2
B-B (A) 4.7 85.5
Methoxy 3.7 55.6
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the mixture and stirred for 2 h at 80 °C under reflux conditions. Next, the mixture
was cooled to 10-15 °C, and 20 wt% NaOH solution (2 eq. of total hydroxyl OH)
containing 10 wt% TBAB was slowly added to the mixture. The mixture was stirred
for 1 h. Then, the lignin was precipitated by adding 1000 mL of deionized (DI)
water. Epoxidized lignin was separated using vacuum filtration and washed
multiple times to remove salt, unreacted ECH, and ethyl lactate. Lastly, the
epoxidized lignin was freeze-dried (Labconco, FreeZone 4.5) at —52 °C for 6 h.

Curing of epoxy resins. The two epoxidized lignin samples and a commercial
DGEBA epoxy resin were cured using a biobased diamine as a curing agent (GX-
3090). The epoxy equivalent weight (EEW) of each epoxy resin was calculated
according to eqn (2):

4300

EEW= ———— 2
% epoxy content )

Table 2 shows the compositions of different epoxy thermoset systems. Because
epoxidized lignin is a solid powder, a solution of ethyl lactate (40 wt%) and
epoxidized lignin was prepared. The stoichiometrically determined amount of
curing agent was added to the mixture, followed by mixing for 2-3 min. To slowly
evaporate ethyl lactate, prepared samples were kept in a regular oven at 40 °C for
8 h, then heated at 80 °C for 1 h, cured at 130 °C for 2 h, and finally post-cured at
150 °C for 1 h. The same method was used for Epon (EP) systems, with one sample
first being dissolved with 40 wt% ethyl lactate and one sample being cured
directly.

Characterization of epoxidized lignin-based thermosets

Rheology. Viscosity measurements and curing studies were conducted on a TA
Instrument DHR-1 Rheometer. In this study, the viscosities of lignin-based epoxy
samples dissolved in 40 wt% ethyl lactate were measured at room temperature, as
well as an Epon system with and without solvent, at consistent shear rates (e.g.,
100 s~ and 1000 s~ ') to ensure reliable comparisons of pseudoplastic behavior
(Table 6). The applied strains for all experiments were determined to be in the
viscoelastic region of each sample. This was achieved by using a strain sweep on
a fully cured sample and selecting the lowest strain that either resulted in a non-
linear stress-strain relationship or reduced the storage modulus by 5%
(Fig. S107). A non-iterative sampling feature was activated on the rheometer to
adjust the strain automatically throughout the experiment. This mode is essential
and applicable for thermoset resins where rapid measurements over accurate
strain control are required. In addition, the axial force was controlled within 0 £+
0.1 N to compensate for the generated forces due to sample shrinkage during the
curing process, as well as to monitor possible solvent evaporation.

Table 2 Composition of different epoxy systems

BPA replacement  Solvent (ethyl lactate) Epoxy resin/curing
Sample ID with lignin (wt%)  (Wt%) EEW  agent mass ratio
E-SW/GX-3090 100 40 364 1:0.19
E-HW/GX-3090 100 40 321 1:0.22
EP-S/GX-3090 0 40 185 1:0.37
EP/GX-3090 0 0 185 1:0.37

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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The viscosity of uncured epoxy systems was measured in scanning mode (0.02—
1000 s ). Isothermal curing studies were measured using a parallel plate
geometry (25 mm diameter, 1 mm gap) at 40, 45, 50, 55, 60, 65, and 70 °C. Before
running the sample, the linear viscoelastic region of cured epoxy systems was
determined by running a strain sweep experiment.*’

Gel fraction and swelling ratio. The gel fraction and swelling ratio of cured
thermosets were measured according to a previously published method by Tellers
et al.** to evaluate crosslink densities. All samples were vacuum dried, and 200 mg
of each sample was placed in a 20 mL vial; 5 mL of THF was then added to each
vial. The samples with closed lids were kept at room temperature for 7 days and
were then removed from the vials and immediately dried with a paper towel
before weighing the swollen samples. Then, samples were placed in a vacuum
oven until their weight stabilized. The gel fraction and swelling ratio were ob-
tained according to eqn (3) and (4):

