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The production of unfavorable formaldehyde-based adhesives could be replaced by that of lignin-based
adhesives as an improved, healthy and sustainable candidate. Here, a facile method was realized for a
novel lignin-based, robust, and universally applicable adhesive (84% yield), based on the synergistic reac-
tion between lignin, dimethylformamide, and acrylic acid under a basic environment. Characterization
studies of the synergistically synthesized lignin-based adhesive showed the formation of new C-O, C-N,
and C-C bonds. These bonds contributed strongly to excellent adhesive performance on versatile sub-
strates, including glass, aluminum, stainless steel, polycarbonate, polyvinyl chloride, and wood. This uni-
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versal adhesive was able to hold vertically or horizontally >2.0 x 10° times its own weight for more than
94 d. It also exhibited excellent storage and loss modulus, internal bond strength (255.0 kPa), and physi-
cal-mechanical strength under neutral, acidic (pH 3.08) or basic (pH 10.22) media. These advantages
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Introduction

After a century of robust and flourishing growth of phenolic
resins, phenol and formaldehyde are the chemicals currently
used to prepare commercial synthetic phenol-formaldehyde
(PF) resins by either the novolac or resoles process." PF resin is
applied in diverse applications, including gluing metals,
wood, plastics, paper and rubber with reasonable cost and
mechanical characteristics.> Phenolic resins are synthesized
globally in large volumes (5 million tons per year), and their
growth is related to the gross national product (GNP) growth of
countries.” Both phenol and formaldehyde are considered
environmentally unfavorable chemicals and associated with
several health issues by the Environmental Protection Agency
(EPA). The European Chemical Agency (ECHA) has also classi-
fied both phenol and formaldehyde as mutagenic, carcino-
genic, and reprotoxic chemicals. Formaldehyde is also used in
some other resins in addition to the phenol-formaldehyde
resin, such as urea-formaldehyde and melamine-formal-
dehyde resins that are produced in large volumes and used as
wood adhesive or mineral fiber binders. Although formal-
dehyde has a huge market in resin applications, it is associ-
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enable this lignin-based adhesive to be a universal adhesive in various settings.

ated with environmental issues along with health concerns
and is classified as one of the human carcinogenic chemicals
by the World Health Organization (WHO) and US
Occupational Safety and Health Administration (OSHA).*

Renewable raw materials, including cashew nut shell oil,
tannins, bio-oil, and furfural, are used to replace or substitute
for the unfavorable phenol.” Besides these renewable chemi-
cals, tung oil and linseed oil are also used in limited amounts
to substitute for phenol. Emerging biorefinery technologies
are gaining much attention to produce and fulfill the market
demand by generating renewable and sustainable chemicals,
materials, fuels, and polymers. Among them, lignin from the
biorefinery process and pulp industries still mostly exists in a
waste solid stream that is currently burned to generate energy
except for partially recovering certain chemicals.

Cellulose, hemicellulose and lignin as substantial fractions
of lignocellulosic biomass represent the utmost sustainable
and renewable candidates that can be processed to replace or
substitute for petroleum-derived fuels, chemicals, materials,
and polymers.”” Lignin represents around one-third of the
known structural biopolymers in lignocellulosic biomass (dry
weight), and its structure justifies a wide range of modifi-
cations that involve the functionalization on hydroxyl, carbonyl
groups, or phenolic rings (ie., p-coumeryl, coniferyl and
sinapyl alcohols). Within the last two decades, lignin has been
constantly studied for the production of different types of
high-value, low-volume market or niche-market products,
including carbon fibers and lignin-based adhesives.®® Over
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the past few decades, lignin has been used as a partial or full
(100%) replacement for phenol in PF adhesives.” For example,
lignin-based phenolic oil was used to partially (20-50 wt%)
replace phenol in the PF resins,'® while Kraft lignin could even
substitute for phenol at slightly higher quantities of 65 wt% in
lignin-PF resins as adhesives."" In addition to these lignin
types, glyoxalated lignin, silver-lignin nanoparticles, and
lignin-epoxy hybrid nanoparticles were also used for lignin-
based adhesives to substitute for phenol.'*™**

