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Ira Smal,a Paula Nousiainen, a Rahul Prasad Bangalore Ashok, b Pekka Oinasb

and Monika Österberg *a

Wood is increasingly replacing concrete to reduce CO2 emissions in buildings, but fossil-based adhesives

are still being used in wood panels. Epoxidized lignin adhesives could be a potential replacement, but

their preparation has so far required low-molecular weight lignin and long reaction times. Here we show a

new efficient method to produce epoxidized kraft lignin (EKL) from regular kraft lignin by using interfacial

catalysis. We demonstrate that EKL combined with biocolloids in the form of lignin nanoparticles (LNPs)

produces a strong adhesive comparable to commercially available ones when cross-linked at 130–160 °C

for only 3–5 minutes. The adhesive was free of phenol or formaldehyde, had a lignin content of over 80%

and still showed impressive wet strength and incredible thermal stability. The process was shown to be

scalable and environmentally more sustainable than resins from fossil-based feedstock or currently avail-

able ones from renewable resources.

Introduction

Climate change and rising fossil raw-material prices are
pushing industries toward technologies with a lower carbon
footprint. The construction industry can lower its carbon foot-
print significantly by replacing concrete with wood.1–3 The
plywood and woodboard adhesive industry largely rely on
formaldehyde as a cross-linker for phenol, urea, and
melamine. Formaldehyde is an efficient cross-linker, but is
also toxic,4,5 and although formaldehyde can be obtained from
natural sources, it is mostly produced from fossil-based raw
materials.6 However, most adhesives from biomaterials (e.g.,
proteins or polysaccharides) are either too expensive or too
hydrophilic, the former hampering scale-up and the latter
resulting in poor wet bonding strength.7 Nevertheless,

plywood manufacturers have used lignin as a filler in
adhesives to decrease raw-material costs since before the
1940’s.8,9 Lignin is produced as a side product in pulp and
biorefinery industries in huge amounts annually but is
astoundingly underutilized despite its low price and
abundance. Only 2–5% of the produced lignin is used while
the rest is incinerated for energy recovery in pulp mills.10

Burning lignin results in significant CO2 emissions, so
using noncombustible energy sources in the pulp mills and
valorizing lignin as a material would both decrease carbon
dioxide emissions and lead to more sustainable material
flows.

Applying significant amounts of lignin in adhesives is chal-
lenging because it often reduces the adhesive’s
performance.11–13 Modern lignin-containing adhesives use
phenolated lignin to increase its reactivity with
formaldehyde.14,15 This strategy allows the lignin content to be
increased but the formaldehyde content still cannot be
decreased by more than a few percent.15,16 Being able to also
decrease formaldehyde would indeed reduce the use of fossil-
based chemicals, but it would also be good for the health of
people working in fields like resin manufacture or firefighting
who have a high risk of exposure to significant levels of form-
aldehyde daily.4,17–20 Some studies even suggest that the
general public frequently get exposed to significant levels of
formaldehyde from wood-panels.18,21 Because concrete is
increasingly being replaced by wood as a building material to
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reduce CO2 emissions,22–24 it is expected that the demand for
adhered wood-boards like plywood and particleboard will
increase, as these products are widely used in walls, roofs and
flooring.23 The drawbacks of modern commercial wood-panel
adhesives should be solved to make the transition to wood-
based construction safe and sustainable.

Epoxies could be an alternative to formaldehyde as a cross-
linker in resins.25 Lignin epoxidation strategies have been devel-
oped for years and can be used to make lignin-based cross-
linkers. Lignin epoxidation is generally done by reacting lignin
with epichlorohydrin under highly alkaline conditions
(Fig. 1a).26–29 Lignin is first dissolved in an aqueous solution of
sodium hydroxide or an organic solvent with a high boiling
point,26,30,31 to which epichlorohydrin is added, or vice versa.
There are nevertheless unsolved challenges in the current lignin
epoxidation methods, like the need for pre-processed low mole-
cular weight lignin as raw material as well as the chemical- and
energy-intensive reactions. Reported reaction times for lignin
epoxidation processes have been around 1–14 hours at 60 °C or

above. The long reaction times gives room for homopolymeriza-
tion, which causes a high yield of insoluble epoxidized lignin,
which is why low molecular weight lignin is needed.26,31,32 This
approach results in an rather expensive process and thereby
removes one of the main benefits of using lignin as raw
material. While there are many studies on lignin-epoxidation,
only a few demonstrate its use in applications,28,33 probably due
to its poor solubility. It is nevertheless likely that lignin epoxi-
dation could be a promising way to turn lignin into a valuable
functional raw material if the above-mentioned challenges are
solved. In addition, recent studies have shown that epichloro-
hydrin can feasibly be made from bio-based glycerol.34,35

Epoxidation via epichlorohydrin could thus enable the pro-
duction of fully bio-based composite materials when glycerol-
based epichlorohydrin becomes more accessible.

A lignin-based resin needs to be reactive and preferably
water soluble. Here we achieve both by conducting the reaction
in an emulsion-like medium. This enables the epoxidation
reaction to be catalyzed at the water–oil interface which mini-

Fig. 1 Lignin epoxidation and homopolymerization mechanisms. (a) Lignin epoxidation via epichlorohydrin in alkaline conditions. (b)
Homopolymerization between lignin and epoxidized lignin. (c) Complete versus incomplete epoxidation respectively leading to soluble and insoluble
epoxidized lignin, here due to insufficient amounts of epichlorohydrin. The black lines represent the lignin backbone, the red dots represent oxygen
groups, and the yellow dots represent chlorine.
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mizes the reaction time and simultaneously reduces homopoly-
merization. This resin is then cured with water-dispersible col-
loidal lignin particles (LNPs). The resulting adhesive uses no vola-
tile organic solvents, has a strength comparable to phenol-formal-
dehyde resins, and contains over 80% of lignin. The resin can be
made 100% bio-based when using epichlorohydrin from glycerol
and is therefore a great step in the direction toward sustainable
and formaldehyde-free resins and composites. The scalability and
sustainability of the process is evaluated by a pre-feasibility
techno-economic analysis (TEA) and life cycle assessment (LCA).

