7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Broad-spectrum lignin-based adhesives using

{ M) Check for updates ‘
thiol-silyl ether crosslinkers+

Cite this: Polym. Chem., 2024, 15,
1726

Yishayah Bension, *and

Chuanbing Tang & *

Siteng Zhang, & Tristan Menninger, & Ting Ge

Lignin is a renewable feedstock that is abundant and inexpensive but still presents challenges for its valori-
zation. In this work, we converted functionalized lignin into broad-spectrum adhesives using thiol-silyl
ether crosslinkers. The curing behavior of adhesives was investigated via rheology of their resin forms.
These materials exhibit good adhesion on diverse substrates, including wood, glass, steel, aluminium,
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carbon fiber, and different plastics, with the most adhesion strength in the range of 1-3 MPa. These
adhesives were also explored for applications, ranging from wet conditions to different mechanically
responsive materials. The mechanism of adhesion was further examined to understand the bonding

Open Access Article. Published on 03 April 2024. Downloaded on 1/10/2026 8:52:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/polymers process.

1. Introduction

Modern adhesives, such as epoxy resins or latex, offer high
adhesion strength on a diverse range of substrates.'”
However, the feedstocks for the manufacturing of these
materials are often fossil fuels that are increasingly unsustain-
able and undesirable for environments therefore greener
adhesives are required.””® To create a greener adhesive, lignin
was examined as a potential feedstock. Lignin is a complex
organic polymer found in the cell walls of many plants,
making it one of the most abundant renewable resources on
Earth. Lignin is produced in large quantities as a by-product
of the paper and pulp industry, as well as in various other
industries such as biofuels, chemicals, and materials.”™
Lignin is widely used as a source of sustainable materials due
to its abundance, biodegradability, and unique chemical pro-
perties. Lignin is composed of three types of monolignols:
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol,
which are polymerized through radical reactions.'® The abun-
dance of hydroxyl moieties on lignin allows for further
functionalization such as amination, oxidation, and
polymerization."*°

One of the functions of lignin in plants is to act as an
adhesive between cellulose and hemicellulose components,
making it an exemplary candidate for incorporation into syn-
thetic adhesives."” Adhesives work by maximizing interactions
between two substrates. Adhesive interactions may be divided
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into two components, nonbonding and bonding.'®'® The
strongest interactions are conventionally covalent linkages that
form at the interface between a substrate and an adhesive.*
Siloxanes or epoxy resins can form bonds between surfaces
enhancing the adhesion significantly.”! The other adhesive
component is nonbonding interactions such as hydrogen
bonding or supramolecular interactions.>”>* While typically
weaker, these forces can play an important role in underwater
adhesion or polymer composites. Even with strong nonbond-
ing and bonding components, it is very difficult for an
adhesive to achieve strong interfacial adhesion across a wide
variety of substrates.”® Polar substrates such as wood often
have porous surfaces making it difficult to apply an even layer
of adhesive to promote strong interfacial contact between two
substrates. Nonpolar surfaces such as polyethylene have lower
surface energies due to the absence of polar groups making
nonbonding and bonding interactions difficult to form.>®
Overall, synthetic adhesives must consider not only the chem-
istry of an adhesive but also the bonding and nonbonding
interactions with the surface.

Much research into lignin-based adhesives has already
been conducted. Lignin-glyoxal formulations utilizing
Cannizzaro reaction show great promise as wood
adhesives.?®?” However, these materials do not show a broad
substrate compatibility and can give off toxic byproducts such
as formaldehyde. Other research focused on incorporating
polymers to create a composite lignin adhesive.”®**° These
materials display enhanced adhesion at the cost of sustainabil-
ity and often require difficult curing conditions. One promis-
ing route is the use of click chemistry to crosslink adhesives,
thus enhancing the interfacial adhesion.***' Epoxides are
easily attacked by nucleophiles such as alcohols and amines

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Graphical representation of broad-spectrum lignin-based adhesives on diverse substrates using thiol—silyl ethers as crosslinkers via thiol—

ene click chemistry.

via nucleophilic substitution. Many epoxy resins are excellent
adhesive materials due to their efficient crosslinking, mild
reaction conditions, and a wide variety of commercially avail-
able crosslinkers but are often manufactured from bisphenols,
which pose safety hazards and environmental concerns.*?

