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Biopolymer/silica nanocomposite aerogels are highly attrac-
tive as thermally insulating materials for prevailing energy-saving engineer-
ing but are usually plagued by their lack of mechanical strength and
environmental stability. Lignin is an appealing plant phenolic biopolymer
due to its natural abundance, high stiffness, water repellency, and
thermostability. However, integrating lignin and silica into high-performance
3D hybrid aerogels remains a substantial challenge due to the unstable co-sol
process. In diatoms, the silicic acid stabilization prior to the condensation
reaction is enhanced by the intervention of biomolecules in noncovalent

interactions. Inspired by this mechanism, we herein rationally design an

ultrastrong silica-mineralized lignin nanocomposite aerogel (LigSi) with an

adjustable multilevel micro/nanostructure and arbitrary machinability through an unusual water-induced self-assembly and in
situ mineralization based on ethylene glycol-stabilized lignin/siloxane colloid. The optimized LigSi exhibits an ultrahigh
stiffness (a specific modulus of ~376.3 kN m kg™') and can support over 5000 times its own weight without obvious
deformation. Moreover, the aerogel demonstrates a combination of outstanding properties, including superior and humidity-
tolerant thermal insulation (maintained at ~0.04 W m™' K™ under a relative humidity of 33—94%), excellent fire resistance
withstanding an ~1200 °C flame without disintegration, low near-infrared absorption (~9%), and intrinsic self-cleaning/
superhydrophobic performance (158° WCA). These advanced properties make it an ideal thermally insulating material for
diversified applications in harsh environments. As a proof of concept, a dual-mode LigSi thermal device was designed to
demonstrate the application prospect of combining passive heat-trapping and active heating in the building.

plant phenolic polymers, nanocomposite aerogels, self-assembly, mineralization, multifunctionality

aintaining a pleasant building interior temperature

accounts for more than 12% of global energy

consumption,l’2 which contributes to a significant
portion of the negative environmental consequences,” such as
the greenhouse effect. Circumventing these impacts requires
the development of ecofriendly and energy-efficient insulated
alternatives.”” In the context of carbon neutrality, the recently
thriving renewable thermal insulation materials, including
biopolymer (e.g., natural polysaccharide, lignin, and protein)
aerogels or foams,”®’ symbolizes an essential component of
the technology change required to create a sustainable energy-
saving society.” '* However, the comprehensive performance
of these biopolymer thermal insulation materials in terms of
thermal insulation, mechanical strength, and environmental
stability cannot compete with those of commercial rigid

© 2022 American Chemical Society

WACS Publications

polymer insulation materials,” such as phenolic foam (PF) and
extruded polystyrene foam (EPF).

Biomimetic silicification provides a possible technology
platform for creating biopolymers nanocomposite aerogels as
high-performance thermal insulators, which usually have
intriguing versatility that combines the advantages of
biopolymers and inorganic silica.''~"? Over the past several
years, extensive efforts have mainly focused on the exploitation

January 22, 2022
May 31, 2022
June 2, 2022

https://doi.org/10.1021/acsnano.2c00755
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Figure 1. Bioinspired design of the LigSi. (a) Schematic illustration showing the multifunctional LigSi preparation strategy of the water-
induced self-assembly and in situ mineralization based on the bionic ethylene glycol-stabilized hybrid sol. (b) Schematic description of the
LigSi preparation process. (c) Photos of EHL (70 mg mL™") and MTES (340 mg mL™") dispersed in the various solvents after stirring for 5
min and standing for 2 h. The ratio of organic solvent to water was 11:1 (w/w). (d) Noncovalent interaction analysis between MTES
hydrolysate and lignin model compound (GG, guaiacylglycerol-beta-guaiacyl ether), where ethylene glycol is shown as pink bubbles. (e)
Optical images of EHL/MTES glycol-gel before and after solvent exchange. (f) Qualitative comparison of typical properties of LigSi aerogels

and polysaccharide/silica composite aerogels by a radar chart.

of advanced silica-mineralized 6polysaccharides aerogels, such as
cellulose/silica aerogels,m_1 pectin/silica aerogels,17 and
chitosan/silica aerogels.'® Underlying these designs lies a
common feature, that is, the attainment of low thermal
conductivity and the remediation of the intrinsic disadvantages
of polysaccharide aerogels including poor elasticity and high
hygroscopicity."'”*° Nevertheless, these nanocomposite
aerogels are mechanically weak (dimensional instability) and
inferior to rigid plastic foams.””' Moreover, the mechanical
properties and thermal insulation capacity of these materials
are susceptible to relative humidity and temperature,'**

9063

65

which prevents them from meeting the stringent requirements
of direct exposure to the external or harsh environments.”'® In
addition, once a fire occurs, the low charring capability of
polysaccharides will cause these hybrid aerogels to severely
shrink and collapse.”** This will pose a significant fire threat to
life and property when they are used as thermal insulators of
buildings.”**

Lignin, the main component of plant biomass, appears as a
plausible candidate to reverse the above unfavorable
situation.”>*® Due to its stable aromatic structure, lignin
demonstrates various attractive properties,”””” including high

https://doi.org/10.1021/acsnano.2c00755
ACS Nano 2022, 16, 9062—-9076
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stiffness, excellent water repellency, thermostability, and UV-
blocking capability, which can present different functionalities
and application scenarios as compared with polysaccharide-
based materials.”®*’ Additionally, lignin is removed from
lignocellulose in the chemical pulping or biorefining
process.es,25 making this plant polyphenol abundantly available.
However, lignin has to date been underexploited in high-value
commercial applications due to its structural complexity and
heterogeneity.”” In recent years, the ongoing paradigm shift
toward lignin-based advanced materials is largely based on the
strong hydrophobic self-assembly behavior of lignin macro-
molecules,” which can be easily converted into superior
micro/nano-structures or domains.”” " Importantly, lignin
macromolecules contains abundant phenolic hydroxyl
groups,” which can provide coordination sites for silicic acid
and catalyze its polycondensation process.””*® Therefore, it is
expected to develop a combined strategy of self-assembly and
cogelation to fabricate high-performance three-dimensional
(3D) lignin/silica nanocomposite aerogel, which could be an
important contribution for broadening structure and function
choices of biobased thermal insulation aerogels. Although the
few hints of lignin/silica hybrid materials can be found in
previous reports,””*® they are all in powder form with
uncontrollable morphology and weak mechanical properties,
resulting in the failure to meet the stringent requirements of
integrated energy-efficient engineering. Currently, the robust
and multifunctional lignin/silica nanocomposite bulk aerogel
has not yet been reported due to there remaining two
intractable challenges: (i) the poor solubility of lignin in most
solvents significantly restricts the application of wet chemical
methods for preparing porous lignin-based bulk materials,””*’
and (ii) the complex intra- and intermolecular noncovalent
interactions of lignin,‘a’9 especially 7-stacking and H-bond,
generally results in rapid phase separation and coprecipitation
of lignin/siloxane colloid rather than the formation of a
homogeneous gel network.*>*!

In nature, silica-producing marine microorganisms such as
diatoms can efficiently stabilize the high concentrations of
silicic acid before silica morphogenesis occurs.”* Biopolymers
play a profound role in the above process. For example, the
silicic acid stabilization prior to the condensation reaction in
diatoms is enhanced by the intervention of biomolecules such
as polysaccharides and polyamines that are found covalently
attached to residues of special proteins, so-called silaffins.*>**
Recent research studies have demonstrated that bioinspired/
biomimetic certain polymers, as direct analogues of bio-
molecules, such as polyamines,”” zwitterionic polymers,*® and
polyether polyols,*” can also stabilize silicic acid via balancing
the noncovalent interactions.”” These “Si” metabolism
mechanisms and biomimetic chemistry offer inspirations to
enable the formation of a homogeneous 3D lignin/silica hybrid
network by employing biomimetic molecules to effectively
regulate the noncovalent interactions of lignin and silica
precursors.

In this work, we successfully fabricate a boardlike structure
of monolithic silica-mineralized lignin nanocomposite aerogel
(LigSi) through unusual water-induced self-assembly and in
situ mineralization within the original homogeneous lignin/
siloxane glycol-gel (Figure 1a). Inspired by the above
intriguing silicic acid stabilization mechanisms in diatoms, we
employ ethylene glycol as an efficient molecular machinery to
suppress the rapid phase separation of cross-linked lignin/
siloxane colloid and ensure the formation of homogeneous
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lignin/siloxane bulk glycol-gel precursor. Then, the strong self-
assembly behavior of the cross-linked lignin network is
activated upon exposing the bulk glycol-gel to water, leading
to an enhanced noncovalent interaction, such as z-stacking.
The accompanying in situ mineralization of ethylene glycol-
stabilized siloxane colloid further improves the skeleton
strength of the hybrid glycol-gel network and generates a
tunable multilevel microstructure. The LigSi obtained after
drying and annealing exhibits outstanding mechanical
strength/modulus and arbitrary machinability as well as
desirable multifunctionality, i.e., excellent thermal insulation,
fire resistance, intrinsic superhydrophobic/self-cleaning per-
formance, and low solar thermal energy absorbance (~9%).
Moreover, the durable thermal insulation has been demon-
strated at a wide range of relative humidity of 33—94%. As a
proof of concept, a dual-mode thermal device was designed by
integrating Joule heating and thermal insulation functions into
a single LigSi material, which can be used in precise
supplemental heating systems for the interiors of intelligent
buildings. As depicted in Figure la, the ultrastrong, environ-
mentally stable, and versatile LigSi reflects great potential for
application in energy-efficient building materials, especially in
harsh environments.