Results
Design of epoxidized lignin synthesis

Lignin epoxidation reactions often take ca. 1–8 hours and is
usually done in mostly organic solvents,26–28,30,31,36,37 because
epichlorohydrin dissolves poorly in water. However, the inter-
mediate product in the lignin-epoxidation reaction is highly
polar (Fig. 1), and the presence of water could perhaps stabil-
ize the intermediate product and thus increase the reaction
rate. Certain reactions even experience a catalytic effect in the
presence of non-miscible compounds (like water and epichloro-
hydrin) because of interfacial catalysis,38–40 and it was exam-
ined whether this phenomenon could be used in lignin epoxi-
dation. It was observed that lignin-stabilized epichlorohydrin
droplets could be formed in aqueous alkaline lignin solutions

by stirring (Fig. 2 & Fig. S2†). The epoxidation reaction is
highly exothermic, and changes in temperature were therefore
used to monitor the progress of the reaction. An exponential
increase in temperature was observed at ∼43 °C, and this was
used as initiation temperature. The temperature was kept
below 56 °C by gradually adding the lignin solution (Fig. S3†),
thus avoiding homopolymerization.26,29 The temperature
started to drop after 11 minutes, indicating completion of the
reaction. Prolonging the reaction time beyond this did not
seem to increase the epoxidation significantly since the inten-
sity of the epoxy groups’ Fourier-transform infrared (FTIR)
absorption signal did not increase (Fig. S5 & S6†). HSQC ana-
lysis also showed that the epoxy/methoxy ratio increased logar-
ithmically with reaction time but started to level out after
6 minutes (Fig. S10 & S12†). The amount of insoluble aggre-
gates nevertheless increased, indicating homopolymerization
upon prolonged reaction times. This finding is in agreement
with previous work where the reaction time was found to have
an almost insignificant effect on epoxy content (EC) while
increase in temperature had a negative effect.29

The epoxidized lignin obtained from 11-minute reactions
was water-soluble at pH above 8, in contrast to unmodified
lignin, which is poorly soluble in aqueous solutions below pH
10. The improved solubility may be due to reduced inter-
molecular hydrogen bonding by phenolic end groups.41 As
expected, FTIR and NMR analyses showed reduced numbers of
phenolic hydroxyl groups, increased numbers of methylene

Fig. 2 Water-based lignin epoxidation via interfacial catalysis at epichlorohydrin droplets (reaction mechanism in Fig. 1a), followed by the simple
recovery of unreacted epichlorohydrin via pentane-extraction.
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groups, and the presence of epoxide groups. Fig. S4 and
Table S1† presents the FTIR spectra and chemical structures
that correspond to the obtained FTIR bands, while 1H-NMR
and 31P-NMR spectra are presented in Fig. S8, S9 and
Table S2.† According to EKL’s epoxy/methoxy ratio by HSQC
analysis (Fig. S10†), the epoxy index (EI) was 2.3 mmol g−1,
meaning an epoxy equivalent weight (EEW) of 430 g mol−1.
1H-NMR analysis gave slightly differing results with an EI and
EEW of 1.8 mmol g−1 and 556 g mol−1 (Fig. S8†). The relatively
large molecular size could make the quantification in
especially 1H-NMR less precise. This problem also reduces
signal intensity in HSQC, but the ratios of structural features
is unchanged which still enables comparison. Previous studies
have obtained comparable EI values of 1–3 mmol g−1 from the
epoxidation of non-fractionated or depolymerized lignin with
reaction times of 3–7 h at 50–90 °C, but with the formation of
an insoluble fraction.26,37 Some studies have also presented
the epoxidation of solvent fractionated low molecular-weight
lignin using a two-step reaction system, taking ca. 10–12 h in
total at 50–80 °C. The resulting epoxidized lignin had EEW
values of ca. 330–415 g mol−1 (EI ca. 2–3 mmol g−1), depending
on the lignin source and the fractionation method.27,28,36 The
most significant difference compared to previous studies on
lignin epoxidation is the fast reaction rate observed here. We
speculate that the presence of water indeed helps to stabilize
the polar intermediate product in the reaction between lignin
and epichlorohydrin. Water could also make chlorine a better
leaving group by increasing the solubility of the formed
sodium chloride salt, which can further drive the reaction.
This could favor the grafting of epichlorohydrin onto lignin
(Fig. 1a & c) rather than ring-opening leading to homopolymer-
ization (Fig. 1b & c). In fact, water has been used to increase
the reaction rate in the production of commercial epoxies (e.g.
bisphenol-A diglycidyl ether) for decades,42,43 although lignin
epoxidation reactions have been performed in organic solvents
with little or no water.27,28,30,31,36

The two-phased nature of the reaction mixture here made it
easier to recover the excess epichlorohydrin after the reaction
through extraction with pentane. The epichlorohydrin recovery
was examined using a separation funnel. Using three consecu-
tive pentane extractions, ca. 98% of the unreacted epichlorohy-
drin could be recovered. The number of extractions could
likely be reduced with some optimization, as the first extrac-
tion recovered 91% of the epichlorohydrin. In an industrial
process, mixer-settlers and extraction columns could be used
to increase the recovery yield further. Methods to optimize the
extraction process in industrial scale to maximize the epichlor-
ohydrin recovery will be discussed further in upcoming work
focusing on process optimization and scale-up. In laboratory
scale, precipitating and washing EKL in acetone could be used
to remove all of the epichlorohydrin in one step. The advan-
tage of using solvent extraction instead of precipitation via
acidification, the latter being more commonly used, was that
all of the product remained in one phase, instead of two
(Fig. S7†).26,37 At an industrial scale, solvent exchange allows
for easy and energy-efficient recovery of epichlorohydrin

(Fig. S7†). Although the use of pentane creates a risk due to its
flammability and highly volatile nature,44 it requires relatively
little energy to distill from the epichlorohydrin after the extrac-
tion. The pentane’s volatility should nevertheless be con-
sidered to guarantee safety both in large and small scale, but
since epichlorohydrin is hazardous,44 its efficient recovery is
very important to minimize waste.