In this work, we explore click-type thiol-ene addition to
prepare lignin-based adhesives (Fig. 1). Similar to epoxide sub-
stitution, thiol-ene reaction is atom-efficient, thermally
initiated, compatible with different crosslinkers.
Previously, we explored thermosets of different thiol-silyl
ethers as crosslinkers.*® Herein, these thermosets were evalu-
ated as adhesives and thermally cured on different substrates
to assess adhesion strength. The mechanism of adhesion was
computationally, experimentally, and rheologically explored.

and

2. Experimental

2.1 Materials

Organosolv lignin (Lignol Corporation, M,, = 1200 g mol ™", B =
4.4, hydroxyl value = 5.62 mmol g%), allyl bromide (99%, Alfa
Aesar), sodium hydroxide (NaOH 99%, Fischer Scientific),
10-undecen-1-ol (98%, Sigma Aldrich), imidazole (99%, VWR),
benzoin (98%, TCI), thioacetic acid (97%, Alfa Aesar),
dichlorodiisopropylsilane (98%, TCI), tetrachlorosilane (98%,
TCI), methanol (MeOH), dichloromethane (DCM), tetrahydro-
furan (THF), and all other reagents were from commercial
resources and used as received. Substrates were cut to specifi-
cations and ordered from SendCutSend LLC, USA (Reno NV).
2.1.1 Lignin allylation. A procedure was modified accord-
ing to literature.**** Unfractionated Lignin (5.5 g) was dis-
solved in THF (60 mL) and stirred until the solution was hom-
ogenous with a light brown color. Sodium hydroxide (5.5 g,

This journal is © The Royal Society of Chemistry 2024

137.5 mmol) was then dissolved in deionized water (4 mL) and
added to the lignin solution. The resulting mixture was stirred
while allyl bromide (6.5 g, 53.7 mmol) was slowly added, and
the temperature was set to 65 °C and the reaction was allowed
to stir for 48 hours. Afterwards the reaction was quenched by
adding 0.1 M HCI and the resulting precipitate was placed
under a rotary evaporator to remove the solvent. The brown
solid was washed with water and then dried under vacuum
with a final dry weight of 7.13 g. The allylation was verified
according to "H NMR and FTIR (Fig. S1 and S21). The total
conversion of hydroxyl groups to ally groups was calculated to
be about 95% according to *'P NMR (Fig. S3 and Table S17).

2.1.2 Hardener synthesis. 11-Mercapto-1-undecanol was
synthesized as follows: 10-Undecen-1-ol (8 g, 47 mmol) was
added to a dry flask with a stir bar. Thioacetic acid (3.6 g,
47 mmol) was added, and the mixture was purged with N, for
10 min. Benzoin (200 mg, 0.9 mmol) was then dissolved in
methanol (0.25 mL) and added to the flask. The reaction was
then exposed to UV light (355 nm) overnight and the resulting
mixture was washed with cold DCM and then recrystallized
with cold methanol to afford crude S-(11-hydroxyundecyl) etha-
nethioate. The thioester was then refluxed with sodium
hydroxide (4 equivalence) in methanol for 12 hours. The reac-
tion was then neutralized with 2 M HCI in ice and mixed with
200 mL of diethyl ether. The organic layer was separated,
washed with 100 mL of brine, dried over magnesium sulfate,
and filtered. The filtrate was concentrated and then freeze
dried to afford 9.4 g of white powder to give 11-mercapto-1-
undecanol.

Two different adhesive hardeners were synthesized using
11-mercapto-1-undecanol and two silanes. In a round bottom
flask equipped with a stir bar, 11-mercapto-1-undecanol was
added to dry DCM and stirred at 0 °C in an ice bath. Imidazole

Polym. Chem., 2024,15,1726-1735 | 1727
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(1 equiv.) was added, and the reaction was purged with nitro-
gen for 10 minutes. Then a silane (0.25 eq. for tetrachlorosi-
lane and 0.5 eq. for dichlorodiisopropylsilane) was added
dropwise and a white precipitate formed immediately. The
reaction was allowed to warm to room temperature and reacted
overnight. The solvent was then evaporated, and the remaining
white precipitate was washed with ether and filtered. The ether
solution was then dried leaving a yellow liquid. Purification by
column chromatography on silica gel (15:1 hexane/ethyl
acetate) provided a clear foul-smelling liquid.