RESULTS AND DISCUSSION

Fabrication Principles of Hybrid Aerogels. Figure 1b
describes the fabrication pathway of LigSi hybrid aerogels
(Figure S1). The hydrophobic enzymatic hydrolysis lignin
(EHL) was chosen as the raw material to prepare the LigSi
because of its high reactivity and chemical structure close to
original lignin. First, the EHL was initially cross-linked by
ethylene glycol diglycidyl ether (EGDE) in ethylene glycol,
which was chosen as both an efficient solvent and biomimetic
molecular machinery to stabilize the lignin/siloxane co-sol.
Then, the siloxane including methyltriethoxysilane (MTES)
and N-(f-aminoethyl)-y-aminopropyl-trimethoxysilane
(AEAPTES) with a small amount of water was added at
predetermined ratios for hydrolytic polycondensation reac-
tions, resulting in the formation of a homogeneous co-gel
(Figure S1). The hydrophobic self-assembly of the lignin
network and in situ mineralization behavior (the hydrolytic
polycondensation of the free siloxane groups and the
deposition of MTES colloid) was triggered when the external
water molecules diffused into the lignin/siloxane glycol-gel
networks in the solvent-exchange process (Figure 1b and
Figure S1).

In this pathway, MTES with one nonhydrolyzable hydro-
phobic group was used because of the resultant polymethyl-
silsesquioxane (PMSQ) networks endowed with mesopores
and a certain extent of intrinsic softness. AEAPTES not only
provides a favorable fusion of EHL and PMSQ_ through the
formation of intermolecular hydrogen bonds or even covalent
linkages but also serve as an “internal catalyst” based on the
amino groups for accelerating the sol—gel process. Importantly,
ethylene glycol has outstanding solvation ability for lignin and
MTES hydrolysate molecules as illustrated by the molecular
dynamic simulation (Figure S2) and can ensure the formation
of a homogeneous EHL/siloxane co-gel as opposed to
coprecipitation as in other solvents (Figure lc), including
ethyl alcohol (EA)/water, acetone (CP)/water, tetrahydrofur-
an (THF)/water, and dioxane (DOA)/water, which are
common binary solvents for siloxane hydrolysis or lignin
processing.””** The reason for this is 2-fold: on the one hand,
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Si).

ethylene glycol can efficiently dissolve lignin (Figure S3);"’
the other hand, ethylene glycol retards the rapid condensation
and phase separation of the EHL/siloxane sol by forming a rich
network of hydrogen bonds and van der Waals forces, which is
elucidated by noncovalent interaction analysis (Figure 1d and
Figure S4). Thus, the co-gelation process precedes the

on
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occurrence of coprecipitation. When the EHL/MTES glycol-
gel with an original homogeneous phase was soaked in water
(Figure le), the aromatic hydrophobic region of the EHL
network underwent strong self-assembly induced by the
hydrophobic interaction, and the PMSQ_colloidal grew and
in situ deposited through the further hydrolytic polycondensa-
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Figure 3. Mechanical properties. (a) Compressive stress—strain curves of typical LigSi materials. (b) Young’s moduli of the LigSi aerogels.
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Photographs of LigSi-3 aerogel with a density of 0.19 g m™

* supporting a 65 kg weight of human, with no obvious deformation. (e,f) Finite-

element simulations of thin- and thick-necked connection structures for the particles aggregated aerogels, illustrating stress distribution
upon a force of compression. (g) Specific final compression strength versus specific Young’s modulus for various aerogel materials. Details of
the mechanical properties are included in Table S4. (h) Dynamic thermomechanical performance with a fixed frequency of 1 Hz.

tion. Therefore, the phase separation of EHL/MTES glycol-gel
evolved over time until an elaborate hierarchical structure
developed and matured (Figure le). Upon further freeze-
drying and annealing, the final hybrid aerogels were obtained.
A series of hybrid aerogels (LigSi-x, x = 1, 2, 3, 4, where x
represents the amount trend of siloxane used) was developed
by tuning the amount of added MTES and AEAPTES, as
shown in Table SI. For comparison, a cross-linked lignin
aerogel without siloxane was also synthesized as a control
sample. Comparing with thriving polysaccharide/silica compo-
site aerogels,”' > the LigSi displays added and even
advanced features of outstanding mechanical robustness, fire

9066

68

resistance, hydrophobicity, and optical performance (near-
infrared reflectance and ultraviolet absorption) (Figure 1f).
Morphology and Structure. The microstructure of the
LigSi prepared in this research is highly adjustable. When the
mass ratio of added lignin and siloxane exceeds about 1:3, an
unusual aggregated vesicle structure formed in self-assembly
processing (Figure 2a), which is presumably driven by the
hydrophobic interaction of the dominant lignin phase. In
contrast, increasing the addition ratio of siloxane/lignin leads
to finer microstructures consisting of secondary particle
aggregates of tens of nanometers in size (Figure 2a). This
morphological transformation is probably due to the large
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amounts of siloxane make it difficult to form thermodynami-
cally stable vesicle systems. As shown in Figure 2b, the results
of scanning electron microscopy (SEM) of LigSi aerogels with
increasing silica content, which was determined by thermal
gravimetric (TG) analysis (Figure SS), further confirm the
above results. That is, LigSi-1 and LigSi-2 with higher
proportion of lignin exhibited a continuous vesicle aggregation
structure. When the ratio of lignin and siloxane is less than 1:3,
LigSi-3 exhibits a nanoparticle aggregated microstructure.

Benefiting from the one-pot synthesis route, the LigSi can be
readily molded in a variety of sizes and shapes (Figure 2c),
such as pentagonal prisms and rectangular solids. The obtained
LigSi aerogel can also be processed into the required shape via
subtractive manufacturing due to its excellent mechanical
stability, which making it possible to use them as thermal
insulation materials for a variety of different occasions. LigSi-3
sleeves were machined with a wall thickness of 1 mm and an
outer diameter of 2 cm (Figure 2c). Further details of the
processing steps are presented in Figure S6. The sleeve could
be supported by bamboo fiber, demonstrating the good
mechanical properties and low density of LigSi-3 (Table S1).
Using LigSi-3 as an example, the X-ray microcomputed
tomography (micro-CT) image of the total extracted macro-
pores in LigSi-3 is displayed in Figure 2d. The resolved
micrometer-sized macropores colored in cyan were found to be
homogeneously dispersed in the bulk aerogels. In addition, the
tomographic cross-section image and full-scale view of the
solid body are shown in Figure S7. LigSi-3 exhibited a coarser
microstructure than LigSi-1 and LigSi-2 prepared at a lower
siloxane loading amount, and the frameworks were charac-
terized by multilevel micro-nanoblocks composed of organic—
inorganic hybrid nanoparticles (Figure 2ef). As will be
demonstrated later, the formation of these multilevel micro-
nanoporous structures was expected to endow the materials
with low thermal conductivity.”"*” In addition, the structure of
LigSi is different from the traditional thin-necked “pearl-
necklace-type” network structure of inorganic aerogels.'” Due
to the interpenetrating constraint effect of the lignin/silica wet
gel network, the LigSi exhibits a thick-necked micro-nanonet-
work structure, which may be indirectly indicative of a
mechanically strong aerogel. The microstructure of the
lignin/silica hybrid domain was further examined by high-
resolution transmission electron microscopy (HRTEM) and
energy-dispersive X-ray spectroscopy (EDX) elemental map-
ping measurements. The composite skeleton structure of
organic lignin polymer and methylsilsesquioxane-derived silica
was found to have a continuous amorphous phase, and no
obvious interphase correlation existed within the solid aerogel
body (Figure 2g and Figure S8). The elemental mapping
images corroborate the uniform distribution of the silica
constituent in the aerogel skeleton (Figure 2h and Figure S9),
which is attributed to the ethylene glycol-stabilized lignin/silica
sol—gel process. The porous structures of the prepared LigSi
were further probed using nitrogen sorption (Figure $10) and
mercury intrusion porosimetry (Figure S11). The nitrogen
adsorption and desorption curves of the LigSi materials
displayed Types II and IV isotherm features according to the
IUPAC classification (Figure $10),> indicating the coexistence
of meso- and macropores. The average pore diameter of the
mesopores was approximately 30—80 nm (Table S2), which is
in agreement with the SEM image. Mercury intrusion
measurements revealed that the average macropore size ranged
from 270 to 1120 nm (Table S2).
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Hydroxyl (—OH) groups of the lignin macromolecules can
provide reactive and anchoring sites for silicification. According
to the solid-state °Si NMR spectra of LigSi-3 (Figure S12),
the Si peaks that completely overlap at —66 and —58 ppm were
due to the R—Si(—0Si); and R—Si(—0Si),0— formed by the
hydrolysis and condensation of the silica precursors.'”>* The
presence of the signal at —S8 ppm indicates that the
hydrolyzed MTES within the material did not form a fully
condensed siloxane network, likely because some copolycon-
densation and hydrogen bonding concurrently occurred
between polysiloxane and lignin. Therefore, the chelation of
the lignin and silica phase was speculated to occur through
hydrogen bonding interactions and covalent cross-linking
(Figure Slc). As described in Figures S12 and S13 and the
Supplementary Discussion, this speculation can be also
confirmed by the results of Fourier transform infrared
spectrometry (FTIR), *C NMR spectroscopy, and X-ray
photoelectron spectroscopy (XPS).

Strong Mechanical Properties. Outstanding mechanical
strength is highly desired for aerogel materials applied in
stressed situations, such as energy-efficient building enve-
lopes.”* The stress—strain curves obtained from the
compression testing of the LigSi aerogels are shown in Figure
3a. The linear elastic regions of the LigSi were approximately
5—10% strain, and the yields were approximately 30—60%
strain (Figure 3a). The slopes of the stress—strain curves in the
elastic region were used to derive the Young’s moduli (Figure
3b). Consequently, LigSi-3 exhibited a superb final strength of
14.4 MPa and an ultrahigh compressive modulus of 71.5 MPa
(Table S3). The samples with a relatively low degree of
silicidation, such as LigSi-1 and LigSi-2, gradually undergo
plastic deformation after reaching the yield point (Figure 3a).
However, the LigSi-3 and LigSi-4 with a relatively high degree
of silicidation presented a brittle fracture behavior. Moreover,
LigSi-4 has a higher degree of silicidation but exhibits a slightly
lower modulus and higher deformation, which probably
originates from the leaching of excess MTES during solvent
exchange and the plasticization of excess AEAPTES. A
dynamic compressive analysis was conducted to further
characterize the mechanical behaviors of LigSi materials at
low strain (Figure 3c). The values of the storage modulus were
found to have the same trend and order of magnitude as the
Young’s modulus. Moreover, the storage modulus was found to
be almost independent of the frequency (0.3—100 Hz) and
remained nearly constant, which suggests that a robust
microstructure was dominant in the LigSi.