The effect of the lignin concentration on the formed EKLs
solubility and molecular size was also examined. Higher con-
centrations reduce the need for the removal of water and
reduces the total filtration volume in an up-scaled process. The
concentration was therefore increased from 10 wt% to 20 and
30 wt% (Fig. 3). Light microscopy showed larger and denser
aggregates for EKL produced with higher lignin concentrations.
For all samples, dynamic light scattering (DLS) showed a higher
intensity-average than number average particle size, and gel per-
meation chromatography (GPC) showed a much smaller
number-average (Mn) than weight-average (Mw) molecular size
(Table 1). GPC showed a 48% higher Mw and a 32% higher Mn

for the EKL made using 20 wt% lignin solutions compared to
the EKL made with 10 wt% solutions. GPC could however not
be efficiently used on EKL from 30 wt% solutions because the
particle size was way above the filter’s pore size (0.2 µm), and
most suspended particles were therefore filtered away before the
measurements. DLS measurements nevertheless showed larger
particle size for EKL from 30 wt% solutions compared to the
other samples, indicating a larger molecular weight. Both GPC
and DLS results suggest that high initial concentrations of
lignin increase the probability of homopolymerization and
therefore lead to the formation of large insoluble aggregates.
The increased homopolymerization in concentrated solutions
can be explained by the increased probability of two lignin
molecules colliding and cross-linking. Large aggregates may
decrease the adhesives’ ability to penetrate into the wood, and
the EKL from 10 wt% solutions was therefore chosen for
adhesive tests. A discussion of a large-scaled implementation of
the process is presented in a later section.

Curing and adhesive testing

Epoxy-based adhesives require both an epoxy compound and a
hardener. Hydroxyl groups, especially phenolic hydroxyls, are
susceptible to epoxy-polymerization reactions, making LNPs
interesting hardeners due to their hydroxyl-rich surface.45,46

The effect of the EKL : LNP ratio, the particle size, the curing
heat, the curing time, and the adhesive spread was examined
to find optimal conditions for adhesive performance. The
EKL : LNP ratio was optimized first. In traditional epoxy chem-
istry where small molecules are used as starting material, the
molar ratio of epoxy groups and hardener should be close to
1 : 1. However, because LNPs in this case may also function as
a particle-reinforcer, and because the reactivity and hydrogen
bonding capacity of different hydroxyl and oxirane groups can
differ, the optimal ratio was determined based on adhesive
strength (Fig. 4a). EKL adhered better to the wood and was
therefore spread first. The LNPs were then added in the
middle as a reactive “bridge”. It was found that the tensile

Paper Green Chemistry

6490 | Green Chem., 2022, 24, 6487–6500 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
11

:5
3:

49
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc01637k


shear strength of EKL : LNP with a mass ratio of 1 : 1 (hereafter
referred to as EKL:LNP if the components have been cured,
and EKL + LNP if components are combined but not cured)
was similar to that of (PF) resins and stronger than commer-
cial epoxy resins, reaching a strength of over 12 MPa (Fig. 4a).
EKL without LNPs achieved a surprisingly satisfactory adhesive
strength. The LNPs size’s effect on the lap shear strength was
also examined, but the overall differences were small (Fig. 4d)
and particles of 400–500 nm in diameter were therefore used
for all the subsequent tests. More information about the LNPs
is found in ESI Note 6, Table S4 and Fig. S23.†

Achieving competitive wet-strength is one of the major
challenges in research on bio-based formaldehyde-free
adhesives.47,48 Although the EKL:LNP adhesive’s wet strength
was 44% lower than PF adhesives, the achieved wet strength of
4.5 MPa is remarkable for a formaldehyde-free lignin-based
adhesive and clearly passes the requirements, and can very
likely be increased with further research. Wood deforms and
swells in the presence of excessive amounts of water, which
can disrupt a resin’s structure and bonding to the wood.49–51

In addition, because of cellulose’s hydrophilicity, hydrogen
bonding with water is likely to compete with those of the resin
in wet conditions. Still, the wet strength of the joints was sur-
prisingly high considering the lignin-content and the absence
of formaldehyde. Lignin-containing plywood adhesives often
contain less phenol than commercial PF adhesives, but very
rarely contain less formaldehyde.11–14,52 One benefit of formal-
dehyde as a cross-linker is that it is able to directly cross-link
with lignin and phenol-containing extractives, and to some
degree cellulose and hemicellulose,53,54 making it practically
undetachable from wooden surfaces when cured. Epoxies are
not known to react with cellulose, but reactions with phenolic

Fig. 3 The appearance and molar weight distributions of unmodified kraft lignin and different epoxidized kraft lignin (EKL) samples. (a) The molar
mass distributions of unmodified kraft lignin and EKL samples according to high-performance liquid chromatography measurements. (b) Z-Average
particle diameters of EKL samples measured by dynamic light scattering. (c) Light-microscope images of dried of EKL samples. Photographs of solu-
tions of EKL10–30% are presented in Fig. S1.†

Table 1 Molecular weight and polydispersity index (PDI) of kraft lignin
(KL) and epoxidized kraft lignin (EKL) variants with different initial lignin
concentrations measured by GPC

Sample Mw × 103 (g mol−1) Mn × 103 (g mol−1) PDI

KL 6.68 1.30 5.1
EKL10% 20.1 1.55 13.0
EKL20% 29.9 2.04 14.7
EKL30% 20.5 1.53 13.4
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groups in lignin and extractives are likely. Because we did not
observe significant differences in wet strength between
adhesives of only EKL and EKL:LNP, it is possible that the wet
strength is mainly achieved by cross-links between EKL and
phenolic components, such as lignin, within the wood. The
resin’s viscosity is another important factor, since it affects the
ability to penetrate into the wood’s structure. Higher pene-
tration allows for stronger joints. The resin viscosity was not
optimized in this study, but could have a significant effect on
both wet and dry strength. This understanding is important to
be able to improve the wet strength further.