In addition to phenol, the replacement or substitution of
formaldehyde with less toxic, less volatile and biobased com-
pounds can add further positive advantages over workers’
health risks and environmental issues caused by chronic
exposure to formaldehyde during the resin manufacturing
process.”>'® An alternative to formaldehyde will substantially
impact its large consumer market of phenolic resins. To date,
furfural, 5-hydroxymethyl furfural, terephthalaldehyde, succi-
nic anhydride, glyoxal and citric acid as renewable and par-
tially or fully alternative chemicals for formaldehyde have been
applied to synthesize phenolic resins.'”2° In particular, the
full replacement of phenol by lignin will allow the develop-
ment of totally novel adhesives with new ingredients. For
instance, acrylic acid (AA) has been used with chitosan, poly-
propylene, and other substrates to prepare acrylic adhesives
for pressure-sensitive and cell culture applications.>*"** Such
acrylic adhesives show advantages such as fewer human health
hazards and are associated with fewer environmental issues
relative to formaldehyde-based adhesives.
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Herein, we developed a new protocol to overcome the limit-
ations of phenol/formaldehyde-based resins using a lignin/AA-
based adhesive with a high yield (Fig. 1A and B). This protocol
involves the synergistic role of lignin, AA, and dimethyl-
formamide (DMF) to form a versatile amphiphilic biobased
adhesive that showed strong mechanical performances over a
variety of adherents, including glass (G), stainless steel, (SS)
aluminum (Al), polyvinyl chloride (PVC), polycarbonates (PC),
and wood. Moreover, the functionalization of side chains, aryl
ring, hydroxyl (1° or 2°) groups or phenolic hydroxyl groups of
lignin with AA and DMF, is affirmed by FT-IR and NMR spec-
troscopy including one-dimensional (1D) “*C/*'P spectroscopy
and two-dimensional (2D) correlation spectroscopy as *C-"H het-
eronuclear single quantum coherence (HSQC) and >N-"H hetero-
nuclear multiple bond correlation (HMBC). Substantially high
storage and loss moduli of adhesive samples relative to polyvinyl
alcohol (PVA), as a reference, were measured using dynamic
mechanical thermal analysis (DMTA) over a range of conditions,
including temperature, relative humidity, time, and frequency.
The lignin-based adhesive showed excellent physical-mechanical
properties after immersing adherent-adhesive samples in
neutral, acidic (pH 3.08) and basic (pH 10.22) media. The lignin-
based adhesive also demonstrated high bond strength, excellent
stability during the weathering test (>64 d) and was able to hold
2.0 x 10° times its own weight without failure even after 94 d. A
strong correlation was found between the polar component of
surface free energy (SFE) and internal bond strength with R
values 0.98 and 0.96 over various substrates.
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Fig. 1 Preparation of the lignin-based universal adhesive. (A) Schematic representation of the synthesis of lignin-based adhesives, the inset shows
the photographs of intermediate steps (washing, precipitation and centrifugation) of the adhesive with lignin : acrylic acid of 1.0:1.0 (wt/wt). (B)
Yields of adhesives, (C) The elemental composition of lignin and lignin-based adhesives (*O = 100 — (C + H + N + S)), and (D) FT-IR spectra of lignin
and adhesive. The adhesive in (D) refers to the combination with lignin : acrylic acid of 1.0 : 1.0 wt/wt.
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Results and discussion

Synthesis and characterization of the lignin-based universal
adhesive

The lignin-based universal adhesive was synthesized using
lignin and AA in DMF under basic medium, and the obtained
yields are shown in Fig. 1B. Three different weight ratios of
lignin and AA of 1.0:1.0, 1.0: 0.5, and 0.5:1.0 with constant
solid-to-liquid ratios (10 wt%, lignin wt/vol of DMF, except
later specifically noted (20 wt%)), were used. Highly similar
yields of 84% and 86% were obtained using weight ratios of
lignin and AA at 1.0:1.0 and 1.0: 0.5, respectively. Substantial
differences of the contents of elements C, H, N, S, and O, par-
ticularly nitrogen, were measured (Fig. 1C). In comparison, the
yield for the 0.5:1.0 (wt/wt) lignin: AA ratio was low, which
could be explained based on the high solubility of lignin or
modified lignin in DMF and due to the potential washing out
during the purification steps. Additional washing of adhesives
with aqueous solutions should also have contributed to
decreasing the sulfur content (Fig. 1C).>* Low sulfur content is
advantageous as otherwise it can lead to odor issues along
with a yellowish color in the final products.>* The presence of
nitrogen in lignin-based adhesives affirmed the lignin-
functionalization with the involvement of DMF, which is also
validated by the appearance of new peaks at 1654 cm™" for
amide and 1385 cm™" for ~C(CHj,), groups in the FT-IR spec-
trum (Fig. 1D).>® These modifications of the lignin backbone
further induced a lower glass transition temperature of the
adhesives relative to lignin (Fig. S1AT). The lower glass tran-
sition temperature of the lignin-based adhesive can support
the crosslinking of lignin.*® The functionalization or cross-
linking of lignin to the lignin-based adhesive is also validated
by thermogravimetric analysis (Fig. S1BY), as the crosslinked
functionalities of the adhesive started to degrade at a lower
temperature relative to those in lignin.?”