Gel fraction (%) = T4 100% (3)

1

Swelling ratio (%) = <¥> x 100 (4)
1
where m; mq, and ms are initial mass, dry mass, and swollen mass, respectively.
TGA. Thermogravimetric analysis (TA Instrument, Q100) was performed to
measure the thermal stability of cured lignin-based epoxy thermosets and
compared with a DGEBA system. 10 mg of each sample was placed on a platinum
pan and heated from room temperature to 700 °C with a 20 °C min~" heating rate
under an airflow of 25 mL min~* for the sample and 10 mL min ! for balance.
DMA. The dynamic mechanical properties of cured lignin-based and DGEBA-
based systems were analyzed using a dynamic mechanical analyzer (DMA) TA
Instrument Q800 in single cantilever mode with a heating rate of 3 °C min~* from
room temperature to 180 °C with a constant deformation frequency of 1 Hz.

Results and discussion
Characterization of technical lignins

Two commercially available kraft lignins derived from hardwood and softwood
were selected to investigate the effect of different monolignols on epoxidation
reactions. Our previous study showed that these two lignins could yield high
epoxy contents.** The properties of the two kraft lignin samples are measured and
presented in Table 3. Softwood kraft lignin (SW) had higher ash content than
hardwood kraft lignin (HW), which might be related to the different methods
(Lignoboost vs. Lignoforce) or other parameters (pH, temperature, time, and acid
concentration) used to isolate these lignins from black liquor, as well as the
severity of the final washing steps. As expected, GPC data showed that SW had
a higher molecular weight than HW. This could be due to the high amount of
sinapyl alcohol in HW, which has two methoxy groups and limits the formation of
5-5 and dibenzodioxins linkages in the HW.** In addition, SW had a significantly
higher PDI than HW, which could be related to the isolation process conditions
(such as temperature and time), which could result in breaking the intermolec-
ular linkages and potential repolymerization of lignin chains.”® The hydroxyl

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.
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Table 3 Ash content, molecular weight, and the hydroxyl content of lignin samples

Lignin properties Softwood (SW) Hardwood (HW)
Ash % 1.9 £ 0.2 1.62 + 0.01
M, (Da) 2250 1370

M,, (Da) 12100 3160

PDI 5.4 2.3
Aliphatic OH (mmol g™ ') 1.65 1.37
Condensed phenolic OH (mmol 0.57 0.77

g

Syringyl (mmol g™ ) — 2.78
Guaiacyl (mmol g~ ") 1.62 1.14
Hydroxyphenyl (mmol g™*) 0.19 0.19
Carboxylic acid (mmol g™ ) 0.61 0.34

Total phenolic (mmol g ") 2.38 4.88

Total OH (mmol g~ ") 4.64 6.59

contents of lignin samples were measured by *'P NMR (Fig. S1 and S271). The HW
had significantly higher phenolic hydroxyl content (4.88 mmol g~ ') than SW
(2.38 mmol g~") used in this study. Generally, during the kraft pulping process,
lignin undergoes depolymerization and ether bond cleavage, both of which
increase the number of free phenolic hydroxyl groups. The structural resilience of
G units in softwood lignin and their propensity for selective oxidation, coupled
with hardwood lignin's susceptibility to degradation, explains the higher
carboxylic acid content in SW lignin compared to HW lignin.** Additionally, new
structures such as stilbene, styrene, catechol, and biphenyl subunits are formed,
and some of the methyl groups blocking aromatic hydroxyl sites are removed,
further boosting the phenolic content. Although recondensation reactions can
occur, they typically create new linkages that reduce free phenolic sites rather
than increase them.*