The effect of the adhesive spread and the hot-press time
and temperature were then further examined using surface
response models (Fig. 4e and Fig. S13–S15†). The optimal hot-
pressing temperature was shown to be between 145–160 °C,
depending on the curing time and the spread. The results
showed that the energy input needed for cross-linking could
be achieved by increasing the curing time or curing tempera-
ture, and higher amounts of adhesive required higher
amounts of energy. Excessively high temperatures were shown
to cause some degradation at prolonged curing times, but
good performance with short curing times, while thin adhesive

Fig. 4 The adhesive strength of epoxidized lignin hardened with LNPs. (a) Illustration of adhesive sample preparation. (b) The effect of different
EKL : LNP mass ratios on adhesive strength and a commercial epoxy adhesive. The epoxy and PF references were made with a spread of 300 g m−2.
(c) The dry and wet strength of the EKL:LNP and EKL adhesive with a spread of 150 g m−2. (d) The effect of LNP’s particle size on dry adhesive
strength. All samples in (b–d) were pressed at 145 °C for 5 minutes. The solid and dotted lines in (b and c) represent the respective dry and wet
strength required by urea-formaldehyde type adhesives according to the ASTM-D4690 standard. (e) Surface response model prediction of adhesive
strengths (in MPa) with different hot press temperatures and times, and adhesive spreads. The EKL : LNP ratio was 1 : 1 except in (b).
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spreads required lower temperatures and shorter curing times.
Very thin spreads, between 100–200 g m−2, could induce wood
failures (maximal adhesive performance) even when cured at
130 °C. Achieving shear strengths of over 10 MPa, even the
samples with thin spreads hot-pressed at 130 °C for 5 minutes
could be used to lift more than 10 kg (Fig. S18†). More infor-
mation about the overall adhesive performance, differences
between thin and thick adhesive layers, and the mode of
failure is provided in ESI Note 4.†

Thermal stability

Thermal stability is an indication of structural rigidity, com-
pactness, and bond strength,55,56 and it is therefore relevant
also in applications where thermal stability is not required.
Compared to kraft lignin, both EKL and EKL:LNP showed sig-
nificantly increased thermal stability (Table 2) especially at
temperatures above 400 °C, which is unseen in studies where
an epoxy with longer chain length is used.27,57 One reason may
be the high density of thermally stable aromatic structures that
the short cross-link bridges enable. The low mass loss of EKL:
LNP composites upon heating suggested that the material may
possess flame resistance, which was hence tested with a
Bunsen burner at close range to wooden surface coated with
EKL:LNP. The coated side was not ignitable by the flame at
close range, further verifying this conclusion. The sample only

burned from its uncoated wooden backside, although the
flame was directed towards the glued side (Fig. 5d and video
ESI†). The EKL:LNP formulation thus has potential as a fire-
proof coating as well. We suggest two reasons for the good
thermal stability and flame resistance, namely the high lignin
content and short spacer length of EKL. The aromatic groups
of lignin are thermally stable and the short cross-linking
spacer length of EKL minimizes voids within the structure,
which is beneficial for thermal resistance.58,59 In future
studies the benefit of flame resistance of the EKL:LNP compo-
sites in coatings should be more thoroughly evaluated with
standard testing. Differential scanning calorimetry (DSC) was
used to determine glass transition temperatures (Tg), indicat-
ing molecular mobility,55,56 and also to examine whether
curing could be observed between a mixture of LNPs and EKL

Table 2 Degradation data and heat resistance index (THRI) of KL and
cured EKL:LNP and uncured EKL + LNP

Sample
Td 5
(°C)

Td 10
(°C)

Td 30
(°C)

Tdmax
(°C)

THRI
(°C)

Total loss
(%)

KL 237 282 366 359 154 64
EKL 260 301 506 315 200 40
EKL:LNP 253 300 446 311 181 41
Commercial epoxy 224 289 329 348 141 97

Fig. 5 Thermal stability of cured and uncured EKLs compared to lignin and a commercial epoxy. (a) TGA and (b) DTG curves of cured EKL:LNP com-
posite, uncured EKL, and unmodified kraft lignin (KL). (c) Second heating cycle DSC thermogram of cured EKL:LNP and uncured EKL + LNP mixtures
and KL. (d) Fire resistance of EKL:LNP structure, showing inability of the coated EKL:LNP to burn in contrast to the wooden substrate.
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(EKL + LNP) (Fig. 5c). Lignin (especially in the form of LNPs)
quickly adsorb moisture from the air, which is why the second
heating cycle, was analyzed (Fig. 5c). In contrast to the
uncured EKL + LNP mixtures, the cured EKL:LNP sample had
no clear Tg. The thermogram of uncured EKL + LNP was more
endothermic than the two other samples which could be due
to energy absorbed by curing. The broad curing signal is
expected considering lignin’s heterogeneous structure,
although complete curing is very unlikely due to the restricted
molecular mobility in the dry samples. More detailed infor-
mation about the DSC results can be found in the ESI (Note 5
and Fig. S22†).

Industrial process design and scalability

For the large-scale production of epoxidized lignin-based
adhesives, the EKL process must be developed for facilitating
industrial scalability. The commercial scale process to be
designed, could preferably have a capacity of approximately 70
kt per annum, and be integrated with an existing pulp mill or
biorefinery. The main process steps and the system boundary
of the LCA analysis are shown in Fig. 6 as a block diagram. It
is worth noting that based on experimental results, the EKL
process can be combined with the LNP production process to
manufacture adhesives with exceptional properties. The possi-
bility of scale-up of the production of LNPs has been examined
in our previous research.60–62 Furthermore, Ashok et al.60

carried out a techno-economic assessment for the large-scale
production of LNPs and found the process to be fully scalable
with the potential to be viable and profitable, resulting in a
LNP manufacturing cost of less than 1 € per kg.

In the industrial scale EKL production process lignin is dis-
persed in a mixture of water and sodium hydroxide to create a
10 wt% lignin solution. The lignin has been assumed to be
purified and dried at the pulp mill or refinery, whereas ash is
removed by filtration before use of the dissolved lignin. The
lignin solution is mixed with epichlorohydrin in a jacketed
stirred tank reactor to carry out lignin epoxidation. Excess epi-
chlorohydrin from the epoxidation reactor is recovered by

solvent extraction with pentane. The organic phase, i.e.,
pentane and epichlorohydrin, is sent to the solvent recovery
unit for separation of the components. In the solvent recovery
unit, the organic phase is distilled to recover epichlorohydrin
and pentane to be reused in the epoxidation reactor and
extraction, respectively. The EKL-containing aqueous layer
from the epoxidation reactor will be sent to the product
recovery unit. This aqueous phase includes some residual
epichlorohydrin and NaOH, as well as the NaCl that was
formed in the reaction.