NMR characterization of lignin and lignin-based universal
adhesive

To underpin the FT-IR, DSC, and TGA analysis, the "*C NMR
spectra of both lignin and lignin-based universal adhesive
(lignin : acrylic acid of 1.0:1.0 wt/wt, used for NMR) were
recorded, and significant numbers of new peaks were observed
in the lignin-based adhesive (Fig. 2A). A new chemical shift for
the -N(CHj3), peak is observed at 43.21 ppm and can be vali-
dated from the moieties of DMF that is used to solubilize and
functionalize lignin. Similarly, the peaks at 55.57 and
162.30 ppm for the carbon atoms in Ar-CH,- and R-(CO)-N
(CH3), groups are also attributed to lignin functionalization by
DMF. The presence of chemical shift data for these peaks is
consistent with the results for lignin functionalization
reported elsewhere.”® Additionally, a few more extra peaks
emerged at 130.40 and 167.40 ppm for the carbon atoms of RO
(CO)CH-CH- and RO(CO)CH-CH- moieties, respectively.
These carbon atoms in the lignin-based adhesive should plau-
sibly be derived from AA for the synergistic reaction, whereas
the chemical shift data for AA matched with the previous
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reports elsewhere.>® Moreover, to validate the functionalization of
lignin by DMF and AA in the lignin-based adhesive, **C-"H corre-
lation 2D-HSQC NMR spectra were recorded (Fig. 2B). New
signals in the aliphatic and aromatic regions are assigned to the
introduced R-N(CHj3;), and RO(CO)CH-CH- groups, comparing
the spectra of lignin and the adhesive.”® The >N-'H correlation
2D-HMBC NMR spectrum of the lignin-based adhesive was also
recorded to validate the functionalization of lignin by DMF
(Fig. 2C). Interestingly, two new signals at 175.59/7.95 ppm and
175.59/2.75 ppm are assigned to the same nitrogen functionality
with two different types of proton environments that are aromatic
and aliphatic protons, respectively.*® To find out the role of lignin
hydroxyl (1°, 2° or phenolic hydroxyl) groups in the lignin
functionalization to the lignin-based adhesive, *'P NMR of both
lignin and lignin-based adhesive samples were recorded, and the
peak assignment was done according to previous reports.” The
measurement of high-intensity peaks for carboxylic groups along
with the condensed phenolic hydroxyl groups validated the modi-
fication of the lignin backbone (Fig. 2D). Fig. 2E shows the likely
chemical structure of modified lignin, guaiacyl moiety, and
various types of linkages in lignin-derived units.

Correlating lignin and adhesive properties: functional groups,
linkages, and molar mass

Several notable trends were identified between the lignin and
the lignin-based universal adhesive (Fig. 3), so that properties
can be linked to potential suitability of the adhesive. The
C-"H correlation 2D-HSQC NMR spectra of both lignin and
lignin-based adhesive samples were used to measure the relative
abundance of major linkages namely $-O-4, -, and p-5 linkages
(Fig. 3A).*> The lignin-based adhesive is characterized by the
slightly decreased amount of (~7.1%) -O-4 linkages compared
to lignin that can plausibly be explained due to the suscepti-
bility of lignin conversion under basic medium.*® Moreover, the
partial depolymerization of lignin to lower molar mass is also
consistent with the generation of slightly higher amounts of
phenolic hydroxyl groups (condensed-OH, p-coumeryl (H-OH),
coniferyl (G-OH), and sinapyl (S-OH) alcohols) in the lignin-
based adhesive (Fig. 3B and C). Moreover, the total hydroxyl (1°,
2°, and phenolic) contents were found to be slightly higher in
adhesives than in pristine lignin (Fig. S2t). This measurement
is consistent with the results from previous reports of lignin util-
ization in higher yields of hydroxyl products.** Moreover, the
cleavage of $-O-4 linkages should have resulted in the formation
of new phenolic hydroxyl groups (Fig. 3B and C), and therefore
also the adhesives of lower molar mass (Fig. 3D).*® These data
for linkages, hydroxyl groups and molar mass added further cor-
relations during the modification of lignin for adhesives.*® In
particular, the development of diverse hydroxyl groups and lin-
kages shows specific characteristics of the synergistic reactions
between lignin, AA and DMF compared to previous reports.”>’

Dynamic mechanical thermal analysis of lignin-based
universal adhesive

Mechanical properties such as storage modulus, loss modulus,
and tan delta of lignin-based adhesives with different lignin to

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Anticipated chemical structures of lignin/lignin-based universal adhesive. (A) **C NMR spectra of lignin and adhesive, (B) **C-H correlation
2D-HSQC NMR spectra of lignin and adhesive, (C) ®N-'H correlation 2D-HMBC NMR spectrum of adhesive, (D) 3!P NMR spectra of lignin and
adhesive, and (E) the anticipated structure of various linkages, moieties in lignin and modified lignin. X and Y represent *>N—-'H correlation 2D-HMBC
signals for N—H (aliphatic proton) and N—H (aromatic proton) respectively. AA and AA’ represent the HSQC signals for modified acrylic acid in lignin-
based universal adhesive. The adhesive with lignin : acrylic acid of 1.0 : 1.0 (wt/wt) was used for NMR.