As shown in Figure 3d, the ultrastrong LigSi-3 could even
bear being stepped on by an adult with only minimal ~0.8%
deformation. The super mechanical behavior was further
explored by mechanical simulations. The finite-elements model
was built to mimic the architectures of the particle aggregated
aerogels (Figure 3e,f). Comparing with the traditional thin-
necked connection (Figure 3e), the thick-necked one in our
LigSi system was more capable of dispersing stress (Figure 3f),
which could prevent the fracture and would be responsible for
the outstanding mechanical properties of the hybrid aerogel
materials. The above results suggest that the mechanical
reinforcement was closely related to the degree of mineraliza-
tion and thick-necked microstructure.'” Although the density
of LigSi (0.18—0.23 g cm™>) was slightly higher than those of
traditional biobased hybrid aerogels, the LigSi materials
exhibited superior performance in terms of their specific
strength (75.79 kN m kg™') and specific modulus (376.32 kN
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Figure 4. Fire-retardant properties and self-cleaning (superhydrophobic) performance. (a) Photographs of the high-temperature flame
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cleaning performance.

m kg™') as compared with previously reported state-of-the-art
hybrid aerogels (Figure 3g and Table S4). The outstanding
mechanical stability of the LigSi provided a good foundation
for insulation applications. Due to the aromatic structure of
lignin and their uniform organic—inorganic hybrid composi-
tion, the LigSi materials exhibited excellent thermal stability.
As shown in Figure 3h, the elastic modulus of the LigSi
materials hardly changes over the operating temperature range
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of =20 to 100 °C, which will eliminate the safety hazards
caused by temperature-induced deformation of the materials
during use. Given that LigSi-3 aerogel has the optimal
mechanical strength, abundant micro-nanostructure, and high
degree of silicification, the LigSi-3 was selected as a typical
sample in this work to complete the subsequent character-

ization of functional properties.
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humidity. (f) Thermal conductivity of LigSi-3 and commercial PF as a function of RH at 25 °C. (g) Reflectance of the LigSi-3 and nature
pine wood covering the solar radiation spectrum. (h) Schematic illustration showing the low photothermal conversion. (i) SEM image
illustrates the multilevel microstructure of the LigSi-3. (j) Setup for evaluating the photothermal conversion of samples. (k) IR images of the
LigSi-3 and the pine wood illuminated by a NIR light (1350—1600 nm). Scale bars are 1 cm. (I) Temperature profiles for the samples in part

k.

Exceptional Fire Retardancy. The fire resistance of heat-
insulating materials is crucial for energy-efficient buildings, as it
allows sufficient time for evacuation before the building
collapse. The high-temperature flame resistance of LigSi-3 was
investigated using the flame of a propane/butane blowtorch
(~1200 °C) (Figure 4a). As a result, the LigSi-3 exhibits
outstanding fire retardancy and self-extinguishes immediately
when removed from igniting the propane/butane flame
(Movie S1). However, the control sample was readily ignited
upon exposure to the burner, indicative of a high ignitability
(Figure S14). What’s more, after a high-temperature heating
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test, LigSi-3 preserved its morphological integrity and the
nonexposed backside of the material was still pristine (Figure
4a). The high silica content (38.9%) and high charring
capability of the LigSi-3 is the main reason for the exceptional
fire-shielding effect (Figure 4b).

The flame retardancy behavior of LigSi-3 under a forced fire
scenario was further evaluated by cone calorimetry. Some
critical fire parameters, such as heat release rate (HRR), total
heat release (THR), smoke release rate (SRR), and total
smoke release (TSR) as a function of time, were recorded. As
presented in Figure 4c and Figure S15a, the LigSi-3 exhibits a
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clearly shorter self-extinguishment after burning of 127 s,
leading to ultralow peak values of HRR of 158.2 kW/m? and a
SRR of 0.027 m?/S, ~59% and 49% lower than those of the
control sample, respectively. In addition, both TSR and THR
values of the LigSi-3 were significantly reduced by 37.8% and
56.5% compared to the control sample (Figure 4d and Figure
S15b). These results further clearly demonstrated the high fire
retardancy efficiency of as-designed silica mineralized lignin
aerogel.

Generally, the flame retardant effect comes from either the
gas or the condensed phase or in both phases. In theory, the
condensed phase plays a dominant role in the flame retardant
behavior of the LigSi-3 because of its high pyrolysis residue
yield above 54 wt % (Figure 4b). To further shed light on the
flame retardant mechanism of the LigSi-3 in the condensed
phase, the LigSi-3 was subjected to the alcohol lamp flame,
which simulated fire with an unrestricted oxygen supply, for an
extended 30 min and recorded by thermal images (Figure
S$16). The morphologies and structures of char residues for the
LigSi-3 are examined. The carbonized organic domain and the
silica shell at the front edge were firmly integrated. As shown in
Figure 4e, the char residue of the LigSi-3 appears to have a
compact structure with few pores. In comparison, the white
residue of the silica shell at the front edge of the carbonized
LigSi-3 shows a loose nanoscale porous network structure
(Figure 4f), which served as a flame-retardant and thermal
insulation layer. The FTIR spectrum of the char residue for the
LigSi-3 (Figure 4g) shows several characteristic peaks at 1599
cm™ (benzene ring), 1100—1000 cm™" (¢[Si—O-Si]), 800
em™ (8[Si—0]), and 450 cm™' (p[Si—O]) indicating the
formation of a hybrid char/SiO, layer. In comparison, the
white residue at the front edge of the carbonized LigSi-3
demonstrates the disappearance of the characteristic peaks at
1599 cm™ (benzene ring), which further indicates the dual
condensed-phase action of the organic—inorganic hybrid LigSi-
3.

Given the above analysis, it is reasonable to conclude that
the self-formed dual char/SiO, barriers provide an effective
lockdown of the heat transfer and oxygen permeation. By this
mechanism, we further propose a schematic illustration for the
combustion process for the LigSi-S (Figure 4h). The high
carbon content (about 45%) of lignin promoted the
formation of the first protective char layer, which limited the
heat and mass transport of pyrolyzed LigSi. Upon extending
the pyrolysis time, the carbon layer was gradually removed
because of oxidative pyrolysis in air. Afterward, a continuous
network of inorganic silica aerogel formed in situ and covered
the surface of the pyrolyzed LigSi as the second barrier, which
protected the material against further thermal decomposition.

Intrinsic Superhydrophobic and Self-Cleaning Per-
formance. Water can roll on the superhydrophobic surface to
remove adsorbed contaminants, viruses, and bacteria,56 which
endows the material a fascinating self-cleaning function. LigSi
aerogels exhibit satisfactory hydrophobicity after annealing,
and the average static water contact angle (WCA) fluctuates
from 148° to 160° with different methylated silica contents
(Figure S17). When the LigSi-3 was immersed in water by an
external force, the existence of an air cushion between the
water and the aerogel leads to reflectivity or a large number of
microbubbles on the aerogel surface (Figure 4i). This
phenomenon indicates that the water was in the Cassie—
Baxter state, and the interaction between the water and LigSi
was very weak. The WCA of LigSi-3 was approximately 158°,
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which is indicative of superhydrophobicity (Movie S2). When
different aqueous solutions, such as milk, orange juice, dye
solution, coffee, and tea, were dropped on the surface of LigSi-
3, the droplets stood steadily on the aerogel in nearly spherical
shapes, indicating broad-spectrum antipollution performance
(Figure 4i). The CAs of these contaminant solutions clearly
indicate the excellent hydrophobicity of the surface, as shown
in Figure 4j. The water repellency of the LigSi materials can be
ascribed to the following aspects: (1) the cooperation of the
hydrophobic aromatic skeleton structure of lignin and the
hydrolytically stable methyl group of the MTES leads to very
low interfacial energies of the aerogel; (2) the multilevel
micronano-structure of the LigSi builds a rough surface (Figure
4k and Figure S18).

To demonstrate its hydrophobic reliability and mechanical
stability, the WCA of the surface produced by a mechanical
subtraction process was measured (Figure 41). The WCAs of
several cutting surfaces remained above 155° (Figure 4l),
indicating that their intrinsic superhydrophobicity can resist
mechanical damage. LigSi-3 also exhibits an excellent self-
cleaning effect. As shown in Figure 4m, water droplets on the
surface of LigSi-3 bounced off (Movie S3), and the artificial
rain test confirms the good self-cleaning performance (Figure
4n). The water droplets rolled on the hydrophobic surface,
simultaneously removing adsorbed pigment and dust (Movie
S4). If the obtained LigSi aerogel with self-cleaning function is
used as a building envelope material and exposed to the
outdoor environment, the droplets of rainwater will roll on the
superhydrophobic surface to ensure that the surface remains
clean.

Excellent Thermal Insulation. Thermal insulation
property is another crucial index for practical applications of
aerogel materials in energy-efficient buildings. In order to
demonstrate the application potential of the LigSi as a thermal
insulator, the real thermal insulation performances of LigSi-3
were compared with those of other common thermal insulation
materials through an intentionally designed setup (Figure Sa),
which was used to detect the top surface temperature (TST) of
the samples on 100 and 50 °C hot stages with a thermal IR
imager. The samples thickness of EPF, PF, axial nanowood
(NW, as previously reported),'”” and LigSi-3 were all ~3
mm. As shown in Figure 5b and Figure S19a, LigSi-3 exhibited
better thermal insulation properties than EPF, PF, and NW
whether the temperatures of the hot stage were 100 or 50 °C.
The difference between LigSi-3 and other insulation materials
is evident from the TST-time curves (Figure Sc and Figure
S19b). The TST of LigSi-3 on the hot stage slowly increases
from room temperature (25 °C) to ~57.4 °C in 150 s, an
increase of 32.4 °C, and then reaches a steady TST (Figure
Sc). The temperature difference (AT) between the hot stage
and the TST of LigSi-3 in the steady state is around 44.6 °C,
suggesting its excellent thermal insulation capacity. In
comparison, the TSTs of EPF, PF, and NW samples increased
quickly in the first S0 s. It is worth noting that EPF, PF, and
NW samples show a higher steady TST (above 60 °C).
Comparison of the thermal insulation was also performed on a
50 °C hot stage (Figure S19b). The results also clearly indicate
that the LigSi-3 has better thermal insulation performances
than the commercial thermal insulation materials and recently
reported nanowood thermal insulating material (axial).