The concentrated aqueous product (EKL) is sent to an ultra-
filtration unit and diluted with water to reduce the concen-
tration of NaCl and NaOH in the final product to approxi-
mately 1 wt%. The final product is 30 wt% EKL in an aqueous
solution. The permeate from the concentration device (ultrafil-
ter) is sent for decantation, where the upper organic phase
containing the solvents is recycled and the lower, aqueous
phase is sent to wastewater treatment.

This new, sustainable process utilizes lignin, a biobased
raw material, which is typically used in low-value applications,
such as energy-input in a pulp mill.62 The developed process is
energy efficient requiring low heating duty. The energy con-
sumption of the plant was estimated with an Aspen Plus simu-
lation model. The total heating and cooling duty of the plant
was estimated to be 15–20 MW. The distillation unit, separ-
ating epichlorohydrin and pentane for recycling, corresponds
to more than 85% of the energy. However, the separation and
recovery efficiencies are high, thus reducing the need for
additional solvent make-up and consequently, the operating
costs. The process requires only conventional process equip-
ment, and hence the industrial scalability and technical and
economic feasibility is favorable.

The operating costs of the EKL production plant were esti-
mated to be approximately 0.6 € per kg in a prefeasibility study
of the process. Further information about the operating costs
can be found in the ESI (Note 7†). With an estimated price of
0.9–1.4 € per kg for phenol formaldehyde adhesives, an 1 : 1
EKL : LNP adhesive has the potential to be competitive to

Fig. 6 A block flow diagram for large-scale manufacturing of EKL and system boundary of the life cycle assessment.
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phenol formaldehyde resins.63 A full techno-economic assess-
ment of the large-scale production of EKL will be elucidated in
a future publication.

Environmental impact of the process

In order to approximate the environmental sustainability of
the EKL process, a LCA calculation was carried out according
to the ISO 14044 standard.64 A brief overview will be presented
here, and the full assessment process along with complete
results will be described in a forthcoming article. More infor-
mation about the methods is found in the ESI Note 8.† The
system boundary for the calculations was a cradle to gate
model in which calculations begin from harvesting of the
wood material and finish at the final product, of which 1 ton
was determined as the functional unit. The impacts were cal-
culated using GaBi software and the Ecoinvent LCI database
along with some literature values for kraft lignin production65

and competing renewable resins based on kraft lignin, soy and
tannin.66 The impact assessment methodology used was
ReCiPe 2016 Midpoint (H). The impact categories were global
warming potential and fossil depletion.

The calculations were made for two cases: a standalone
plant and a plant integrated to a kraft pulp mill. In the case of
the standalone mill, all energy is produced by Finnish power
grid mix and in the integrated mill all heat comes from waste
low-pressure (LP) steam and electricity is 90% from surplus
electricity from the pulp mill and 10% from Finnish grid mix.
The calculations were made on the grounds of laboratory
experiments and process modelling, so these results should
not be treated as exact references of the industrial process but
rather as an implication of how the environmental impacts are
formed from the laboratory to industrial production. The
results were compared to three resins from fossil-based feed-
stocks (melamine-formaldehyde (MF), urea-formaldehyde (UF)
and phenol-formaldehyde (PF) resins) as well as three
adhesives from renewable feedstocks.

The global warming potential for the EKL process was
3580 kg(CO2-eq.) per t(product) for the standalone plant and
approximately 1550 kg(CO2-eq.) per t(product) for the inte-
grated plant. As can be seen from Fig. 7a, most of the effect for
the standalone plant comes from heat production, hence inte-
grating to a pulp mill reduces the impact to a level lower than
any fossil or renewable based product. This is due to the
carbon-heavy energy production mix of Finland. The fossil
depletion for the EKL process was 1323 kg(oil-eq.) per
t(product) for the standalone plant and 583 kg(oil-eq.) per
t(product) for the integrated plant. Fig. 7b shows that, again,
most of the impact is from heat production. Similarly, the
impact for the integrated plant is markedly lower than any of
the competing products. It can be seen that the EKL process is
more environmentally feasible than competing processes,
especially when it has access to a renewable energy source
such as a kraft pulp mill. This holds true for both fossil-based
products as well as resins from renewable materials.

In the actual manufacture of wood-panels (like plywood),
differences in the compositing step (veneer stacking and hot-

pressing) between EKL:LNP and traditional PF resins must be
taken into consideration. Although the hot-press time is
similar, the EKL:LNP adhesive is hot-pressed at a 15–20 °C
higher temperature compared to PF resins (145–150 °C com-
pared to ∼130 °C) to reach its maximum strength, which
would increase energy consumption in the compositing step
by ca. 10–15%. The energy consumption of the board forming
step according to relevant LCAs is approximately 15–18% of
the energy consumption of the overall production process,67–69

which would translate to a 1.5–3% increase in electricity
overall for EKL:LNP adhesives compared to PF resins. The
veneer manufacturing, including debarking, compositing
(including the production of the resin), and drying, is respon-
sible for the majority of energy depletion.69 However, compo-
siting releases approximately 40% of the overall pollutants,
mainly formaldehyde when using phenol-formaldehyde
resins.68,69 LCAs of plywood and hardwood production list
phenol and formaldehyde as the major cause of human tox-
icity potential, freshwater ecotoxicity potential, terrestrial eco-
toxicity potential, photochemical oxidants potential, and sig-
nificant causes of marine aquatic ecotoxicity potential and
abiotic depletion potential.69,70 Epichlorohydrin is neverthe-
less also a hazardous chemical with toxic and mutagenic
health effects. However, the release of toxic volatile com-
pounds, including epichlorohydrin, is avoided in the EKL:LNP
adhesive. After the concentration and product recovery step
there are only trace amounts of epichlorohydrin left, and no
volatile solvents are needed to dissolve the EKL. The recyclabil-
ity of wood-panels could be also considered. Plywood can be

Fig. 7 (a) Global warming potential and (b) fossil depletion of epoxi-
dized kraft lignin production compared to melamine formaldehyde (MF),
urea formaldehyde (UF), phenol formaldehyde (PF), and three renewable
resins.
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recycled after use, and is usually then shredded into chips
that can be used in particle boards or incinerated for energy.
By utilizing lignin in the adhesive, the length of its lifetime
is improved immensely compared to the current practice,
where lignin is incinerated immediately after being
isolated from lignocellulosic biomass. In contrast to PF
adhesives, the EKL:LNP adhesive is unlikely to form covalent
bonds with the cellulose in the wood plies. Therefore, it could
even be possible to use recycled plywood chips as raw
materials in pulp mills if they are made with the EKL:LNP
adhesive.