AA ratios, and PVA, were investigated by DMTA to understand
the effects of crosslinking by DMF and AA to lignin. The DMTA
of adhesive samples was investigated over time (¢), tempera-
ture (T), frequency (f) and relative humidity (RH) (Fig. 4 and
S3, S4t). Physiological properties, such as the storage modulus
of adhesive materials, generally change over the applied temp-
erature, while materials mostly stay as a glassy/crystalline state
and transform to rubbery/melted state at a higher tempera-
ture.®® According to DMTA measurements, the storage
modulus and tan delta values of our adhesives are stable for
more than 4 h at 25 °C, 30% RH with a frequency of 10 Hz
(Fig. 4A). This is anticipated by the heterogeneous nature of
lignin with various types of moieties and linkages, which can
induce the local relaxation and dynamically responsive states
of lignin-based adhesives.’> DMTA data of lignin-based
adhesive with the lignin:AA ratio of 1.0:0.5 (wt/wt) show
higher storage modulus (35.4 GPa) than the 21.2 GPa for the

This journal is © The Royal Society of Chemistry 2022

adhesive with lignin: AA ratio of 1.0:1.0 (wt/wt). This differ-
ence could plausibly be explained by different extents of
functionalization by AA. A higher amount of AA led to stronger
cleavage of the lignin backbone (Fig. 1C, 2B and D).

The storage modulus of both lignin-based adhesives and
PVA as reference (Fig. S5f) substantially increases over the
tested frequency (0.1 to 100 Hz) at 25 °C and 30% RH (Fig. 4B),
whereas the tan delta values increase up to a certain higher fre-
quency and then remain almost constant. The substantial
increment of storage, tan delta, and loss modulus implied the
crosslinking and densification of lignin-based adhesive over
tested frequencies that further strengthen the inter and intra
linkages in the adhesive.’’ Lignin associates with both the
hydrophobic (aryl moiety) and hydrophilic (alkyl alcohols side-
chains) groups which implied the formation of either-side
chain cross-linkages or aryl networks.*" Fig. 4C demonstrates
the impact of RH on the mechanical properties of lignin-based

Green Chem., 2022, 24, 2624-2635 | 2627
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adhesives. The storage modulus of the adhesive (lignin: AA of
1.0: 0.5, wt/wt) slightly increased from 21.1 GPa to 26.7 GPa, as
the RH increased from 19.8% to 79.6%, whereas the storage
modulus of PVA slightly decreased from 20.9 GPa to 19.1 GPa
as RH increases from 22.7% to 79.6%, respectively (Fig. S47).
The slight increment in the storage modulus of the lignin-
based adhesive and PVA could plausibly be explained due to
different functionalities of lignin as dense phenolic and side-
chain cross-linkages.®** Storage moduli and tan delta of both
lignin-based adhesives and PVA as adhesive were substantially
high and stable at a low temperature (~16.0 °C). At a higher
temperature of 48.8 °C, they decreased significantly to an
extent of ~75% and decreased further at ~80 °C (Fig. 4D). We
anticipate that the plural functionalities and aryl moieties of
the lignin-based material over the applied temperatures can
exhibit phase changes from crystalline/glassy to rubbery/
melted, and represented substantially decreased storage
modulus and tan delta at raised temperatures.**® Similar to the
storage modulus, the loss modulus trend could depict the
more elastic polymeric nature of the lignin-based adhesive
(Fig. S31).** The good mechanical stability of the lignin-based
adhesive under the applied static and dynamic loading rep-
resents the sufficient stiffness and robustness of adhesives
without any fatigue for the long term.

Internal bond strength and surface free energy of the lignin-
based universal adhesive

The adhesion property of the lignin-based universal adhesive
depends on the adherent-adhesive internal bonding chains.*’
The internal bond strength (IBS) of lignin-based adhesives
with a lignin:AA ratio of 1.0:1.0 (wt/wt) and PVA-based
adhesives on different types of adherents, including glass (G),
aluminum (Al), stainless steel (SS), and polycarbonate (PC), is
shown in Fig. 5A (Table S1 and Fig. S5,T for more details about
the adherent dimensions). Interestingly, PC represents the
maximum IBS relative to the other tested adherents (Fig. 5A).
Comparing the adhesive property over Al, the adhesive with
the lignin:AA ratio of 1.0:1.0 wt/wt showed a significantly
higher internal bond strength (~35%) than the adhesive with
the lignin : AA ratio of 1.0: 0.5 wt/wt. It can plausibly be antici-
pated due to more intensive functionalization and crosslinking
of the lignin backbone (Fig. 1C, and 2A-D)."* Inconsistent
with the DMTA analysis of the adhesive and PVA (Fig. 5A and
Fig. S5%), statistically slightly higher IBS (186.25 kPa) is
measured for the Al-lignin-based adhesive (1.0:1.0 wt/wt)
compared to Al-PVA (180.0 kPa). Our lignin-based adhesives
exhibited high bonding strengths for a variety of substrates
including glass, metal and plastics, in comparison with cur-
rently used adhesives, e.g. acrylate, esters, sugars and amino
acids that are generally used for limited substrates.’® The
highest IBS of the lignin-based adhesive was characterized on
PC, which is consistent with the substantial change in surface
free energy (SFE) of the PC (control) and PC-S (S represents the
material coated with the adhesive, lignin : AA ratio of 1.0: 1.0,
wt/wt) (Fig. 5B). In general, the dispersion SFE (hydrophilicity)
of adhesive materials (G-S, Al-S, SS-S, and PC-S) increases