The thermal conductivity of samples was further explored.
Theoretically, the thermal conductivity (A1) of an aerogel in
the air can be expressed as follows:’
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Figure 6. Dual-mode thermal device. (a) Bilayer structure of the dual-mode thermal device. (b) SEM images of the cross-section of the
device material. (c) Illustrations of experimental setup for detecting the E-T and T-I behaviors of dual-mode thermal device. (d) IR images
of thermal device when power applied (5 V). Scale bars are 8 mm. (e) Temperature profiles of device surface at different applied voltages. (f)
Variations of absolute AT between E-T and T-I surfaces for given voltages. (g) Illustrations of LigSi-3 used for roofing, external siding, and
floor insulation material of the energy-efficient building, which combined passive heating trapping with active heating. CL, Conducting
Layer. (h) S-hour continuous measurement of the spatial temperature distribution of the model energy-efficient building. (i) IR images of

the model energy-efficient building when power applied (10 V).
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where A, represents thermal convection; Ay;q and A, are the
thermal conductivities of the solid and gas phases, respectively;
and A4 is the contribution of thermal radiation. The A,
should be insignificant, given that the micro/nanopore sizes
are well below the onset size (1 mm) of natural convection.*”
The A4 is also neglected since silica is an efficient infrared
reflector.”” The reduction in the A, conduction is usually
achieved by lowering the bulk-density of the aerogel. The bulk-
density of the LigSi-3 in the present study was approximately
0.19 g cm™3, which was higher than those of flexible biobased
polymer aerogels (0.02—0.15 g cm™>).”®" As shown in Figure
§20, the thermal conductivity of LigSi-3 at room temperature
is about 40 mW m™" K™!, which is relatively low for a high-
bulk-density material. This was likely because the rich
multilevel micro-nanostructure and the introduction of
amorphous silica as an excellent phonon barrier substantially
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reduces the A4 conduction (Figure 5d).>* The existence of
abundant mesoporous is another crucial reason for the low
Atotar Of the LigSi-3. The interpenetrating porous network of
LigSi-3 with pore diameters of 15—70 nm was close to the
mean free path of air (70 nm under ambient conditions) of the
major molecules (N,, O,) in the atmosphere.”” Thus, the
collisions of gas molecules within the pores of the composite
aerogels were suppressed, known as the Knudsen effect (Figure
5d), leading to a low A, value. Moreover, the thermal
conductivity of LigSi-3 was found to be lower than those of
most other commercial thermal-insulating materials (Figure
$21),>79%%* and similar to those of expanded polystyrene
(EPS), PF, and Basotect (35—45 mW m~! K™!).** In addition,
the thermal diffusivity of LigSi was 0.11—0.16 mm* s~ (Figure
$20), which is significantly lower than those reported for PU
foams (0.4—0.5 mm? s71).%°

The temperature dependence of the thermal conductivity of
LigSi-3 was further compared with that of a commercial PF
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material (Figure Se). For the LigSi-3 aerogel, the thermal
conductivity increased from 37.4 to 45.9 mW m™' K™' as the
temperature increased from —20 to 100 °C. The thermal
conductivity increase rate of LigSi-3 was smaller than that of
the commercial PF material, especially at high temperatures.
This result may be due to the disordered micro-nanostructure
of LigSi-3 strongly perturbing the heat transport path
(streamline) (Figure Se).*

Generally, the thermal insulation properties of traditional
aerogels, such as SiO, aerogels, polysaccharide aerogels, and
phenolic resin aerogels, would gradually degenerate resultin
from the high moisture absorption (easy deliquescence).”
Therefore, the thermal conductivity changes of the LigSi-3
aerogel were further investigated in environments with
different air relative humidities (RH) (Figure 5f). It was
found that the change in thermal conductivity of LigSi-3
showed almost ignorable increasing as the RH varied from 33%
to 94% (Figure Sf). This result is mainly originating from the
intrinsic superhydrophobic properties of LigSi-3, which can
push the water out from the surface (see Movie SS), leading to
withstanding of the high RH (Figure S22). In contrast, the
thermal conductivity of the commercial PF material dramat-
ically increased from 37.9 to 47.7 mW m ™' K™' at the same RH
conditions, which is attributed to the relatively high hydro-
philicity and the strong water vapor absorption of the PF
material (Movie S5 and Figure $22). The results clearly
indicate that the thermal conductivity of the obtained LigSi-3
is very stable in a humid environment.

Low Near-Infrared Absorption. The solar radiation that
reaches the Earth’s surface consists of a wide range of
wavelengths including ultraviolet (100—400 nm, $%), visible
light (400—780 nm, 46%), and infrared (IR, >780 nm, 49%).%”
IR radiation in the region of 780—2500 nm is classified as near-
infrared (NIR) radiation and is the main £E)ortion of solar
energy that heats the Earth’s surface.” It has been
demonstrated that the development of thermal insulating
materials with high NIR reflectance can minimize the heat gain
from sunlight."”

A UV—vis-NIR test of a 7 mm-thick sample was carried out
to evaluate the reflectance of the solar irradiation spectrum
(Figure S23). The LigSi-3 exhibited an average of ~91%
reflectance in the NIR spectrum (Figure Sg). The absorptivity
of NIR radiation of the LigSi-3 in the solar spectrum was
calculated to be ~9%, which is even lower than a previous
report on the NIR absorption of NW.*'” Wood is a widely
used building material in wall panels and roofs that are
typically exposed to direct solar irradiation. In contrast, natural
pine wood (Pseudotsuga menziesii (Mirb.) Franco) absorbed
averages of ~25% of the NIR in the solar irradiation spectrum
(Figure Sg), which is much higher than that of LigSi-3. The
results clearly indicate that the LigSi has an excellent ability to
effectively reflect the thermal energy from the solar radiation
(Newport Standard Solar Simulator).

The LigSi exhibited a high omnidirectional NIR reflectance
and exceptional ultraviolet absorption attributed to the
cooperative effect of multilevel micro-nanostructures and
hybrid chemical composition of lignin/silica (Figure Sh).'*%®
The porous structure with a wide size distribution of the LigSi
aerogel enhanced the reflectance of the solar spectrum due to
strong Mie scattering.”” Generally, the microstructures are
decorated with nanobumps with a typical feature size of ~200
nm and nanopores with a size of ~50 nm (Figure 5i and Figure
2e), which can effectively scatter solar light for improved solar
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reflection.”® In addition, the Si—O molecular structure of the
LigSi allows for a small amount of absorption in the solar
spectra,” thereby avoiding extra heat gain. Moreover, lignin is
often used as a UV absorber to endow polymer materials with
good weather resistance originating from its abundant phenolic
structure. In order to further verify that the prepared material
has a low photothermal conversion. A light source with a spot
size of S mm (input power 0.55 W mm™>) generated by the
1350—1600 nm filter was incident perpendicular to the surface
of the LigSi-3 and natural pine wood samples for 60 s (Figure
5j), respectively. As shown in Figure Sk, the maximum
temperature on the surface of LigSi-3 was 25.3 °C, which is
lower than the 27.1 °C of the natural pine wood (Figure Sl),
due to the lower NIR absorption of LigSi-3. The NIR
reflection of the proposed material can reduce the buildup of
heat in living spaces, thereby reducing the energy consumption
load of air-conditioning systems.

Dual-Mode Thermal Device Applied in Cold Environ-
ments. In addition to passive heat-trapping, active heating is
also necessary for modern energy-efficient building materials,
especially in harsh cold environments. As shown in Figure 6a, a
dual-mode thermal device was obtained by depositing a thin
conductive carbon black/polyvinylpyrrolidone (CB/PVP)
layer on one side of LigSi-3 using a spray-drying method
(Figure S24). As a result, dual electrical-thermal (E-T) and
thermal-insulation (T-I) functions were integrated into one
material. From the cross-sectional SEM image of the device
(Figure 6b), it was found that a CB/PVP layer with a thickness
of ~6 ym was deposited on the LigSi-3 surface. Given the
excellent Joule heating performance of carbon-based materi-
als,"*”" the E-T and T-I behaviors of the thermal device were
further investigated. As illustrated in Figure 6¢, the dynamic
temperature variations of the E-T and T-I surfaces were
recorded and plotted by a temperature detection system. The
IR imaging results revealed that the temperature of the E-T
surface increased rapidly when it was used and worked at low
voltages (Figure 6d and Movie S6). The temperature of the E-
T surface of the device (thickness, S mm) increased quickly to
38 °C as a heating voltage of 6 V was applied, whereas the T-I
surface maintained a temperature close to room temperature
(~2S °C) with an absolute temperature difference (AT) of 13
°C (Figure S25). As shown in Figure 6e, the temperatures of
both E-T and T-I surfaces can be precisely controlled by
applying a set voltage. Figure 6f shows that a vast AT from 10
to 130 °C was achieved at a low-level working voltage within
the safety limits (20 V). This significant AT value is much
higher than those of previously reported aerogels,'”’* because
the LigSi-3 has excellent thermal insulation and ultralow
thermal diffusivity to delay heat flow propagation.

The potential use of the dual-mode LigSi-3 thermal device as
a multifunctional energy-efficient building material is promis-
ing for the improvement of the comfort of living spaces, even
in extreme weather (Figure 6g). As a proof of concept, the
LigSi-3 was used for the roofing, siding, and floor insulation
materials of a building model (Figure S26), and the thermal
performance of the dual-mode LigSi-3 was demonstrated over
S-h continuous thermal measurements (Figure 6h). The
building model was placed in a low environmental temperature
(ET) of about 4 °C. When a 10-V working voltage was applied,
the floor temperature (P1) and space temperature (P2, P3)
increased to ~41 °C and ~16 °C, respectively, within 25 min.
However, the surface temperature (P4) of the exterior siding
increased only to ~9 °C. The indoor temperature remained
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nearly constant until the working voltage was turned off
(Figure 6h). The temperature distribution is also exhibited in
the thermal IR imaging results (Figure 6i and Figure S27). As a
result, the final indoor temperature after the process of E-T
and T-I was found to meet the human body’s demand for a
comfortable environmental temperature (18—25 °C). The
dual-mode thermal device exhibits favorable properties
required for a biobased thermal insulating aerogel material
that combines thermal management, outstanding mechanical
properties, fireproofing, water resistance, and low photo-
thermal conversion.