Discussion

Wood panels are becoming increasingly important in the con-
struction industry now that concrete is starting to be replaced
with wood, but adhesives for wood panels are still fossil-based
and sometimes even toxic. In this paper, we present a new
water-based lignin-epoxidation strategy and a method for
using a mixture of epoxidized lignin and colloidal lignin par-
ticles (LNPs) as composite adhesive for wood panels. The syn-
thesis of epoxidized kraft lignin (EKL) relied on interfacial cat-
alysis at the oil water interface,38–40 which reduced the reaction
time and homopolymerization significantly. Kraft lignin could
be used as such without need for depolymerization or fraction-
ation, and the overall process was comparatively simple.26–29,31

Moreover, we demonstrate that high degrees of epoxidation
can be achieved in only a few minutes at the interface between
aqueous media and organic solvent without need for any
additional phase-transfer catalysts, such as tetramethyl-
ammonium chloride. In that, these findings open completely
new possibilities in the field of epoxidation strategies and
epoxy chemistry in general.

The water solubility of the epoxidized kraft lignin enabled
its use in adhesives with aqueous dispersions of LNPs. The
adhesive mass, hot-press time, and hot-press temperature were
optimized for high shear strength, which was above 13 MPa in
the best conditions. The wet strength was very good compared
to that of existing lignin-based resins despite containing no
formaldehyde. We furthermore noticed that cured EKL:LNP
showed excellent thermal stability and was even flame resist-
ant. Now, the EKL:LNP-composite’s aging by environmental
factors, such as UV-light, air, changes in temperature and
humidity, and moisture, should be evaluated to guarantee its
long-term performance when applied. Especially moisture is
challenging for adhesives, as it causes wood to swell and
deform.50,51 For exterior use, the adhesive needs to retain its
adhesive performance in changing moisture-levels for pro-
longed periods of time. Because the product does not contain
any harmful volatile compounds, the material is a promising
replacement for phenol-formaldehyde resins. The EKL solu-
tions’ viscosity and concentration are easily adjusted to resem-
bling existing phenol-formaldehyde resins, making them
applicable without large investments for changes in pro-
duction lines. A pre-feasibility study showed that the pro-

duction of EKL in large scale seems feasible and economical,
with an estimated manufacturing cost of ca. 600 € per t. A life
cycle assessment on the process showed low impact values in
all relevant categories. Given the adhesive’s sustainable pro-
duction and lignin-content over 80%, the adhesive could be a
big step towards finally achieving high performance sustain-
able bio-based adhesives.

Methods
Materials

BioPiva 100 kraft LignoBoost® lignin, purchased from UPM
(Finland) was used in this study. Epichlorohydrin (≥99%), di-
methylformamide (99.8%), pyridine (99.8%), N-hydroxy-5-nor-
bornene-2,3-dicarboxylic acid imine (97.0%), chromium(III)
acetylacetonate (≥98.0%), 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (95%), chloroform-D (99.8%), phenol
(≥99.5), and formaldehyde (36.5–38.0%) was purchased from
Sigma-Aldrich. Pentane (≥99%) was obtained from Riedel-de
Haën. Analytical grade acetone, tetrahydrofuran (AnalaR
NormaPur, ≥99.5%) and sodium hydroxide granules (≥99.1%)
was purchased from VWR chemicals. p-Nitrobenzaldehyde
(≥97.0%) by Fluka Analytical was purchased from Sigma-
Aldrich. All chemicals were used as received.

Preparation of epoxidized lignin (EL)

A 10 wt% lignin solution was prepared by dissolving 1.0 gram
of lignin in 9 g of 1 M NaOH. Then, 7 ml epichlorohydrin, was
heated to 43 °C in a glass beaker while being stirred. The reac-
tion beaker was insulated using two layers of aluminum foil
around the beaker and on top, with a small opening for the
thermometer and addition of lignin solution. The lignin solu-
tion was added to the epichlorohydrin at a rate of 1 ml per
minute, until all had been added. Note that proper ventilation
should be used when working with epichlorohydrin, as well as
protective glasses and gloves. The temperature of the lignin
solution was 25 °C. The reaction was stopped 11 minutes after
the first addition of lignin-solution. The temperature change
in the solution during the reaction was carefully monitored.
Some variations in temperature were observed in different
batches, but the reaction was considered successful only if the
temperature increased to a maximum of 52–54 °C after
3–4 minutes and then stabilized at 48–50 °C after 10 minutes.
Each batch was analyzed with FTIR spectroscopy to ensure
structural similarity between batches, and deviant batches
were excluded from any further experiments. After the reac-
tion, the reaction beaker was cooled to room temperature in
an ice bath, after which 7 ml pentane was added and a trans-
parent organic phase was formed on top of the dark aqueous
phase. The contents of the beaker were calmly stirred for
approximately 2 minutes, and the aqueous phase was isolated.
The epoxidized kraft lignin (EKL) was precipitated by the
addition of acetone (≥3 times the volume of the EKL solution).
The liquid was removed, and the precipitate was washed with
acetone once more to ensure removal of unreacted epichloro-
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hydrin. The precipitated EKL was re-dissolved in 2 ml de-
ionized water. The EKL was then carefully rotary evaporated at
max 40 °C and 40 mbar for 5–10 minutes to remove the
acetone. The epichlorohydrin could also be extracted without
using acetone with three consecutive pentane-extractions. In
this method, 12 ml pentane is added into a separation funnel,
followed by the EKL solution. Then, the funnel was closed and
shaken thoroughly for ca. 10 seconds, to combine the organic
and the aqueous phases. The phases were allowed to separate
for four minutes, after which the organic phase was isolated
and rotary evaporated to recover the epichlorohydrin. The pH
of EKL solutions was ∼12.5. The EKL was cooled to 0 °C and
used within 6 hours. The concentration of EKL solutions in
adhesives were 18–22 wt%. The EKL used for NMR analysis
was neutralized and dried after the acetone washing and
ground into a fine powder to prevent homopolymerization.
The epoxy index (EI) and the epoxy equivalent weight (EEW)
was calculated via the number of epoxide groups in moles per
gram of sample (NE) obtained through 1H-NMR and HSQC,
using eqn (1) and (2).71 The epoxy content (EC) is defined as
the mass percent of epoxy groups in an epoxy resin, and is cal-
culated according to eqn (3).