2.1.3 Adhesive curing. Adhesives were formulated by
mixing lignin and hardener together with appropriate weight
ratios. Using TSE-25 (see definition in Table 1) as an example,
250 mg of lignin and 750 mg of TSE were mixed in ethyl acetate,
sonicated, and vortexed to make a dispersion. The mixture was
allowed to evaporate in the fume hood overnight leading to a
viscous mixture. An even layer of adhesive was applied to a
surface using a doctor blade and then another surface was placed
on top of the layer. The substrates were clamped together using

Table 1 Adhesive compositions of lignin and thiol silyl ethers (DSE-X or
TSE-X, where DSE and TSE respectively refer to dithiol silyl ether and
tetrathiol silyl ether, and X is wt% of allyl lignin)

Adhesive code Lignin, wt% DSE, wt% TSE, wt%
DSE-25 25 75 0
DSE-50 50 50 0
DSE-75 75 25 0
TSE-25 25 0 75
TSE-50 50 0 50
TSE-75 75 0 25
(a) |
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binder clips to enhance adhesive contact between the two sub-
strates. The system was then cured at 110 °C overnight and then
allowed to cool to room temperature.

2.1.4 Fourier transform infrared (FT-IR). FT-IR spectra of
samples were recorded on a PerkinElmer spectrum 100 FTIR
spectrometer using an attenuated total reflection (ATR)
method. Absorption spectra were recorded at 4 em™" resolu-
tion and the signal averaged over 32 scans.

2.1.5 Differential scanning calorimetry (DSC). A differen-
tial scanning calorimeter (Hitachi 7020) was used to analyze
thermal properties of thermosets. A sample (5-10 mg) was
encapsulated in a 40 pL aluminum pan. The sample was sub-
mitted to heating from 25 to 200 °C with a heating rate of
10 °C min~" under a nitrogen atmosphere.

2.1.6 Lap shear test. Substrates such as stainless steel 304,
5052 aluminum, glass, wood, carbon fiber, high-density poly-
ethylene (HDPE), poly(vinyl chloride) (PVC), poly(methyl meth-
acrylate) (PMMA), and poly(tetrafluoroethylene) (PTFE) were
washed and sonicated with ethanol and then dried under
vacuum for 48 hours. The substrates were then placed in a
Diener zepto one plasma cleaner and cleaned under oxygen for
5 minutes (Fig. S4a-ct).

Adhesives were applied and cured as discussed in the above
section. Lap shear test was performed according to ASTM D1002.
The substrate dimensions were 101.6 x 25.4 x 2 mm with a shear
area of 12.7 x 254 mm yielding the total surface area for
adhesives at 322.6 mm?®. Single lap joint was performed in tripli-
cate on a Zwick Z010 with a grip surface area at 645.2 mm” on
each side. The average value was reported, and the error bar was
determined by dividing the standard deviation over the square
root number of measurement reported (Fig. S4d+).

(c)

b
o~ o
L
OH O

E w,

A | DSE or TSE

Jo

(a) Synthesis of thiol silyl ethers; (b) synthesis of allyl lignin; (c) click chemistry between allyl lignin and thiol silyl ethers sandwiched
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2.1.7 Rheology testing of resin. All rheological analyses
were measured using a Discovery HR-2 (TA instruments,
Delaware, USA) using a stainless-steel Peltier plate with a dia-
meter of 40 mm. All rheological measurements were per-
formed at 25 °C using a solvent trap to avoid evaporation
during measurements. Oscillation frequency sweep measure-
ments were performed at the shear strain of 1% with an
angular frequency of 10 rad s~*, duration of 300 s and a soak
time of 180 s.