This journal is © The Royal Society of Chemistry 2022
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except for the PVC-S, whereas the polar SFE (hydrophobicity)
consistently also increases (except G-S). The substantial differ-
ence in polar SFE of PC (with and without adhesive coated)
was measured (Fig. 5B), which can validate the higher IBS of
PC with the adhesive. In general, polar interaction played a
substantial role in the IBS of adherent-adhesive.*” The hydro-
philicity and hydrophobicity for lignin-based adhesive over the
various types of adherents were determined using static water
contact angle (CA) measurement (Fig. 5B). The CA of G-S and
PVC-S samples increases in a similar manner as those of sub-
strates without adhesive, whereas a negative trend measures
for Al-S, SS-S, and PC-S (Fig. 5B). This can plausibly be vali-
dated due to the orientation of phenolic moieties and side
chains of the lignin-based adhesive.’® Moreover, the G-S, Al-S,
and PC-S samples showed a strong correlation between the
SFE polar and IBS (Fig. 5C), which are consistent with the
results of the previous reports elsewhere.*® An excellent corre-
lation fits for SFE polar and IBS of G, Al, and PC materials
with the lignin-based adhesive (lignin:AA of 1.0:1.0, wt/wt),
which are plotted with R* of 0.98 and 0.96, respectively. These
correlations concluded the strong interactions between the G,
Al, and PC material with the lignin-based adhesive.

Physical-mechanical weight and weathering tests of the lignin-
based universal adhesive

In addition to the aforementioned excellent mechanical pro-
perties, long-term durability, environmental sustainability,
and stability in different media are also important for a wide
range of potential applications of the adhesives.*> To demon-
strate the interfacial adhesive strength and durability of the
lignin-based adhesive (lignin: acrylic acid of 1.0:1.0, wt/wt)
over G, PC, PVC, and wood (Fig. 6), a rectangular surface was
glued with the adhesive and subjected to vertical and horizon-
tal physical-mechanical weight testing (Tables S2, S3 and
Fig. S5, S6 and S7,t for more details on material dimensions
and glued areas). Thereafter, samples were dried at 105 + 2 °C
for 2 h. The PC and PVC glued with adhesive were able to verti-
cally hold 1.5 x 10° times their own weight without failure for
~10 min (tested time). The same glued samples were
immersed in DI water for 30 min at ambient temperature
(Fig. 6B) and the vertical mechanical weight performance was
measured. The samples were able to hold 1.0 x 10° times their
own weight without failure for ~10 min (tested time). These
samples after DI water treatment were further immersed in an
aqueous acidic solution (pH 3.08, using 72% H,SO,) for
30 min at ambient temperature (Fig. 6C), before their mechan-
ical performance was examined. The samples successfully held
1.0 x 10° times their own weight without failure for ~10 min
(tested time). The samples after acidic treatment were then
immersed in an aqueous basic solution (pH 10.22, NaOH) for
30 min at ambient temperature, and the mechanical weight
holding performance was examined by applying 1.5 x 10°
times weight of adhesive weight on the same day and after 30
d (stored under ambient conditions) (Fig. 6D and E). As shown
with vertical mechanical weight testing of PC and PVC glued
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samples, the lignin-based adhesive was highly stable under
neutral, acidic, and basic media for more than 30 d.

The samples treated in basic solutions were then processed
for the weathering test for 64 d (From September 13, 2021 to
November 15, 2021, G6ttingen, Germany). Samples displayed a
similar holding performance of 1.5 x 10° times their own
weight without failure (Fig. 6F). Therefore, the lignin-based

2630 | Green Chem., 2022, 24, 2624-2635

universal adhesive (lignin:acrylic acid of 1.0:1.0, wt/wt),
demonstrated environmental sustainability along with an
excellent property to hold loading of a ratio of 1.5 x 10° its own
weight for the long term. Glued samples as G, PC, PVC, and
wood were used to measure the horizontal interfacial adher-
ent-adhesive strength (Fig. 6G) (more details about the gap
between two stands and stand height in Fig. S71). The PVC
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(total 94 d), and (G) horizontal mechanical testing (5.0 cm?, except for glass with 10.0 cm? glued area), (i) PVC (1000 g), (i) G (1500 g), (i) PC
(2000 g) and (iv) wood (2000 g). The adhesive obtained with lignin : acrylic acid of 1.0 : 1.0 (wt/wt) was used in Fig. 6.

and G glued samples were able to hold horizontally up to 1.0 x
10° times and 1.5 x 10° their own weight, respectively, whereas
the PC and glued wood samples could hold 2.0 x 10° times
their own weight without failure.