CONCLUSIONS

In summary, based on bioinspired ethylene glycol-stabilized
lignin/siloxane colloid, plant polyphenol nanocomposite
aerogels (LigSi) with tunable multilevel micro/nanostructures
and arbitrary machinability were rationally designed and
fabricated by a unusual strategy of water-induced self-assembly
and in situ mineralization. The LigSi obtained after drying and
annealing exhibits an ultrahigh specific compression modulus
(376.32 kN m kg™") and specific compression strength (75.79
kN m kg™'), which was attributed to the synergistic effects of
hydrophobic self-assembly and in situ mineralization leading to
the strong thick-necked micro/nanostructures. Additionally,
the aerogel displays a combination of outstanding properties,
including superior and durable thermal insulation under wide
RH range from 33% to 94%, excellent fire resistance
withstanding a ~1200 °C flame without disintegration,
ultralow NIR absorption (~9%), and intrinsic self-cleaning/
superhydrophobic performance (~158° WCA). The low and
humidity-tolerant thermal conductivity is benefited from the
multilevel nanoporous structure and intrinsic superhydropho-
bicity. The excellent fire resistance are attributed to the self-
formed dual char/SiO, barriers. The cooperation of the
multiscale micronanostructure and superimposed chemical
nature of lignin/silica enables the material with excellent
optical and self-cleaning performance. These integrated
multifunctionality ensure the nanocomposite aerogel as a
promising biobased thermal insulation material for safe and
reliable applications in extreme environments. As a proof of
concept, a dual-mode thermal device based on LigSi was
designed to generate supplemental heating for the interiors of
the building model in cold environments. Design and
fabrication of LigSi provide substantial motivation for the
development of other high-performance lignin-based nano-
composite aerogels (such as lignin/TiO, and lignin/Fe;0,,
etc.) for application in the field of seawater evaporators,
catalytic degradation, and energy storage.

EXPERIMENTAL SECTION

Preparation of the Silica-Mineralized Lignin Nanocompo-
site Aerogel (LigSi). The synthesis process is shown in Figure 1b. In
detail, 2 g of EHL was dissolved in ethylene glycol (EG, 26.2 mL) to
form a 6.5 wt % EHL solution. Then, 17 mmol of EGDE was added to
the solution and stirred at 80 °C for 1 h to form cross-linked lignin
under catalysis by triethylamine (2 mmol). Then, a small amount of
water (2.4 mL) was added to the EG solution of EHL. To reach an
equilibrium distribution of H,0, the solution was allowed to stir at 25
°C for 1 h. Afterward, 55 mmol of MTES and 11.5 mmol of
AEAPTES were introduced. The solution was stirred for 20 min to
promote siloxane hydrolysis and dissolution in the solution. Then, a
homogeneous sol was transferred to a polystyrene container, and the
sealed container was stored at room temperature for 1 day to
complete the co-gel process. The gel was taken out and immersed in
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deionized water for 24 h at ambient temperature to simultaneously
complete the process of the solvent exchange, hydrophobic self-
assembly, and mineralization. The resulting silica-mineralized lignin
gel was dried for 48 h in a freeze-dryer (—SS °C, 1 Pa). Finally, the
lyophilized product was annealed at 180 °C for 12 h to convert into
the desired mineralized lignin aerogel, and the product was named
LigSi-3 aerogel. Additional samples were prepared by varying the
MTES and AEAPTES concentrations. The concentration of the
precursor (a mixture of lignin, MTES, EGDE, and AEAPTES),
denoted by the ratio of the precursor’s weight to the sol’s weight,
remained constant. The as-prepared silica-mineralized lignin aerogels
were named LigSi-x (x = 1, 2, 3, 4, where n represents the amount
trend of silane used, including MTES and AEAPTES). The specific
formula is summarized in Table SI.

Morphology Characterization. SEM was performed with a field
emission scanning electron microanalyzer (FE-SEM Hitachi $4800)
at an accelerating voltage of 10 kV and a working distance of 5 mm.
All samples were affixed on a sample holder using a carbon pad,
followed by coating with ~10 nm of platinum. Laser scanning images
of 1—2 mm thick aerogel samples mounted on SEM stubs were taken
with a Keyence confocal laser scanning microscope VK-x100 at 5, 10,
and 20-times magnifications, while the surface and depth profiles of
the samples were measured via Keyence MultiFile Analyzer software.
TEM and EDS elemental mappings were performed on an FEI Talos
F200. The samples were ground and dispersed in ethanol. The
solution was then dropped onto a thin carbon film (~3 nm) on a Cu
TEM grid. The samples were treated with O,/Ar, plasma for 1 min
before TEM characterization. The high-resolution TEM (HRTEM)
and energy-filtered TEM (EF-TEM) images were recorded with a
JEOL-2200FS microscope operated at an accelerating voltage of 200
kV. The internal morphology of the composite aerogel was studied by
a 3D X-ray micro-CT (Bruker microCT SkyScan 1272, spatial
resolution, 500 nm). The phase distributions inside the composite
aerogels were visualized at the subpixel scale.

More detailed experimental materials and methods are presented in
the Supporting Information.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr Hao Wang The development of versatile wood-based biomaterials with integrated low density, high surface hardness, high

strength, fire-resistance, anti-decay, and termite-resistance is highly desirable, yet challenging to skillfully

Keywords: fabricate. Inspired by the ubiquity of gradient biostructures in nature, we achieve biomimetic gradient densifi-

Biomimetic gradient structures cation structures by controlling the distribution of thermal-moisture fields within the wood, and combine this

gio(;d-l;asne:ﬂ?ybnd raterals with in-situ curing of polyacrylic acid/borate supramolecular resins within the wood cells to transform bulk
gh stre

natural wood into lightweight, high strength, and multifunctional materials. The optimally gradient-densified
hybrid wood, with a slight increase in density, demonstrates markedly improved mechanical properties (~2.4
x increase in surface hardness, ~52 % increase in flexural strength), excellent dimensional stability, and leaching
resistance. In addition, the collaboration of the gradient-densified structure and the in-situ cured acrylic resin/
borate supramolecular network provides the biomimetic wood hybrids with excellent fire resistance (V-0 rating
in fire retardant grade, 74 % reduction in total smoke release, ~2.5 X increase in fire performance index), decay
and mildew resistance (mass loss of less than 10 %), as well as termite resistance (100 % protection efficiency and
termite kill rate) properties. It is the first report to combine gradient densification with in-situ curing of su-
pramolecular resins in the structural design and functionalization of wood-based composites. This new design
principle provides guidance for fabricating advanced all-in-one wood materials with applications in lightweight,
strong, fire-resistant, deterioration-resistant, and scalable building and furniture materials.

Fire resistance
Deterioration resistance

addition, synthetic materials, such as steels, alloys, and polymers, are
adverse environmental impact, high cost, and energy-intensive [$-11].

1. Introduction

Lightweight, high-strength, and multifunctional materials are gain-
ing rising attention in the fields of building materials [%,2],
vehicle-based applications [3], as well as home furnishings [4]. How-
ever, the vast majority of structural materials currently in widespread
use are synthetic or petroleum-based materials that have heavy weights
[5]. In order to reduce the weight of structural materials, elaborate
structural designs and complex manufacturing processes such as weld-
ing [6], riveting [7], and 3D printing [8,9] are often required. In
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Natural wood, especially fast-growing wood, has been used in building
and furniture construction for thousands of years because it is
low-density, renewable, abundant, and low-cost [12]. However, the
mechanical properties (strength and surface hardness), flammability,
and susceptibility to biodegradation of fast-growing wood are not ideal
for many advanced engineering structures and applications [13].

In order to overcome the above mentioned disadvantages, various

wood modification methods including cheﬁglmg%tic;n [14,15],
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thermo-hydro [16], and thermo-hydro-mechanical modification [17]
have been proposed. Among these, thermo-hydro-mechanical bulk
densification has been identified as a promising eco-friendly method to
enhance the mechanical performance of natural wood [18,19]. This
method involves complete densification of wood in the compression
direction, resulting in a uniform increase in density along that direction
[20]. Furthermore, the densification method can significantly enhance
the flame retardant properties of wood materials [21]. This is because
the process removes spaces between cell walls, resulting in a highly
compact laminated structure that can prevent oxygen infiltration [21].
This structure also allows for the generation of a dense insulating char
layer that impedes the transfer of heat and the diffusion of oxygen
during the combustion process [22]. However, prior to bulk densifica-
tion, the natural wood is typically required to be pretreated with steam,
heat, ammonia, cold rolling, and even delignification [23], which
greatly increases energy consumption, reduces manufacturing effi-
ciency, and compromises environmental friendliness. Moreover, bulk
densification results in a dramatic reduction in thickness of the natural
wood (typically by 50-80 %) [24,25], which means a significant
decrease in the volume utilization of wood and an exponential increase
in the density of the material [26].

Over millions of years, organisms have evolved fascinating bio-
structured materials with delicate structural features [5], providing us
with a rich source of inspiration for the design of lightweight and
high-strength materials [27]. Gradient structure, as one representative
strategy implemented in nature [28], consisting of hard out-layer, tough
internal layer, and gradient interlayer is widely present in bamboo,
bone, and shells [29,30]. Structural gradients are increasingly being
introduced into various synthetic materials, such as hydrogels [31],
polymer composites [32,33], and alloys [34], providing them with
enhanced strength, hardness, and fatigue resistance through deforma-
tion mechanisms [35,36]. Natural wood has a uniform pore distribution
and density along the tangential and radial directions [37]. Specifically,
under the influence of a preset thermo-hydraulic chelating field, the cell
walls of natural wood (contain amorphous hemicellulose and lignin with
glass transition temperatures) can transition from rigid state to a ther-
moplastic state [17]. As a result, the wood cells will collapse further to
become denser under specific loads [38]. Therefore, it is possible to
achieve biomimetic gradient densification of wood by controlling
different temperature between top and bottom press platens to manip-
ulate the distribution of the thermal-hydraulic field along the tangential
or radial direction of the wood and pressing to a certain thickness. The
gradient densified wood is a type of non-bulk compressed wood that
offers advantages such as shorter processing time and less loss of wood
volume [39,40]. However, almost all densified woods usually lack
dimensional stability including spring-back and deformation when
exposed to high humidity or directly soaked in water [19,26].