EI ¼ NE � 1000 g ð1Þ

EEW ¼ ðNEÞ�1 ð2Þ

EC ¼ NE � 43:04 g mol�1 � 100% ð3Þ

Preparation of lignin particles

First, a solution of 4.7 wt% BioPiva 100 kraft lignin in a
mixture of 30.7 wt% ethanol, 34.6 wt% analytical grade THF
and 30.0 wt% deionized water, was prepared and stirred for
3 hours in a closed flask. The solution was decanted to
remove insoluble aggregates. To make particles sized
400–500 nm in diameter, the solution was swiftly added to
1.72 times its mass of deionized water that was stirred into a
vigorous vortex using a magnet stirrer, forming a dispersion
of colloidal lignin particles (LNPs). To form particles sized
600–700 nm in diameter, the same method was used but with
slightly calmer stirring. To form particles of 200–300 nm in
diameter, the solution was swiftly added to 2 times its mass
of deionized water, and stirred aggressively using an overhead
stirrer. The dispersions were stirred for at least 15 minutes
after the addition of water. The solvent-concentration was
reduced to below 15 wt% by dilution with deionized water.
Then, the dispersions could be concentrated by ultrafiltra-
tion, using an OptiFilter CR250 (Valmet Technologies Inc.),
and the remaining organic solvents were removed by rotary
evaporation at 50 °C and 50 mbar. The LNP dispersion, free
of organic solvents, could be further concentrated by centrifu-
gation at 4000 rpm for one hour. The supernatant was
removed, and the particles were re-dispersed by mixing and
vortexing. The concentration of dispersions used in adhesive
samples were adjusted to ca. 30 wt%

Dynamic light scattering (DLS)

The particle size of LNPs and EKL was measured using a
Zetasizer Nano-ZS90 (Malvern, U.K.) instrument. A zeta dip
cell was used to measure the surface charge, and the ζ-poten-
tial values were calculated from the obtained electrophoretic
mobility data using the Smoluchowski model. DLS particle
size distribution data and ζ-potentials of LNPs can be found in
Fig. S23 and Table S4.†

Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy with attenuated total reflectance (ATR)
module was used to characterize the EKLs and unreacted kraft
lignin. The measurements were done right after sample prepa-
ration using a Spectrum Two™ FT-IR (PerkinElmer,
Massachusetts, USA) and the background extraction was done
in air. Only dry samples were used for measurement. The
resolution was 1 cm−1, and 10 scans were collected for each
measurement between 4000–600 cm−1. Min–max normaliza-
tion was used for all samples. The normalizations were done
between 4000–600 cm−1 (full spectra), 1700–600 cm−1 (finger-
print region) and 1024–890 cm−1 (epoxy region).

31P-NMR

Dried EKL was used for all analyses within 3 hours from its
synthesis. Samples were solvent exchanged with acetone
immediately after synthesis, air-dried until seemingly fully dry,
and then vacuum dried at 0.03 mbar for at least 1 hour before
re-dissolution. 30 mg of each sample was accurately weighed
into separate glass vials. First, 150 µl dimethylformamide and
100 µl pyridine were added to the samples. Then 200 µl of the
internal standard solution containing 10.2 µmol N-hydroxy-5-
norbornene-2,3-dicarboxylic acid imine dissolved in 1.6 parts
pyridine and 1 part CDCl3 (v/v) was added, followed by the
addition of 50 µl of a solution containing 1.6 µmol chromium
(III) acetylacetonate, also dissolved in pyridine and CDCl3
(1.6 : 1, v/v). Right before the measurement was conducted,
150 µl 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, as
phosphitylation agent, was added dropwise with approximately
2 seconds between each drop, while the sample was stirred
using a magnet. Last, 300 µl chloroform-d was added and the
vials were stirred for approximately 10 minutes.

The 31P-NMR spectra were measured using a Bruker Avance
400 MHz spectrometer (Massachusetts, USA) equipped with
5 mm broadband (BB) probe. A total of 128 scans were per-
formed using the pulse sequence zgig with a pulse angle of
90°, an acquisition time of 1 second, and a pulse relaxation
delay of 5 seconds. The spectral width was 185 ppm. The
chemical shifts were referenced to the phosphitylated water
signal at 132.2 ppm in CDCl3. Different regions were integrated
according to literature and compared to internal standard.72

1H-NMR and HSQC NMR

EL samples were prepared as described previously, and were
dried by rotary evaporation after being precipitated and
washed with acetone. Then, 30 mg of the preapred samples

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 6487–6500 | 6497

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
11

:5
3:

49
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc01637k


were dissolved in 400 µl D2O and 600 µl DMSO-d6. para-
Nitrobenzaldehyde (PNB) (∼5 mg) was used as an internal
standard.73 The solution was warmed to ∼40 °C and stirred in
a water bath for a 3–5 minutes to dissolve the PNB. The
residual solvent peak (δC 39.52/δH 2.50) was used as an internal
reference. In the case of EKL, samples were prepared the same
day as analyzed. The measurement was performed using a
Bruker Avance 400 MHz spectrometer equipped with 5 mm BB
probe with the standard pulse sequence zgig with 16 scans, a
pulse angle of 90°, an acquisition time of 1 second and a pulse
delay of 5 seconds. Spectral width of 16 ppm was used.

The HSQC spectra were acquired from the same samples
with a Bruker standard pulse sequence (hsqcetgpsisp.2) with
the following conditions: 11 ppm spectral width in F2 (1H)
dimension with 1024 data points and 215 ppm spectral width
in F1 (13C) dimension with 256 increments of 32 scans and
using 2 seconds pulse delay and J (C,H) 145 Hz (D24 0.89 ms).