Conclusions

A green, sustainable, and biobased universal adhesive is inves-
tigated using lignin, DMF and AA in basic medium. The
internal bond strength (IBS) of the lignin-based adhesive was
measured over the various types of adherents (G, Al, SS and
PC), and promising IBS is validated for the PC glued sample.
The universal biobased adhesive is environmentally sustain-
able (64 d), and chemically stable towards acidic (pH 3.08),
neutral and basic (pH 10.22) media. Following lignin
functionalization using AA and DMF, the lignin-based

This journal is © The Royal Society of Chemistry 2022

adhesive was characterized using elemental analysis, FT-IR,
1D 3¢, *'p, 2D *C-'H HSQC and '’N-'H HMBC correlation
NMR spectroscopy. Excellent dynamic mechanical properties
were measured for the lignin-based adhesive on various sub-
strates. Thus, we developed a synergistic facile synthesis
method for a lignin-based universal adhesive that can be a
route to replace the commercially widely used formaldehyde-
based resins, and may bring the possibility of a potential solu-
tion for the environmental and health-related issues.

Experimental
Materials

UPM BioPivaTM 100 lignin was received as a gift for research
from the UPM Biochemicals, Helsinki, Finland, and it was air-
dried at ambient temperature for 24 h before use. Sodium
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hydroxide was received from Sigma-Aldrich, Darmstadt,
Germany. Dimethylformamide (99.8%), methanol (99.8%),
ethanol (99.9%), and tetrahydrofuran (THF, 99.9%) were pur-
chased from Th. Geyer GmbH. Dimethylsulfoxide-ds was pur-
chased from Carl Roth GmbH. Acrylic acid (AA) stabilized with
200 ppm 4-methoxyphenol was purchased from Alfa Aesar,
Germany. Chromium(m) acetylacetonate was purchased from
Sigma-Aldrich, USA. Anhydrous dimethylformamide (99.8%)
and anhydrous pyridine (99.8%) were purchased from Sigma
Aldrich, Germany. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxapho-
spholane (95.0%) was purchased from Sigma Aldrich, India.
Polyvinyl alcohol (PVA, 99+% hydrolyzed, M,, : 89-98 kDa) was
purchased from Sigma-Aldrich, Germany. Cyclohexanol
(99.0%) was purchased from Sigma Aldrich, China. All the
chemicals were used as received with any purification step.

Synthesis of lignin-based adhesive

Lignin (1.0 g, based on dried) was taken in a glass pressure
tube (35 mL, or 120 mL for 3.0 g of sample, FengTecEx
GmbH), and in that, 10 or 30 mL of DMF along with 100 or
300 mg of NaOH, was added. The reaction mixture was stirred
using a stir bar (500 rpm) at room temperature (RT) for 1 h.
Thereafter, AA (1.0 g or 3.0 g) was added to the same mixture
and stirred further at ambient temperature for 24 h (total reac-
tion time, 25 h). The obtained reaction mixture was processed
for modification of lignin in a preheated oven at 105 + 2 °C for
45 + 0.2 h. After lignin modification, the mixture was allowed
to cool at ambient temperature (cooling time ~20 min). DI
water (50 mL or 150 mL) was added to wash the mixture,
which was then processed for centrifugation (Universal 320,
Hettich, Germany) at 4000 rpm for 10 min. The obtained semi-
solid as a lignin-based universal adhesive, was semi-dried at
ambient temperature for 24 + 0.2 h, and yield was calculated
using charged lignin as denominator thereafter drying the
adhesive at 105 + 2 °C, 4 h.

Adhesives with lignin:AA of 1.0:0.5 and 0.5:1.0 (wt/wt)
were synthesized using the similar procedure as mentioned for
the adhesive with lignin:AA of 1.0:1.0 (wt/wt), except for
different amounts of AA and lignin. AA (0.5 g) and lignin (0.5)
were used for the synthesis of adhesive (lignin : AA, 1.0:0.5) and
adhesive (lignin:AA, 0.5:1.0), respectively. In addition, the
adhesive with lignin : acrylic acid of 1.0 : 1.0 (w/w) was synthesized
on a large scale (3.01 kg) for further applications (Fig. 1).