Impregnation modification provides a possible technology platform
for creating wood composites with improved dimensional stability and
versatility = [41,42]. Traditional melamine-formaldehyde and
phenol-formaldehyde resins have been applied in the field of impreg-
nation modification of wood for more than half a century [43,44]. Due
to the environmental and health hazards they produce and their lack of
functional features [45,46], there is an urgent necessity to find alter-
natives. Low-viscosity waterborne acrylic resins that can be thermally
initiated cross-linked provide an ideal alternative for various advanced
wood composites applications [47]. These resins are easily modified and
readily penetrate the wood cells [26,48]. In addition, a great deal of
effort has been employed in recent years to impregnate wood cells with
functional reagents to prepare wood-based functional materials with
features such as fire retardancy [49], decay resistance [50], and
anti-termite [14]. However, it is rarely reported that multifunctional
wood can be obtained by employing a single low-cost and low-toxicity
reagent. Disodium octaborate tetrahydrate (DOT) is a new type of
highly soluble borate containing up to 21 % boron content [51], which
has excellent fire-retardant, antibacterial, anti-mold, and anti-termite
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functions [52,53]. However, its susceptibility to loss during use signif-
icantly limits its applicability in wood preservation [54]. The borate
anion exhibits substantial affinity towards polar groups, including hy-
droxyl, carboxyl, and amine groups [55,56]. This highlights the poten-
tial of the boron-oxygenating anion in DOT to construct supramolecular
structures with polar polymers, ultimately addressing the issue of
leaching tendency.

Herein, a versatile wood material with a biomimetic gradient
structure was successfully fabricated via a simple and scalable approach
(Fig. 1a and b). It involves an asymmetric hot-pressing process to ach-
ieve a controlled distribution of heat and moisture within the wood
(Fig. 1b), combined with in situ cross-linking curing of acrylic resin/
borate supramolecular networks. The mechanical strength, dimensional
stability, surface properties, fire retardancy, anti-mold, against decay,
and anti-termites were systematically investigated. In addition, it was
demonstrated by micro-morphological analysis that asymmetric hot
pressing resulted in gradient densification of the wood rather than
“surface densification™ as popularly believed. To our knowledge, this is
the first report of the successful preparation of all-in-one wood material
with high mechanical performance, fire resistance, and anti-
deterioration, while maintaining its initial low-density properties.
Comparing with the bulk densified wood, the result gradient densified
wood material has superior comprehensive performance (Fig. 1c), as
well as being environmentally friendly, energy-efficient, and non-
hazardous at the fabrication process.

2. Experimental section
2.1. Materials

The fast-growing poplar wood (Populus euramevicana cv.‘I-214’) used
in this study originates from Luohe, Henan Province, China. Disodium
octaborate tetrahydrate (NagBgO13-4H20, >98 %) were purchased from
Sigma-Aldrich. Waterborne acrylic resin (WAR, Acrodur® DS 3530)
with a density, solid content, viscosity range, and pH value of 1.06 g
cm’3, 50 %, 150-300 mPa s, and 3.5, respectively, originates from BASF
China Co., Ltd., Shanghai, China. The WAR resin is a modified poly-
acrylic acid, which can be thermally cured at a temperature above
130 °C in the presence of a polyalcohol (crosslinking agent) creating a
polyester thermoset material [48] (Fig. S1).

2.2. Methods

2.2.1. Preparation of acrylic acid/borate supramolecular resins

Following exploratory tests, a sequence of acrylic resin/DOT solu-
tions with an 18 % weight concentration (w/w) were prepared through
dilution with deionized water. Different acrylic resin/DOT ratios (1:0,
9:1, 5.67:1, 4:1, 3:1 and 0:1) were successfully prepared (Table S1), and
were used for subsequent impregnation.

2.2.2. Impregnation

The aqueous solution of polyacrylic acid/DOT supramolecular resins
prepared separately according to the formula was poured into a
stainless-steel container, and then the wood samples were completely
submerged in the solution using a weight of 100 g. Subsequently, the
containers were placed in a vacuum/high-pressure impregnation tank at
room temperature, maintaining a vacuum of —0.08 MPa for 20 min, and
then pressurized to 0.6 MPa for 1 h. The pressure was then reduced to
atmospheric pressure and the impregnated wood samples were removed
from the vacuum/pressurized impregnation tank. Afterward, the excess
resin solution was wiped off the surface of the samples. The impregnated
wood samples were air-dried for 12 h and then vacuum-dried at 60 °C for
48 h at a vacuum level of approximately —0.08 MPa. Prior to unilateral
gradient densification, all samples were conditioned at 25 °C and 65 %
relative humidity (RH) until equilibrium moisture content (EMC) was
reached.
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Fig. 1. Design and strategy of versatile wood hybrids with biomimetic gradient structure. (a) Schematic images of representative bones, bamboo and shells with
gradient structures in nature. (b) Schematic demonstrating the top-down approach of gradient densification assisted with aqueous acrylate/borate supramolecular
resin impregnation to transforming bulk natural wood directly into multifunctional unilateral gradient densified wood. (c) Radar chart qualitatively comparing the
properties of multifunctional gradient densified wood with those of bulk densified wood, showing multifunctional gradient densified wood has lower density, high
mechanical strength and surface hardness, excellent fire retardancy and anti-biodegradation features. (d) Digital image of the acrylic acid/DOT (with a ratio of
16.2:1.8) supramolecular resin after curing. (e) FTIR spectra and 2D contour maps (f and g) of the acrylic acid/DOT supramolecular resins with different ratios of
DOT. (h) Schematic showing the non-covalent interactions to immobilizing disodium octaborate tetrahydrate (DOT) molecules in the acrylic resin networks.

2.2.3. Unilateral gradient densification

The wood samples were subjected to unilateral gradient densifica-
tion according to the temperature-pressure-time process shown in
Fig. S2, using a hot press machine with a maximum pressure of 100
metric tons. The temperatures of the upper and lower plates were set at
160 °C and room temperature, respectively. When the upper plate
reached the set temperature, the wood samples were placed into the hot
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press machine for unilateral densification. The pressure was gradually
increased to 6 MPa and the wood samples were hot pressed under the
above conditions for 10 min while ensuring that the acrylic resin within
the wood was fully cured. The temperature of the upper plate was then
quickly reduced to room temperature and pressed for 15 min while
maintaining the 6 MPa pressure. Two metal stops were used to ensure
that the wood samples were compressed to a target thickness of 10 mm
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with a compression rate of 23 %. The unilateral gradient densified wood
samples were conditioned at 20 °C and 65 % relative humidity (RH)
until they reached EMC before further testing.

The gradient densified wood samples assisted with impregnation
polyacrylic acid/DOT supramolecular resins were denoted as UGD-RB,
based on increasing DOT ratio, these samples were labeled as UGD-
RBx (x = 1, 2, 3, 4) (Table S1). The untreated control wood was
recorded as C-W, and wood treated only with unilateral gradient
densification was recorded as UGD-W. The densified wood samples
impregnated only with an aqueous solution of 18 wt% acrylic resin or
DOT were labeled UGD-R and UGD-B, respectively.

Details of the material characterization are presented in the Sup-
plementary Information.

Composites Part B 280 (2024) 111483
3. Results and discussion
3.1. Fabrication, morphology, and vertical density profiles

Our approach involves a two-step process that directly converts the
natural bulk wood into a versatile, unilaterally gradient densified wood,
rather than a highly contaminated partial removal of lignin from the
natural wood. Aqueous solutions of polyacrylic acid/DOT supramolec-
ular resins were prepared with varying amounts of DOT and denoted RB-
x (Table S1), where x increases as the ratio of DOT to polyacrylic acid
increases. The cured composite of RB-1, presented in Fig. 1d, appears
transparent with a yellowish tint. As shown in Fig. 1e-g, FTIR analysis of
polyacrylic acid/DOT supramolecular resins with varying ratios
revealed significant peak shifts in the hydroxyl (Fig. 1f) and carbonyl
(Fig. 1g) features as the DOT ratio increased, demonstrating that the
polyacrylic acid molecules had strong non-covalent interactions with

==
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Fig. 2. Morphology, structure, and vertical density profiles (VDPs) of natural wood (C-W) and unilateral gradient densified wood with (UGD-RB) and without (UGD-
W) impregnating acrylic acid/DOT supramolecular resin. (a) Photographs of the UGD-RB, UGD-W, and C-W. (b) Cross-sectional high-magnification SEM image of
natural poplar wood, demonstrating its uniform pore distribution. (c and d) Cross-sectional high-magnification SEM image of UGD-W and UGD-RB, demonstrating
the gradient distribution of their pores. (e-g) SEM images of the pore characteristics in the different regions in (d), indicating the gradient densified characterization.
(h) The vertical density profiles of UGD-RB, UGD-W, and C-W. (i) The EDX spectra of cross sections of UGD-RB, exhibiting the presence of boron element due to the

impregnation of acrylic acid/borate supramolecular resin.
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the borate anions and sodium ions of DOT (Fig. 1h). Bulk wood was first
subjected to vacuum/pressure-assisted impregnation with an aqueous
solution of acrylic acid/DOT supramolecular resins, followed by asym-
metric hot pressing to control the location and diffusion rate of the heat
and moisture fields, resulting in rapid obtaining of the material in tens of
minutes. The main reason for gradient densification is that when the
surface of the wood comes into contact with a hot platen, heat is
transferred to the interior of the wood, while the moisture within in the
wood is transferred to the heated surface layer. This results in a rapid
gradient thermal softening of the wood cell walls from the surface to the
interior. Furthermore, during asymmetric hot pressing supramolecular
resins undergo thermally initiated cross-linking within the multilevel
structure of wood.