Gel permeation chromatography

The molecular weight distribution was analyzed using gel per-
meation chromatography. The measurements were performed by
using an Agilent 1100 (Agilent Technologies, USA) high-perform-
ance liquid chromatography HPLC-system with GPC-Add-on. The
samples were prepared by first dissolving 2 mg of lignin or epoxi-
dized lignin in 2 ml 0.1 M NaOH solution. The samples were
stirred until dissolved and stored at room temperature overnight.
The samples were then filtered with 0.2 µm syringe filters before
measurement. A 0.1 M NaOH solution was used as eluent with
0.8 ml min−1 elution rate. Three different PSS MCX columns
(Polymer Standards Service, Germany), all with particle sizes of
5 µm and with porosities of 1000, 500, and 100 Å columns were
used in that order, and both UV (at 280 nm) and RI detectors were
used for monitoring. A series of polystyrene standards with molar
masses 1000, 3420, 6430, 15 800, 20 500, 65 400, and 208 000 g
mol−1 as well as ascorbic acid and NaCl, all with a concentration
of 2 mg ml−1 in 0.1 M NaOH, were used for calibration and were
prepared and measured the same way as the other samples. A
blank 0.1 M NaOH sample was also used. A third order poly-
nomial fit was used for the calibration curve. From the data, Mn

(number-average molecular weight), Mw (weight-average molecular
weight) and polydispersity PDI (Mw/Mn) values were obtained.

Mechanical tests and sample preparation

Material preparation and measurement. A fresh batch of EKL
was used for the adhesive sample preparation. Birch veneers of
0.8 mm in thickness and 2 cm in width were used. First, the area
to be glued (2 × 0.5 cm) was homogenized by careful sandpapering
(grade P 180). The correct amount of EKL solution was then
applied and spread on the glue-area of both pieces being adhered.
After that, the corresponding amount of LNP dispersion was
gently spread on one of the pieces, and the two pieces were then
put into contact with one another. Finally, the pieces were
adhered by hot-pressing with a force of 1.1 MPa at various temp-
eratures for various durations using different adhesive spreads.
The shear strength of the adhered samples was analyzed using an
Instron 4204 Universal Tensile Tester (Instron, USA) the next day

after being conditioned at 25 °C and 50 RTH% overnight. To
examine wet strength, samples were submerged in deionized water
for 2 days and tested right after being removed from the water.

A reference phenol-formaldehyde resin was prepared. First,
1.24 g phenol was weighed and dissolved in 2.0 g formaldehyde
solution (37 wt%, 0.75 g pure formaldehyde). Then, 0.25 g of an
aqueous solution 50 wt% NaOH was added. The solution was
heated to 95 °C and maintained at this temperature while stir-
ring for about 20 minutes to initiate polymerization, visible by
an increased viscosity. The solution was cooled to 80 °C, and
0.25 g of a 50 wt% aqueous NaOH solution was added. The stir-
ring was continued for 10 minutes, whereafter another 0.25 g of
the same NaOH solution was added. The solution was allowed
to stir for an additional 10 minutes at 60 °C, achieving a honey-
like viscosity, and was then frozen until used. The samples
adhered with the phenol-formaldehyde resin were prepared
similarly to those prepared with EKL, using a spread of 300 g
m−2 pressed at 145 °C with a pressure of 1.1 MPa for 5 minutes.
A commercial two-component bisphenol-A-based epoxy resin
was applied following the manufacturer’s instructions using a
spread of 300 g m−2. The epoxy resin was pressed without heat
at 1.1 MPa for 20 minutes, and then allowed to cure for an
additional day with no pressure applied before tensile testing.

Test matrix design. The effect of the hot-pressing tempera-
ture and duration was first screened using a face-centered
central composite designs (CCF) with one replication of each
sample. A second CCF model was then conducted using
higher values for each parameter. The parameter values in the
respective models (shown in Table 3) were tested against each
other. The effect of smaller spreads, between 50–150 g m−2,
was then examined with a third CCF model at 130, 145, and
160 °C using a curing time of 5 minutes. This model was then
complemented to include the spread of 200 g m−2. Models
based on the results were obtained using the experiment
design software MODDE®. Statistical information about the
models can be found in the ESI (Fig. S19–S21†).

Thermal stability

Glass transition temperatures (Tg) and curing temperatures
were examined using a DSC 6000 (PerkinElmer,
Massachusetts, USA) differential scanning calorimeter. Pierced

Table 3 Parameters used in surface response models

Parameter Low Center High Additional

Model 1
Time (minutes) 1 3 5 —
Temperature (°C) 100 130 160 —
Dry spread (g m−2) 200 350 500 —
Model 2
Time (minutes) 3 5 7 —
Temperature (°C) 130 160 190 —
Dry spread (g m−2) 350 500 650 —
Model 3a

Temperature (°C) 130 145 160 —
Dry spread (g m−2) 50 100 150 200

a The curing time was 5 minutes for all samples.
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aluminum sample crucibles were used for the analysis. The
samples were first air dried until they were seemingly fully dry,
and then vacuum dried at 0.03 mbar at least one hour prior to
the measurement. The samples were analyzed between 50 °C
to 250 °C at a heating rate of 5 °C per minute. Every measure-
ment began with a 3-minute isothermal step at 50 °C. Heat-
degradation was examined using a Q500 thermogravimetric
analyzer (TA Instruments, Delaware, USA) with a heating rate
of 10 °C per minute in nitrogen from 30–700 °C. Thermal heat
resistance indexes (THRI) were calculated according to eqn (4).

THRI ¼ 0:49� ðTd 5% þ 0:6� ðTd 30% � Td 5%ÞÞ ð4Þ
where Td 5% and Td 30% are the temperatures at which 5%

and 30% of the initial mass of the sample has been lost,
respectively.

Microscopy

The cured EKL:LNP and EKL adhesives were characterized
using a Phenom Pure 5G tabletop scanning electron micro-
scope (SEM) (Thermo Scientific, Massachusetts, U.S.A.) using a
standard sample holder. Before SEM analysis, the samples
were coated with a gold–palladium mixture (Au80Pd20) with a
Q150R S plus rotary-pumped coater (Quorum Technologies,
U.K.). The used sputter current, sputter time, and tooling factor
was 20 mA, 20 s, and 1.0, respectively. The EKL aggregate size
was analyzed using an Axio Vert A1 inverted light microscope
(Zeiss, Germany). The epoxidation reaction liquid content was
analyzed using an Olympus (Japan) SZX10 light microscope.
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