Polyvinyl alcohol (PVA) adhesive was synthesized by adding
hot (~80 °C) DI water to PVA. The amount of water was
selected based on the moisture contents (~80%) in the
adhesive (lignin:AA, 1.0:1.0). The ratio (4:1 wt/wt) of water
and PVA was taken in a glass vial (7.0 mL) with a PTFE cap
liner to synthesize the PVA adhesive. The resulting mixture was
placed in a preheated oven at 105 + 2 °C for 2 h to polymerize
the PVA. The synthesized PVA adhesive was used for analysis
without any further modification.

Characterization

Fourier transform infrared (FT-IR). The functional groups in
both lignin and lignin-based universal adhesive, were charac-
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terized by the ATR technique (ALPHA Bruker) using the OPUS
7.5 software. The spectra were recorded by applying the resolu-
tion 4 cm™" with 32 phase resolutions. The sample scan time
was 24 scans, and the data were saved from 4000 to 400 cm™".
Prior to analysis, samples were dried at 105 + 2 °C for 4 h, and
stored in a glass vial with a PTFE cap liner.

Thermogravimetric analysis (TGA). Thermal degradation of
samples was measured at TG 209 F1, NETZSCH, Germany.
Approximately 10 mg of the sample was used to measure the
thermal degradation with a heating rate of 20 K min™" up to
800 °C in a N, atmosphere.

Differential scanning calorimetry (DSC). DSC analysis of
samples was performed using DSC 200 F3, NETZSCH,
Germany. Approximately 10 mg of the sample was heated to
analyze the DSC with a heating rate of 10 K min™" up to 300 °C
in a N, atmosphere.

13C and **C-"H correlation 2D-HSQC NMR

The *C and "*C-"H heteronuclear single quantum correlation
(HSQC) NMR spectra of lignin and lignin-based universal
adhesive samples were measured using Brucker 500 MHz and
600 MHz instruments, respectively. The NMR sample was pre-
pared with minor modifications using a report previously pub-
lished elsewhere.** Approximately 100 mg (dried) of the
sample and chromium(m) acetylacetonate (~2.0 mg) were
taken in a glass vial. DMSO-dg (0.6 mL) was added in the same
vial and the mixture was transferred for sonication for 10 min
to facilitate solubilization. The completely soluble sample was
transferred into an NMR tube and processed for the NMR
spectra. The >C NMR spectra were recorded from —31.21 ppm
to 230.30 ppm using 996.15 ms acquisition time (AQ) and with
203 receiver gain. The "*C NMR tube was processed for "*C-'H
correlation 2D-HSCQ NMR spectra at 600 MHz instruments,
and analysis was performed with 600.25 MHz and 150.93 MHz
applied frequency for 'H and '*C nuclei, respectively. The
hsqcedetgpsisp2.3 current pulse program was applied. The "H
and "*C spectra were recorded from 0 to 15.2 ppm and from 0
to 220.0 ppm with an AQ of 112.64 and 7.71 ms, respectively.
The semiquantitative relative abundance of linkages, including
f-O-4, p-p, and p-5, was measured using the Bruker TopSpin
4.0.7 software. The peak assignments were done using the pre-
vious report elsewhere.*°

5>N-'H correlation 2D-HMBC NMR

A similar solution to that for the *C NMR spectra was pre-
pared for "’N-'H correlation 2D-heteronuclear multiple bond
correlation (HMBC). The HMBC analysis was performed using
500.25 MHz and 50.71 MHz for "H and "°N nuclei, respectively.
The hmbcgpndqf current pulse program was applied with an
AQ of 204.80 ms and 67.32 ms for 'H and >N nuclei, respect-
ively. The applied receiver gain was 203.

*'p NMR for the determination of contents of hydroxyl groups

A Brucker 600 MHz instrument was used to measure the *'P
NMR spectra. The current pulse program, zgpg30 was applied
with 128 scans. The analysis acquisition time was 1.013 ms

This journal is © The Royal Society of Chemistry 2022
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with 101 receiver gains. The spectra were recorded from
—3.5 ppm to 196.1 ppm. The *'P NMR sample was prepared
with minor modifications using a report previously published
elsewhere.’® Approximately 40.0 mg of lignin (dried) or
adhesive (dried) sample was dissolved in an anhydrous pyri-
dine/deuterated chloroform mixture (325 pL, 1.6:1.0 v/v) and
anhydrous DMF (300 pL). As an internal standard, cyclohexa-
nol (100 pL, 22.0 mg mL™") in anhydrous pyridine/deuterated
chloroform (1.6:1.0, v/v), was added. As a relaxation agent,
chromium(m) acetylacetonate solution (50 pL, 5.6 mg mL™") in
anhydrous pyridine/deuterated chloroform (1.6:1.0, v/v) was
also added in the same tube. Ultimately, a phosphorylating
reagent, 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(100 pL) was added, and sample processed for the *'P NMR.