Additionally, "*C "H HSQC was used to study lignin intermolecular linkages
and skeletal structure. The HSQC spectra of SW and HW lignins are shown in
Fig. 1a and b. Several linkages, including B-O-4, B-5, and B-p, are present in the
structure of native lignin Fig. 2, but due to the harsh conditions during the kraft
isolation process, the amount of these linkages is significantly reduced in tech-
nical lignins.***” For example, phenolic ether linkages are cleaved and recon-
densed, resulting in a high amount of phenolic hydroxyl groups in kraft lignins.*®
Table 4 presents the corresponding abundances of inter-unit linkages for the
hardwood and softwood kraft lignin samples. Based on HSQC spectra, the
methoxy groups are dominant in both lignin samples. The residual carbohydrates
were observed in both lignins (black spots). The S/G ratio of lignin samples
are correlated with the sources of lignin. The abundance of B-5 and B-O-4
linkages was higher in SW than HW, while the B-f linkage was higher in HW
compared to SW.

Characterization of epoxidized lignins

Epoxy functional groups were selectively introduced to two lignin samples by
reacting with ECH, using ethyl lactate as a solvent under mild conditions
(Scheme 1). *'P NMR analysis (Fig. 3a and S5t) confirmed that only phenolic

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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Fig. 1 HSQC spectrum of (a) softwood lignin (SW) and (b) hardwood lignin (HW).
hydroxyl and carboxylic acid groups in lignin had undergone complete epoxida-
tion. In contrast, aliphatic hydroxyl groups were left unreacted, ensuring the

optimized conditions of the reaction. The peaks near 146.2 ppm in *'P NMR also
confirmed the presence of epoxy groups.*
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Fig. 2 Lignin interunit linkages that are present in native lignins.*°

Table 4 Semi-quantification of inter-unit linkages and aromatic units detected in lignin
samples (2D-NMR data)

Lignin type S/G B-5 % B-O-4 % B-B % MeO/Aro
Softwood (SW) 0 15.9 59.2 23.5 1.4
Hardwood (HW) 3.1 6.2 53.5 40.2 1.7

HSQC analysis of epoxidized lignin (Fig. 3b and S6t) identified several peaks
(70/4.4, 70/3.8, 50/3.3, and 45/2.4 ppm) assigned to introduce epoxy rings in
lignin.>***

The epoxy contents of two epoxidized lignins measured by titration and 'H
NMR methods are presented in Table 5. The epoxy content for epoxidized

O
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Scheme 1 Reaction of lignin with ECH in the presence of a catalyst.
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Fig. 3 Characterization of epoxidized lignin. (a) *:P-NMR spectrum of epoxidized hard-
wood kraft lignin (E-HW), (b) HSQC spectrum of epoxidized hardwood kraft lignin (E-HW).

softwood (E-SW) lignin (10.8%) was significantly lower than epoxidized hardwood
(E-HW) lignin (13.4%) due to the higher phenolic OH content in hardwood lignin
compared to softwood lignin. The functionality (i), the average number of epoxy
groups in each lignin macromolecule, was calculated using eqn (5):

This journal is © The Royal Society of Chemistry 2025
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Table 5 Properties of epoxidized lignin samples

Epoxy content Epoxy content Average number of
Sample ID (Wt%) by titration (wt%) by "H NMR epoxy groups 7
Epoxidized softwood (E-SW)  10.8 £ 0.2 10.5 5.7
Epoxidized hardwood (E-HW) 13.4 £+ 0.1 13.2 4.3
7l = epoxy content (mmol g~') x M, (5)

n of E-SW and E-HW were 5.7 and 4.3, respectively, while DGEBA resin has only
two epoxy groups per molecule. In this case, E-SW provides a higher number of
reacting sides than E-HW due to the higher number average molecular weight
(M,,) of SW lignin.