3. Results and discussion
3.1 Synthesis and curing of lignin based adhesives

Allyl lignin and disilyl crosslinkers, and tetrasilyl crosslinkers
were prepared according to Scheme 1 according to a method
previously reported.”® Lignin was dissolved in THF and then

Allyl Lignin
3000 2500 2000 1500 1000

Wavenumber (cm™)

4000 3500
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allylated using allyl bromide under basic conditions. The reac-
tion proceeded via Williamson ether substitution and was con-
firmed by NMR, the appearance of alkene protons in the range
of & 4.0-5.5 ppm, and by FTIR, a peak at 1550 cm™ " (Fig. S1
and S2%). The conversion of allylation was determined to be
85% via *'"P NMR (Table S1t). The hardeners were synthesized
from silyl chlorides with high yields (>90%). Next the adhesive
resins were formulated with different ratios of crosslinker to
allyl lignin, which are listed in Table 1.

The adhesives were then cured at 120 °C in a vacuum oven
to ensure the quantitative conversion of thiols and alkenes to
thioethers. FTIR spectra show the strong peaks of Si-O and C-
H bonds at 1086 cm ™" and 2920 cm ™" respectively, compared
to the allylated lignin (Fig. 2a). DSC shows a broad peak start-
ing at 140 °C, which is believed to originate from the curing
reaction (Fig. 2b), somehow higher than those reported in
literature.>>>°

b)
T
o
X
)
o
S
[=
g
l
DSE-50

120 140 160
Temperature (°C)

100 180

Fig. 2 Analysis of the curing behavior using DSE-50 an example: (a) FTIR spectra of allyl lignin and cured lignin; (b) DSC trace of curing of allyl

lignin by DSE-50.

a) b)

Thermal
Curing

c)l

.
.6

Lap-shear
Testing

4
.
.

Fig. 3 Optical images of TSE-50 on glass plates: (a) before curing; (b) after curing; (c) after lap shear break.
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Fig. 3 shows optical images of the adhesive applied, cured,
and sheared. When the adhesive was deposited on the glass, a
uniform layer was observed (Fig. 3a). After curing, no cracks or
disruption in the adhesive layer were observed indicating the
structural integrity was intact (Fig. 3b). After shear testing of
the adhesive with the two glass plates separated, the failure
mode was analyzed by examining the adhesive on the plates.
Globular shapes of adhesive on both glass plates were
observed (Fig. 3c), indicating cohesion is a possible failure
mode.

View Article Online

Polymer Chemistry
3.2 Adhesion strength of lignin based adhesives

Several factors affect adhesion performance, including sub-
strate surface energy, adhesive viscosity, and crosslinker
chemistry.?”*® To evaluate the effect of substrates on adhesion,
nine different substrates were tested (Fig. 4), among which
steel, wood, and glass generally performed the best. It is
known that plasma cleaning can increase the polarity of steel
surface and thus surface energy.’**' The increase in polarity,
combined with the smoothness of surface, makes steel an

[ steel [ Wood

(a)

[JHOPE  [EEIPVC

[ Aluminium [T Carbon Fiber ] Acrylic

[ Glass

] PTFE

w
1

Adhesion Strength (MPa)
- N

0-
DSE-11 (25 wt.%) DSE-11 (50 wt. %) | DSE-11 (75 wt. %)
4
b) Bl steer [ Wood I Glass
( [ Aluminum [ Carbon Fiber [[1] Acrylic
: [ |HOPE [IPVC ) PTFE

w
1

Adhesion Strength (MPa)
- N

o
!

TSE-11 (25 wt. %) TSE-11 (50 wt. %)

TSE-11 (75 wt. %)

Fig. 4 Adhesion performance with different substrates by adhesives: (a) DSE and (b) TSE; optical images (c) before and (d) after lap-shear testing

(use steel as an example).
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ideal substrate for most adhesives. This can be seen with
adhesion strength of over 2.0 MPa for many of the adhesives
with lignin contents at 50 wt% and 75 wt%. A somewhat sur-
prising observation was the performance of the adhesives on
wood substrates. Since wood is uneven and porous, adhesive
wetting of wood is often poor, leaving voids in the adhesive
layer.*> Despite this challenge, we observed the adhesion is
comparable to or even better than that of steel. This could be
due to the lignin presence in wood, which acts as a natural
glue between cellulose and hemicellulose and may also offer
good adhesion in lap-shear testing. Glass adhesion was also
higher than expected since it typically possesses low surface
energy. We rationalized this by examining the chemistry of the
crosslinkers. Traditional glass adhesives contain either cyanoa-