Dynamic mechanical thermal analysis (DMTA)

The DMTA measurement was performed using a DMA GABO
EPLEXOR system (NETZSCH GABO Instruments GmbH) with a
force sensor of 50.0 N. The applied static and dynamic force
loads were 10.0 N (0.1% limit) and 5.0 N (0.05% limit), respect-
ively. The applied contact force was 0.5 N. The soaking time
for all samples was 300 s. Temperature sweep (10-80 °C) test
was determined at 30% relative humidity (RH) with a fre-
quency of 10.0 Hz and a temperature step rate of 2 K min™".
The frequency sweep (0.1-100.0 Hz) test was determined at
25 °C, 30% RH with 8.0 steps per dec frequency increment.
The RH (10%-80%) sweep test was carried out at 25 °C, with a
frequency of 10.0 Hz. Time sweep (0-5 h) test was performed
at 25 °C and 30% RH with a frequency of 10.0 Hz. Prior to ana-
lysis, the adhesive samples were glued between two glass
slides (Fig. S2ET), and dried at 105 + 2 °C for 2 h. The glued
samples with different material dimensions of 10.0 mm x
0.005 mm for adhesive with lignin:AA of 1.0:1.0 (wt/wt),
9.0 mm x 0.001 mm for adhesive with lignin:AA of 1.0:0.5
(wt/wt), and 8.0 mm x 0.005 mm for PVA were used for DMTA.
Moreover, the dimension correction factor for different
samples was applied. The DMTA testing of adhesive with
lignin: AA of 1.0:1.0 wt/wt) was done in replicate, and the
average of replicates (temperature, time, frequency, and
humidity sweep tests) is shown in Fig. 4 and S3, S4.F

Contact angle and surface free energy

The contact angle (CA) and surface free energy (SFE, polar and
dispersion energy) of with/without adhesive samples were
determined using OWRK, an SFE model. The water droplet on
the samples was recorded by a video camera. The contact
angle was measured using the image analysis software. Water
and diiodomethane were employed as liquids with different
polarities to measure the SFE. A minimum of 3-6 surface
points per sample with 30 to 60 data sets were taken to deter-
mine the CA and SFE, and their average is presented. The
plane surface of glass (G), polyvinyl chloride (PVC), stainless
steel (SS), polycarbonate (PC), and aluminum (Al), and their
glued samples (lignin:acrylic acid (AA), 1.0:1.0 wt/wt) were
used for the CA and SFE determination. Prior to analysis, very

This journal is © The Royal Society of Chemistry 2022
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fine adhesive layers (glued thickness 0.031 + 0.007 mm) were
added over the materials and dried at 105 + 2 °C for 2 h.

Gel permeation chromatography

GPC was performed on an Agilent Technology 1260 Infinity
system equipped with an isocratic pump and an autosampler.
A refractive index (RI)-detector was used for the analysis. The
GRAM columns with a guard column 8 x 50 mm of 10 p and
three separation columns (PSS Gram 1x 30 A, 2x 1000 A, all
three of 10 ), were used for the determination of molar
masses. The flow rate was 0.8 mL min~' and temperature
45 °C with dimethylacetamide (DMAc) as solvent was used.
The sample concentration was 1.0 g per liter, and the injected
volume was 50 pL. Calibration polystyrene standards were
from 370 g mol™" to 1.2 million g mol ™.

Internal bond strength test

The internal bond strength (IBS) of the adhesives (lignin: AA,
1.0: 1.0 wt/wt and lignin : AA, 1.0: 0.5 wt/wt) and PVA over the
G, SS, PC, and Al, was measured using DIN EN 1607 (2013)
(Table S1, and Fig. S5,1 for more details of material dimen-
sions).”" Prior to the IBS measurement, the adhesive samples
were dried at 105 + 2 °C for 2 h. Different substrates such as G,
SS, PC, and Al were used for IBS samples (50 mm x 50 mm,
except Al) and were glued between two Al yokes (for Al-IBS, the
sample was used directly without fixing with yokes). The fixed
samples were tested using a universal testing device (Zwick
Roell, Ulm, Germany).

Physical mechanical testing

Vertical or horizontal physical-mechanical testing of the
adhesive was done over various materials, including G, PVC,
PC, and pine wood (approximately 20 years old) (Tables S2, S3
and Fig. S6, S7,7 for more details of material dimensions).
Approximately 10 mg (dried) of adhesive (lignin:AA,
1.0:1.0 wt/wt) was applied to laminate the materials (except
wood ~100 mg, dried basis, due to porosity) between two
layers, and the laminated samples were dried at 105 + 2 °C for
2 h.

Weathering test

The PC, and PVC glued (lignin:AA, 1.0:1.0 wt/wt) samples
were tied with a cable tie over a wire net and tilted with 45°
(Table S2 and Fig. S6,f for more details of material dimen-
sions). The net height from the ground was ~1.2 m. The
samples were processed for weathering test from September
13, 2021 to November 15, 2021, at the test field of Georg-
August University of Gottingen, Gottingen, Germany.
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