FTIR results. The FTIR spectra of epoxidized lignin samples (Fig. 4) confirmed
the epoxidation by forming new peaks of oxirane ring at 760, 840, 908, and
3000 cm %> The disappearance of the majority of phenolic OH peaks at
1365 cm™ ' confirmed complete epoxidation. The intensity of non-phenolic OH
groups at 3500 cm~ ' was not changed after epoxidation, which means those
hydroxyl groups were not converted during the epoxidation reaction.?®?

Viscosity and gelation point analysis

The lignin-based epoxy systems (Scheme 2) exhibited significantly higher viscosity
than the Epon system containing 40 wt% solvent because of their increased
molecular weight and high functionality (Table 6). The E-HW lignin has a higher
epoxy content (13.4%) than E-SW (10.8%), thus its formulation required more
liquid curing agent, leading to a lower overall viscosity than the E-SW resin. Using
consistent shear rates ensures that observed viscosity differences reflect intrinsic
system properties, such as molecular weight, epoxy content, and solvent effects,
rather than variations in measurement conditions. In addition, all epoxy systems
displayed shear-thinning flow behavior, as shown in Fig. S9.}

Different analytical techniques, such as differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA), rheological analysis, and thermog-
ravimetric analysis (TGA), were utilized to investigate the curing process of epoxy
systems.***¢ Although DSC is widely used to study the epoxy curing process and
provides valuable information about the degree of conversion and heat capacity
changes, it does not reveal the rate of the curing process (gelation).”” Typically, the
gel point is identified when the storage modulus (G’) equals the loss modulus (G”)
(tané = 1); however, this intersection is frequency-dependent and accurately
represents the gel point only if the material's stress relaxation follows a specific
power law (G(t) = t /). For systems deviating from this behavior, the G’ = G’
intersection may not precisely correspond to the actual gel point. To improve
accuracy, it is recommended to determine the gel point from the intersection of
tan ¢ curves measured across multiple frequencies.*®

The gelation time reduction observed in lignin-based resins is due to their
higher number of reactive sites (epoxy groups), accelerating the crosslinking
reaction. The presence of aliphatic hydroxyl groups may also act as a catalyst,
enhancing curing efficiency. The rheological multi-wave test was used to avoid

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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Fig. 4 FTIR spectra of original and epoxidized (a) softwood (SW-K) and (b) hardwood
(HW-K) lignins.

several sample preparations and save time by applying multiple frequencies in
sequence (1, 10, and 50 Hz). All three tan ¢ curves overlapped, and the true
frequency-independent gel point was obtained (Fig. 5).
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Scheme 2 Curing reaction between epoxidized lignin and bio-based curing agent.

The gel point (¢, 4.1) always occurs at the exact extent of reaction for the same
material, regardless of temperature. Therefore, the activation energy (E4) of epoxy
resins obtained from the gel point on this Isoconversional phenomenon can be
measured using eqn (6):**

In(fugn) = C + ©)
where C is a polymer constant, R is the gas constant, and 7 is the temperature.

The measured activation energies for each system, obtained at different
temperatures, are shown in Fig. 6. Interestingly, both lignin-based systems
showed significantly lower activation energies than Epon systems (with and
without solvent). Two reasons could explain this behavior. According to statistical
approaches by Flory®> and Stockmayer,* monomer functionality is inversely
related to the critical extent of reaction, meaning the system will reach the gel
point at a lower extent of reaction. On the other hand, the system is gelled faster.

Table 6 The viscosities of lignin-based and DGEBA-based systems were measured at two
shear rates (100 and 1000 s

Viscosity (cP) at different shear

rates (s )
Epoxy resin Sample ID 100 (s71) 1000 (s™)
Epoxidized softwood E-SW/GX-3090 602 548
Epoxidized hardwood E-HW/GX-3090 545 520
Epon/ethyl lactate EP-S/GX-3090 286 264
Epon EP/GX-3090 4810 3485

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025
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Fig.5 Rheological analysis of hardwood lignin (E-HW) epoxy thermoset curing system. (a)
Multi-wave experiment at 1, 10, 50 Hz. (b) Plot of tan ¢ used to identify the true gel point.