As shown in Fig. 2a, both the unilateral gradient densification
treatment alone (UGD-W) and the unilateral gradient densification
assisted with acrylic acid/DOT supramolecular resin impregnation

Composites Part B 280 (2024) 111483

modification treatment (UGD-RB) resulted in a reduction of approxi-
mately 23 % in the thickness of the wood pieces compared to natural
wood (C-W). The color of the obtained UGD-W and UGD-RB samples did
not change significantly. UGD-W and UGD-RB wood exhibit unique
gradient-variable microstructures, as shown in Fig. 2b-d. Fig. 2e-g
displays high-magnification SEM images of the densified, transitional,
and undensified regions of UGD-RB wood, respectively, indicating
gradient-variable pore size distributions. Completely collapsed wood
cell walls are observed in the densified region of UGD-RB tightly inter-
woven along the cross-section (Fig. 2e). In contrast, the densified region
of UGD-W left many gaps between the collapsed cell walls (Fig. S3). This
indicates that the impregnated acrylic resin has good filling, softening,
and bonding effects on the gaps in the cell walls, implying that UGD-RB
exhibits better surface hardness and mechanical strength.

The vertical density profiles (VDPs) of UGD-RB, UGD-W, and C-W
are presented in Fig. 2h and Fig. S4. The results indicate that the
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Fig. 3. Weight percent gain (WPG), leaching ratio, set-recovery, and mechanical performance. (a) WPG of the unilateral gradient densified wood impregnate with
different ratios of acrylic resin/DOT solution. (b) Leaching ratio of samples. (c¢) Schematic illustration of the cured crosslinked network of waterborne acrylic resin
immobilizing DOT in wood cells. (d) Set-recovery of different wood samples soaked in water at 40 °C for 24 h. Inset: I for natural wood, II for UGD-W wood, III for
UGD-RB-4 wood. (e) SEM images of densified layer of UGD-RB-4 wood before and after soaking in water at 40 °C for 24 h. (f) SEM images of densified layer of UGD-W
wood before and after soaking in water at 40 °C for 24 h. (g) Schematic diagram of bending strength tests. (h and i) Modulus of rupture (MOR) and modulus of

elasticity (MOE) of the samples.
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gradient densified wood (UGD-W and UGD-RB) exhibits an asymmetric
structure. The densified side of UGD-RB has a density of up to 1200 kg/
m®, while the other side has a density close to that of the natural wood
(approximately 500 kg/mg). As shown in Fig. 2i, the EDX mapping re-
veals the distribution of elemental boron in the cell walls of the cross-
section of the dense layer of UGD-RB wood (Fig. 2e), indicating that
acrylic acid/DOT supramolecular resin has penetrated into the interior
of the wood.

3.2. Basic physical properties and mechanical performance

The weight percent gain (WPG) of UGD-RB impregnated with acrylic
acid/DOT supramolecular resin solution at a concentration of 18 %
varied with different ratios of acrylic resin and DOT. As shown in Fig. 3a,
the WPG tended to decrease with the increase of DOT. This may be due
to the high percentage of DOT, which increases the interaction between
acrylic molecules and borate, thereby increasing the viscosity of acrylic
resin/DOT and resulting in a slight decrease in WPG. Nonetheless, the
WPG of all samples exceeded 25 %. The leaching ratio is used to measure
the stability of treatment agent fixation in wood. We tested the leaching
rate of the various modified wood, as depicted in Fig. 3b. The leaching
rate of UGD-RB treated with the acrylic resin/DOT solution decreased to
less than 18 %, which can be attributed to the effective encapsulation
and non-covalent bonding attraction of the cured cross-linking network
of the acrylic resin in the wood (Fig. 3c).

Fig. 3d illustrates the set-recovery value of the densified layer as a
function of the acrylic resin/DOT ratio. After undergoing a single soak-
dry treatment, the densified layer of the UGD-W samples exhibited a
significant set-recovery of approximately 72 %. This nearly complete
recovery of the densified layer can be attributed to the release of elastic
strain energy stored in the cell wall [57]. The highly magnified SEM
images in Fig. 3e demonstrate the microscopic morphology of the dense
layer of the UGD-W wood sample before and after being immersed in
water at 40 °C for 24 h. It is evident that the dense layer of the UGD-W
exhibits a near-complete recovering to its initial multi-lumenal cellular
structure following water absorption. The set-recovery value, however,
exhibits a significant decrease when the cell wall is anchored by the
cured resin. Rapid heat-induced cross-linking of polycarboxylic acids
with multifunctional alcohols results in strong adhesion between wood
and resin [58], which prevents water penetration and resilience of
highly intertwined cell walls. The lowest set-recovery value of 3.5 % was
obtained for the UGD-R sample. Due to the hydrophilic nature of DOT,
the set-recovery value of UGD-RB increased with increasing DOT con-
tent. Nevertheless, even the UGD-RB-4 sample with the highest DOT
content still exhibited a significantly lower set-recovery value compared
to USD-W, at approximately 18 %. As shown in Fig. 3f, the dense layer of
UGD-RB-4 before and after water treatment maintained an almost
completely densified structure. The results further indicated that the
prepared UGD-RB wood exhibited excellent dimensional stability at
macroscopic level even after water immersion treatment.

The samples were further tested for bending mechanical properties
(Fig. 3g), and the results of their statistical analysis are presented in
Table S2. The MOE and MOR of C-W were 8.4 GPa and 81.1 MPa,
respectively (Fig. 3h and i). The MOE and MOR of UGD-W were 8.78
GPa and 101.2 MPa, which were about 4.5 % and 24.7 % higher,
respectively, than those of untreated C-W. The above results indicated
that unilateral gradient densification alone can improve the mechanical
properties of wood. The MOE and MOR of UGD-B impregnated with
DOT only further increased to 9.57 GPa and 120.8 MPa, respectively.
The results suggest that DOT cross-links or interacts with wood cell walls
during the hot pressing. The MOE and MOR values of UGD-R (impreg-
nated with acrylic resin only) respectively reached 10.84 GPa and 135.9
MPa, which are 23.5 % and 34.3 % higher than those of UGD-W,
respectively. The result demonstrates that the rapid thermal curing of
the acrylic resin during the hot pressing process contributes to the
enhancement of mechanical properties of wood by forming a robust
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cross-linked structure.

As the acrylic resin/DOT ratio decreases, the MOR of UGD-RB
gradually decreases resulting from the decrease in the ratio of resin,
but remains higher than that of UGD-W. For example, the MOR of UG-
RB-2 was 21.9 % and 52.2 % higher than that of UGD-W and natural
wood, respectively. Among the UGD-RB samples, UGD-RB-4 had the
highest MOE value, which increased as the ratio of acrylic resin/DOT
decreased (Fig. 3i). The average MOE of UGD-RB ranged from 9.7 to
11.39 GPa, slightly higher than that of UGD-B and UGD-R. The MOE of
UGD-RB was 15.5%-35.6 % than that of natural wood and 10.5%-29.7
% higher than that of UGD-W.

In conclusion, the mechanical properties of UGD-RB were signifi-
cantly improved compared to UGD-W and natural wood, suggesting that
unilateral gradient densification combined with acrylic acid/DOT su-
pramolecular resins impregnation modification holds great potential for
transforming fast-growing wood into engineered or structural wood
materials with high strength and low density as well as
multifunctionality.

3.3. Surface properties

The surface hardness of densified wood increased significantly due to
gradient densification and in situ curing of the functional resin. As seen
in Fig. 4a, the surface hardness of UGD-W increased by 56 % compared
to C-W. The surface hardness values of UGD-RB further increased to
5.85-6.15 kN, which was about 1.5-fold higher than that of UGD-W.
Fig. 4b illustrated a comparison of the surface hardness versus density
of gradient densified wood with some other common woods. The results
demonstrate that there is a near linear relationship between the surface
hardness of the nature woods and their density. However, UGD-RB wood
has a more prominent surface hardness/density ratio than other com-
mon nature woods. The density of UGD-RB is strongly related to its
thickness in theory. It is hypothesized that if the thickness of UGD-RB is
increased, then its apparent density will decrease. This result demon-
strates that UGD-RB wood can be used as an alternative to expensive
high-density wood for flooring, slabs, and walls to reduce building
weight and minimize costs.

Fig. 4c—f shows the laser optical 3D surface images and depth profiles
of C-W, UGD-W, and UGD-RB. The results demonstrate that the control
sample C-W has the highest surface roughness (Ra) value (3.65 pm),
which was attributed to the presence of open cell lumens. The Ra value
of the UGD-W wood decreased to 2.88 pm, because gradient densifica-
tion reduces the dimples on the surface of the wood. The Ra values of the
UGD-RB further decreased, e.g., the Ra value of the UGD-RB-4 was 1.18
pum, which was caused by the surface cell lumen filling by cured resin.
The surface depth profile of Fig. 4f further visually confirmed the flat
and smooth surface of the prepared multifunctional wood through the
strategy of gradient densification combined with in-situ curing of
functional resin. Thus, UGD-RB wood can be directly used in furniture
and architectural components to provide tactile smoothness.