8- B Aluminum
ref. 53 - B Steel
© B Wood
o
\E-/ ref. 52 -
< ref. 54
56, m ref. 51 -
S f. 55
+3 ref. 55 m
(7))
c 57
iel
g
< 4
2 ref. 27 -
3 This work g
i ref. 51 This work ™
T T T T T T T T T
30 40 50 60 70 80

Lignin (wt. %)

Fig. 5 Comparison of lignin-based adhesives and
literature.

lignin wt% in

[e)
=
3

Y

CP

Y

1) TSE-50
2) TBAF

Y

Fig. 6
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crylates or silicone groups, which interact with the moisture
on the glass surface.*>** The crosslinkers in this study contain
siloxane units, which could promote improved compatibility
and thus better adhesion between adhesives and glass surface.

Aluminum and carbon fiber displayed similar adhesion
strength for each adhesive. Aluminum’s oxide layer can often
impair the adhesive layer. This minimizes the interactions
between the adhesive and the substrate thus weakening the
bond. Despite these hurdles, adhesion strength around 1.5
MPa was obtained for aluminum and carbon fiber when the
lignin contents were 50 wt% and 75 wt%. Finally, the adhesion
performance of organic polymer substrates was examined. With
higher contents of lignin, the adhesives on acrylic or PMMA plas-
tics exhibited the highest adhesion strength (1-1.5 MPa) due to
the polarity of substrates, which allows for hydrogen bonding
interactions with free thiol and hydroxyl groups on lignin with
the carbonyl groups on PMMA. However, MD simulations indi-
cate the nonbonding interactions are minimal (Fig. S51), which
would explain why the difference between acrylic and other poly-
mers substrates is minimal. HDPE and PVC displayed similar
adhesion across all adhesives. This is in line with our predictions
as the nonpolar nature of HDPE is responsible for the lower
surface energy. For PVC, the presence of plasticizers, which could
migrate at the interface, may reduce adhesion strength.*>*¢
Lastly, PTFE possesses the lowest surface energy due to its inert
C-F bonds that restrict interactions between the adhesive and
the polymer. Unsurprisingly, PTFE gave the lowest adhesion
strength, less than 0.5 MPa.

For DSE-25 and TSE-25, lower adhesion strength was
observed for all substrates. This was attributed to the presence
of excess thiols, which could induce a plasticizing effect that
would lead to weaker adhesion.***” Once the free thiol content
is reduced, the plasticizing effect is greatly reduced, making
the adhesives stronger with higher lignin contents.**>°

The adhesion performance of these adhesives was then
compared to other lignin-based adhesives reported in

(b)

2.5+

Adhesion Strength (MPa)
> @ b

e
o
1

0
DCP TSE-50/TBAF

Experiment

e
o
|

TSE-50

PTMP

(a) Mechanistic experiments studying adhesion on steel plates with non-silicone containing tetrathiol crosslinker (PFTMP); peroxide cross-

linker (DCP); with TSE and then immersed in TBAF; (b) adhesion strength of neat TSE-50 and the above treated TSE-50.
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literature.””®*” The results are presented in Fig. 5. The
adhesives developed in this work show lower adhesion
strength but incorporate a higher biomass content. Compared
to other reported adhesives that incorporate a higher lignin
fraction (>60 wt%), a similar adhesion performance is
achieved.

3.3 Mechanisms of adhesion

The adhesion mechanism was then explored. Fig. 6a shows the
experiments to determine what effect each reaction component
has on the adhesives. First, raw lignin was crosslinked with

10° 104
T n
<
E 10_2 T -2‘
=3 8
% N [ 103 L
>
g o 5
= 107+ =
§
e —4A— Loss Modulus (G") O
—=— Storage Modulus (G')
—e— Complex Viscosity
10_6 T T T T T T 102
107 107 10' 10°

Angular Frequency (rad/s)