The functionality of lignin-based epoxy systems was 2-3 times higher than Epon
systems; therefore, the gel point is achieved at a lower conversion, according to
eqn (7):
P ?)
C k-2
where P. is the gel point, r is the stoichiometric ratio of two different monomers
(ratio of epoxy groups and amine groups in this case), p is the reaction extent
(fraction of multifunctional groups to all functional groups in the mixture), and f
is the functionality of a multifunctional monomer.
In addition, it was reported that hydroxyl functional groups accelerate the curing
reaction of epoxy/amine systems, still, they only serve as catalysts and do not

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.
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Fig. 6 Arrhenius plot of the obtained activation energy of epoxy resins. E-SW: epoxidized
softwood, E-HW: epoxidized hardwood, EP-S: epon/ethyl lactate, EP: epon.

compete with the reaction between amines and epoxy groups, acting by forming
hydrogen bonds to stabilize the transition state and lower the activation energy
while lacking sufficient nucleophilicity to open the oxirane ring themselves.*-

After 7 days

Fig. 7 Immersed epoxy thermosets in tetrahydrofuran. E-SW: epoxidized softwood, E-
HW: epoxidized hardwood, EP-S: epon/ethyl lactate, EP: epon.
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Although ethyl lactate contains an aliphatic hydroxyl group, its catalytic effect
is significantly lower than that of lignin for two main reasons. In lignin, the
aliphatic OH groups are part of the same macromolecular network that also
contains epoxy groups. This structural arrangement enables localized interac-
tions, such as intramolecular hydrogen bonding or proton transfer, that can
facilitate the nucleophilic attack of amines on the epoxy ring. In contrast, the
hydroxyl group in ethyl lactate is present on a small, freely diffusing molecule and
is not consistently positioned to assist the epoxy-amine reaction.

Furthermore, BPA-based epoxy systems (e.g., Epon) follow a well-defined step-
growth curing mechanism that is highly sensitive to molecular mobility and
stoichiometric balance. The addition of ethyl lactate dilutes the reactive compo-
nents, reducing the frequency of productive collisions between epoxy and amine
groups. As a result, more energy is required to initiate and sustain the curing
process. Overall, the adverse dilution and solvation effects introduced by ethyl
lactate outweigh any minor catalytic contribution that its hydroxyl group might
offer in Epon-solvent system.

The gel point and activation energy increased when the solvent was added to
the epoxy resin (EP-S).*” The activation energy values obtained for lignin-based
epoxy resins (E-SW: 57 k] mol ', E-HW: 55 k] mol ") were significantly lower
than DGEBA-based resins (60 k] mol "), indicating faster curing kinetics. This
observation aligns with previous reports in the literature and suggests that
lignin's hydroxyl groups influence reaction kinetics. It was also reported that the
presence of solvent in epoxy resin resulted in a lower reaction rate and order of
reaction.®® Thus, adding solvent could decrease the curing rate and increase the
activation energy, possibly due to reduced interactions between functional
groups.

Gel fraction and swelling ratio

Sample swelling states are presented in Fig. 7. The cured samples’ gel fraction and
swelling ratio (Fig. 8) were measured to obtain further information regarding
their cross-linking density. The EP sample prepared without using ethyl lactate as
a diluent showed the highest gel fraction and lowest swelling ratios. In the EP-S
system, the gel fraction decreased, which indicates the solvent (ethyl lactate)
was partially washed out because it was not incorporated into the epoxy network.

O Gel fraction @ Swelling ratio
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Fig. 8 Measured gel fractions and swelling ratios of the cured samples. E-SW: epoxidized
softwood, E-HW: epoxidized hardwood, EP-S: epon/ethyl lactate, EP: epon.
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For lignin-based epoxy systems, both cured samples (E-HW and E-SW) showed
higher gel fractions, which might be related to a 3D cross-link network that
retained more ethyl lactate solvent compared to the EP-S system. Sample E-HW
had a higher gel fraction than E-SW, likely due to its higher epoxy content,
which increases cross-linking density.

Thermomechanical performance of thermosets

TGA. Using thermogravimetric analysis (TGA), the thermal stabilities of cured
lignin-based epoxy thermosets were compared with Epon systems. Tqso, marks
the onset of degradation, identifying the temperature at which the sample has lost
5 wt% of its weight, and it first begins to break down chemically, and it is
imperative in industrial applications as it serves as the standard benchmark for
defining the thermal stability and maximum service temperature of polymeric
products (thermosets and thermoplastics). Tqsp0 captures a more advanced
degradation stage, pinpointing when 30 wt% of the material has decomposed.
The Thax value corresponds to the temperature at which decomposition proceeds
most rapidly, which is used to calculate the T (eqn (8)). Ts was obtained according
to eqn (8), which represents the thermal stability of thermoset polymers.>>*

Ty = 0.49 x [Tysv + 0.6(Taz00 — Tasw) (8)

The Epon epoxy networks display a well-defined, isolated two-step degradation
profile (Fig. 9a), with degradation steps occurring at temperatures at 400 and 600 °©
C. However, lignin-based epoxies tend to exhibit a more continuous and over-
lapping degradation pattern. This reflects the heterogeneous and complex
structure of lignin, resulting in a broader distribution of thermal events during
decomposition. At the first stage of degradation, aliphatic chains are broken, and
small molecules such as carbon dioxide, carbon monoxide, water, and trapped
solvents are released.” The second stage of degradation is primarily due to the
degradation of aromatic rings, the oxidation of C-C linkages, and different
functional groups like methoxy and carbonyl.”* According to Table 7, the degra-
dation temperature of lignin-based thermosets was initiated at remarkably lower

a) —E-SW 1240 —E-sW
S — E-HW

Derivative Weight (%)

T T T T T T - T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Fig.9 (a) TGA profiles and (b) derivative weight loss as a function of temperature for epoxy
thermosets. E-SW: epoxidized softwood, E-HW: epoxidized hardwood, EP-S: epon/ethyl
lactate, EP: epon 828.
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Table 7 Thermal stability properties of cured epoxy systems

Epoxy resin sample ID Tusos (°C)  Tasons (°C)  Trmax (°C) T, (°C)
Epoxidized softwood E-SW/GX-3090 226 313 325 132
Epoxidized hardwood E-HW/GX-3090 244 331 349 145
Epon/ethyl lactate EP-S/GX-3090 279 361 377 161
Epon EP/GX-3090 350 385 381 182

temperatures (226-244 °C) compared with the EPON system without solvent
(350 °C). This early degradation in lignin-based systems is primarily attributed to
the cleavage of aliphatic chains and the evolution of volatile compounds, such as
CO, CO,, and water, which originate from the abundant hydroxyl functional
groups in lignin. Adding ethyl lactate as a solvent to the DGEBA system (EP-S)
resulted in a lower initial degradation temperature (279 °C). This could be due
to the solvent trapped in the network.”>”® At higher temperatures, the difference
between the thermal stabilities of the EP resin and the other epoxy systems was
minor. For example, the Ty,., of E-SW, E-HW, and EP-S were 325, 349, and 377 °C,
while the T, for EP was 381 °C. The statistic heat resistance indices T of lignin-
based epoxy systems (E-SW = 132 °C and E-HW = 145 °C) were lower than those of
the Epon thermoset (182 °C), but the T of the Epon system decreased when ethyl
lactate was added (161 °C). The Ty« of epoxy networks followed the same trend,
where Epon showed the highest Tyax (Fig. 9b). The lower thermal stability of
lignin-based epoxy systems can be attributed to their lower epoxy content, which
reduces cross-linking density.”