Fig. 7 Rheological plots of TSE-50 before curing.
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dicumyl peroxide (DCP) to create a thermoset network between
two plates. However, upon curing no adhesion was observed.
Raw lignin is brittle and mechanically weak, so it was not sur-
prising that just crosslinked lignin was insufficient for
adhesion, instead a crosslinker had to be used.*® Next, the
effect of silyl ethers was evaluated through two experiments.
Pentaerythritol tetrakis(3-mercaptopropionate) (PTMP) was
chosen due to its tetra functionality and similarity to TSE. As
shown in Fig. 6b, with lignin at 50 wt%, adhesion strength on
steel plates was observed to be 1.7 MPa, significantly lower
than 2.5 MPa for TSE-50. This result suggested that the silyl
ether enhances the adhesion most likely due to nonbonding
interactions with the surface. To further investigate this claim,
TSE-50 was immersed in 1 M tetra-n-butylammonium fluoride
(TBAF) in THF overnight to cleave Si-O bonds. A minor
reduction in adhesion strength was observed (Fig. 6b), indicat-
ing that either the adhesive seal was too strong to degrade or
the resulting alcohols from the silyl ether cleavage may also
participate in the adhesion process.

Many adhesives fail to bond wooden substrates due to their
porous surfaces.’”®® One important factor is the ability of
adhesives to maintain contact with the wood surfaces without
being absorbed into the substrate. Given the high adhesion on
wood substrates, the rheology of TSE-50 adhesive resin at
room temperature was studied (Fig. 7).

The TSE-50 resin displays highly viscous behavior even at
higher frequencies. The high viscosity is advantageous when
the adhesive is applied to wood surfaces, which are typically
not smooth. During the curing process adhesives may be
absorbed into the wooden pores thus lowering the wettability

Adhesive

Fig. 8 Optical graphs of TSE-50 testing as an adhesive: (a) unrepaired rigid polypropylene centrifuge tube with a leak; (b) flexible polyvinyl chloride
Tygon® tubing with a leak; (c) repaired rigid polypropylene centrifuge tube; (d) repaired flexible polyvinyl chloride Tygon® tubing; (e) optical graphs
of adhesive under a prolonged load; (f) schematic representation of the prolonged load test.
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Fig. 9 Adhesion performance of TSE-50 under dry and wet conditions. (a) Lap shear results under different environments (exposed to air and
immersed in water or sea water for 21 days); (b) optical image of two steel plates adhered by TSE-50 under water.

and the adhesion.®’ In the case of this viscous adhesive an
even layer of TSE-50 is present and is not absorbed into the
wooden substrate which maximizes the adhesion surface area.
The adhesion mechanism was also explored by molecular
dynamics simulations by modeling the interface between
lignin and cellulose (representing the wood substrate) (see
ESIT). The simulations only studied nonbonding interactions
including the van der Waals and electrostatic interactions.
Although the lack of covalent bonding interactions in the
simulations, the interfacial energy between raw lignin and cell-
ulose was calculated (Fig. S51) to be (100 + 9) mJ m™>, which
agrees with a recent study of lignin-cellulose interfaces.®>

3.4 Adhesion applications

The TSE-50 adhesive was selected for testing its application by
applying it to flexible and rigid plastics. When exposed to flow
the adhesive acted as a plug to block the leakage of liquid, as
shown in Fig. 8a-d. This further indicated its efficacy as an
adhesive and demonstrated the adhesive’s water resistance.
Fig. 8e and f also demonstrates TSE-50 ability to withstand
loads at a prolonged time. Even after 21 days the adhesive was
able to maintain its adhesion.

The TSE-50 adhesive was then tested in aqueous conditions
to determine what effect if any wet environments had on the
adhesion strength (Fig. 9). Two TSE-50 samples were prepared
by sandwiching the adhesive between steel substrates. One
sample was submerged in distilled water and the other sample
was submerged in 3 wt% NacCl in water mimicking the compo-
sition of seawater.®® Both samples were submerged for 21 days
and then the adhesion force was recorded. The adhesion

This journal is © The Royal Society of Chemistry 2024

strength did not change regardless of testing conditions. This
isn’t too surprising since the adhesive crosslinked with non-
hydrolysable bonds. This result further supported the obser-
vations from Fig. 8, indicating the durability of this adhesive
underwater.

4. Conclusions

Lignin-based adhesives using thiol-silyl ether crosslinkers
were prepared with high biomass contents. The adhesives
show a broad spectrum of adhesion across a wide range of
polar substrates. The adhesion mechanism was explored using
different crosslinkers to shed light on interfacial molecular
interactions. The liquid leakage and load bearing experiments
demonstrated the potential of this class of adhesives as sus-
tainable green materials for real-world applications.
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