DMA. Thermomechanical properties of lignin-based and BPA-based (Epon)
epoxy thermosets cured using a biobased phenalkamine-polyamide curing agent
(GX-3090) were evaluated by DMA using a single cantilever mode. Fig. 10 illus-
trates (a) the storage modulus (E') and (b) tan 9, the ratio between loss and storage
moduli; the glass transition temperature can be identified as the tan é peak. At
room temperature, EP had the highest storage modulus (1.5 GPa), whereas lignin-
based samples E-HW and E-SW showed lower values (0.53 and 0.45 GPa,
respectively). The addition of ethyl lactate solvent significantly reduced the
storage modulus of EP to 0.65 GPa due to trapped solvent or decreased cross-
linking density.*”*®
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Fig. 10 (a) Storage modulus and (b) tan ¢ of epoxy networks. E-SW: epoxidized softwood,
E-HW: epoxidized hardwood, EP-S: epon/ethyl lactate, EP: epon 828.
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Table 8 Thermomechanical performance parameters of epoxy thermosets

Ty Storage modulus
Epoxy resin Sample ID (from tan ¢) (°C) (MPa, 25 °C)
Epon EP/GX-3090 107 1540
Epon/ethyl lactate EP-S/GX-3090 72 650
Epoxidized hardwood E-HW/GX-3090 78 530
Epoxidized softwood E-SW/GX-3090 64 450

Both lignin-based epoxies displayed broader tan é peaks, attributed to their
higher polydispersity index (PDI) and increased network heterogeneity.”
According to the thermomechanical properties of all epoxy networks (Table 8),
adding solvent to the epoxy formulations reduces storage modulus, cross-linking
density, and T,.®® E-SW notably exhibited two tan 6 peaks, indicative of distinct
phases and greater heterogeneity. Solvent addition also acted as a plasticizer,
decreasing the T, of all epoxy systems. E-HW demonstrated slightly higher T,
compared to E-SW due to its higher epoxy content, whereas increased heteroge-
neity in E-SW caused less efficient packing and greater free volume, reducing its
T, further. Solvent-based formulations may still be appropriate for applications
that do not require high thermomechanical performance.

The degradation temperatures of lignin-based epoxy systems were significantly
higher than their glass transition temperatures (7), enabling their use across
a broad temperature range. Hardwood lignin-based epoxy (E-HW) exhibited better
thermal stability than softwood lignin-based epoxy (E-SW), primarily due to E-
HW's higher epoxy content, which results in higher cross-link density after
curing.

Conclusions

Detailed characterization was undertaken on two technical kraft lignins derived
from softwood and hardwood trees, which were subsequently utilized to
synthesize lignin-based epoxy resins, entirely replacing bisphenol A (BPA).
Unmodified lignins were successfully epoxidized in the presence of biobased
epichlorohydrin (ECH) and ethyl lactate within a relatively short reaction time.
The correlation between the original lignin properties and the epoxy contents of
epoxidized lignins was assessed. It was found that epoxidized hardwood lignin
exhibited higher epoxy content than epoxidized softwood lignin. This could be
attributed to the higher phenolic content and lower molecular weight of the
hardwood lignin used in this study than the softwood lignin.

The rheological properties of cured lignin-based epoxy samples were studied.
The lignin-based epoxy systems showed shorter gelation times compared to the
Epon system, primarily due to their higher functionality. Additionally, aliphatic
hydroxyl groups in lignin can act as a catalyst during the curing of epoxidized
lignin. Although the thermomechanical behavior of lignin-based epoxy thermo-
sets was not as high as the solvent-free cured Epon system, this is likely due to the
40 wt% ethyl lactate used as a diluent. The cured epoxy resins exhibited compa-
rable performance to an Epon system prepared with 40 wt% solvent (ethyl lactate).

The results obtained in the present work provide in-depth insights into how
the structure of lignin influences the epoxidation reaction and rheological
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properties of formulated resins. Further optimization can potentially integrate
these entirely bio-based epoxy systems into resins designed for coating applica-
tions. Moreover, given the intricate structure of kraft lignins, this study indicates
that the developed method can effectively be used to epoxidize lignins from other
biomass sources and isolation processes.
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