The wettability of the liquid on wood surface affected the dimen-
sional stability and stain resistance of the wood. Fig. 4g and h shows the
curves of water contact angle (WCA) and diiodomethane contact angle
(DIICA) versus time for untreated C-W, UGD-W, UGD-R, and UGD-RB-4
surfaces, respectively. Due to the inherent hydrophilicity of the wood
cell wall, C-W was easily wetted and the WCA of C-W dropped below
10° within 1 min (Fig. 4g). The dense structure of UGD-W delayed water
uptake, and it took 2 min for the WCA to fall below 10°. However, the
hydrophobicity of UGD-R was significantly higher, and it took 8 min for
the WCA to decrease to about 10°, which was attributed to the cross-
linked network of acrylic resin cured in situ in the cell wall that pre-
vented water penetration. The slightly lower hydrophobicity of UGD-RB
than that of UGD-R was attributed to the introduction of DOT. Never-
theless, the water repellency of the surface of the experimental group in
which UGD-RB-4 containing the most DOT was still close to that of UGD-
R. This further demonstrates that the hydrophilic DOT was effectively
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different wood surfaces.

encapsulated. Diiodomethane is often used to characterize the oleo-
phobic properties of material surfaces. As shown in Fig. 4h, C-W and
UGD-W were easily wetted by diilodomethane, and DIICA dropped below
10° within 2 min. However, the surfaces of UGD-R and UGD-RB-4
repelled diiodomethane significantly, and DIICA remained almost sta-
ble at ~40°within 8 min. This is due to the reduced porosity of the UGD-
R and UGD-RB-4 surfaces as well as the highly cross-linked network
structure of the acrylic resin. Interestingly, DIICA of UGD-RB-4 was
higher than that of UGD-R, indicating that the cured acrylic resin
modified by DOT has better anti-oil capacity.

3.4. Fire-retardant performance and thermal stability

The fire retardancy of the UGD-RB samples was evaluated using
classic UL-94 vertical burning and limiting oxygen index (LOI) tests. A
visual illustration of the fire retardancy of the different samples is pro-
vided in Fig. 5a—f and Fig. S5. The C-W and UGD-W samples burned out
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quickly upon contact with the flame, whereas the UGD-RB samples were
able to undergo a second ignition test. The results demonstrate that the
C-W, UGD-W, and UGD-RB-1 samples failed to achieve a V-0 rating in
UL-94 vertical burning testing, with LOI values of 22 %, 23 %, and 37 %
(Fig. 58), respectively. In contrast, UGD-RB-2, UGD-RB-3, and UGD-RB-
4 achieved a V-0 rating in UL-94 testing with LOI values of 43 %, 50 %,
and 54 % (Fig. 5g), respectively, demonstrating a high level of fire
safety.

The above results demonstrate that the addition of a small amount of
DOT can significantly improve the fire-retardant properties of fast-
growing poplar wood. This improvement can be attributed to the fact
that the UGD-RB samples generate a vitreous fire-retardant layer of
borate on wood surface during the burning process, which blocks the fire
source and prevents heat and oxygen transmission into the interior of
the wood. In addition, the crystalline water contained in DOT absorbs
heat during thermal decomposition, lowering the combustion temper-
ature and slowing down the burning speed and fire propagation in wood.
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(DTG) curves of C-W and UGD-RB.

The optimized UGD-RB wood exhibits superior fire retardancy
compared to most of the previously reported fire retardant modified
woods [59].

The TGA and DTG curves for various samples under nitrogen are
presented in Fig. 5h and i, respectively. The TG curve of natural wood in
Fig. 5h exhibits the typical thermal degradation characteristics of wood,
while the DTG curve displays two decomposition peaks at 367.6 °C and
315.2 °C (Fig. 5i), which can be attributed to the decomposition of
cellulose and hemicellulose, respectively. In contrast, the thermal
degradation behavior of the UGD-RB samples changed significantly. As
shown in Fig. 5h, the UGD-RB samples still exhibited higher weight loss
at 410-750 °C compared to the CW samples, which may be related to the
self-pyrolysis and catalytic charring of the acrylic resin/DOT. In addi-
tion, the Tq19 o (the temperature at 10 % weight loss) and Tpeak (tem-
perature corresponding to maximum degradation rate) values of UGD-
RB samples decreased with increasing DOT content (Table S4),
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indicating the accelerated thermal decomposition of the matrix and
enhanced char residue formation. The char residue of UGD-RB samples
significantly increased with DOT content, demonstrating that DOT
improved the char-forming ability of gradient densified wood samples.
At 750 °C, UGD-RB-4 exhibited a char residue of 35.4 %, which was
approximately twofold higher compared to C-W (Table S4). This result
suggests that the introduction of DOT greatly contributed to the catalytic
charring ability of wood.

3.5. Fire-retardant evaluation based on cone calorimetry

The cone calorimeter is a bench-scale instrument for the simulation
and evaluation of the fire-resistant behavior of materials in practical fire
scenarios, providing crucial flammability parameters such as heat
release rate (HRR), total heat release (THR), smoke production rate
(SPR), and total smoke production (TSP). We evaluated the flammability
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of the wood samples by cone calorimetry under a heat flux of 50 kW/m?
in the horizontal position.

The variation of HRR, THR, SPR, and TSP as a function of combustion
time for C-W, UGD-W, and UGD-RB is shown in Fig. 6, and the relevant
parameters are summarized in Table S5. HRR demonstrates an
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important characterization of the intensity and spread of the burning
flame during the actual combustion process. The HRR curves of the
wood exhibit two principal peaks (Fig. 6a). The initial peak originating
from char formation, which as a protective layer prevents the rapid
release of combustible gases produced from wood pyrolysis, resulting in
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Fig. 6. Evaluation of fire-retardant properties and mechanisms based on cone calorimeter testing. (a) Average heat release rate (HRR). (b) Total heat release (THR).
(c) Total smoke production (TSP). (d) Fire performance index (FPI). (e) Mass retention. (f and g) Photographs of macroscopic morphology of residual char of UGD-W
and UGD-RB-4 after cone tests, showing that the acrylic acid/DOT supramolecular resins had good catalytic properties for wood char formation. (h) Cross-sectional
and (i) tangent-sectional SEM images of the residual char of UGD-RB-4 after 600 s cone tests, demonstrating that the residual char retains the intact wood
microstructure. (j) Cross-sectional element mapping of the residual char of UGD-RB-4. (k) Schematic diagram of the combustion behavior of the UGD-RB wood
demonstrating the synergistic effect of gradient densification and acrylic acid/DOT supramolecular resins for protecting materials from fire.
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a lower peak HRR in the first stage. As burning continues, the protective
char layer continues to thermally degrade and crack, resulting in an
increase in the HRR, causing a second stage of peak heat release rate
(PHRR).

Compared to the control group of C~-W, UGD-W exhibited a pro-
longed ignition time from 11 s to 17 s, despite having higher PHRR and
THR values (Fig. 6a and b). This is attributed to the increase in mass per
unit volume caused by densification, the bulk density of the gradient-
densified wood increases, resulting in higher PHRR and THR values.
The reduction in surface layer pores due to gradient densification caused
a delay in both ignition time and the second PHRR appearance. The
introduction of DOT into the UGD-RB samples decreased the PHRR and
THR values. The THR of UGD-RB samples gradually decreased with the
increase of DOT content. For example, the THR of UGD-RB-4 was 22 %
lower than that of UGD-RB-1, from 59.46 MJ/m? to 46.28 MJ/m? This
is attributed to the promotion of thermal degradation of wood compo-
nents by DOT, leading to the rapid formation of a protective char layer,
which in turn significantly reduces PHRR and THR values. These
diminished heat release parameters indicated that UGD-RB wood
exhibited a low fire hazard.

The TSP curves are shown in Fig. 6¢, and the TSP values of UGD-RB-4
were also significantly reduced by 70.7 % and 80.8 % compared with
C-W and UGD-W, respectively. It is noteworthy that the smoke sup-
pression effect was the addition of a certain amount of DOT significantly
reduced the SPR and improved the smoke suppression effect (Fig. S6).
This effect is attributed to the generation of a structurally stable boron-
containing carbon layer, as well as the fact that DOT can generate a
glassy covering at high temperatures, thus blocking the smoke. In
addition, DOT can release crystallized water molecules at high tem-
peratures, which also contributes to smoke suppression.

The fire performance index (FPI) is a crucial criterion for assessing
fire hazard and is calculated as the ratio of the time of ignition to the first
peak of the HRR. Compared with the C-W, the FPI of UGD-RB was
significantly higher, with a maximum increase of 142.5 % (Fig. 6d),
indicating a significant reduction in fire hazard. Fig. 6e illustrates the
residual mass change curves of the wood samples in the cone combus-
tion test. The results indicate that the residual yield of the UGD-RB
samples is more than twofold compared to C-W and UGD-W, implying
a catalytic char-forming effect. As shown in Fig. 6f and Fig. S7, the re-
sults of the cone tests demonstrate that both C-W and UGD-W were left
with only ash and fragmented char after the test. In contrast, the UGD-
RB samples all formed a more complete charcoal layer after burning
(Fig. 6g and Fig. S7), thus further confirming the char-forming flame
retardation.

The residual char of UGD-RB-4 after the cone test was observed using
SEM. As shown in Fig. 6h and i, the internal structure of the residual char
of the UGD-RB-4 sample maintained a complete fibrous tracheid and
vessel structure, indicating that acrylic resin/DOT has an excellent fire-
retardant protective effect on the wood substrates. The presence of
boron (Fig. 6j) was further confirmed by the elemental distribution of
the char layer, which was derived from the acrylic acid/DOT supra-
molecular resin, demonstrating the formation of a thermally stable
boron-containing hybrid char layer. As a result, the char residue of UGD-
RB was significantly higher than that of the control sample.

Based on the above analysis, the flame retardant behavior of UGD-RB
is illustrated in Fig. 6k. When exposed to a flame, the dense structure of
the surface layer hinders the entry of oxygen, which delays the ignition
time and the appearance time of HRR peak. Meanwhile, DOT catalyzes
the charring of the wood and produces a large amount of borides, such as
B,03, and water vapor through a dehydration reaction. The water vapor
not only dilutes the flammable gases but also inhibits the HRR of UGD-
RB, thus exerting a gas-phase flame retardant effect. In addition, molten
boride adheres to the char surface, thus enhancing the thermal oxidative
stability of the char layer. With the synergistic effect of gradient densi-
fication and acrylic/DOT supramolecular resin, UGD-RB can quickly
form a dense char layer on the surface during combustion, thus
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preventing the invasion of external oxygen and heat. Exposure of UGD-
RB to flame generates multiple flame retardant mechanisms, which can
be classified into catalytic charring and condensed/gas-phase functions.
Therefore, UGD-RB exhibits excellent flame retardancy.

3.6. White rot fungi and mildew resistance

Given that the UGD-RB-1 sample failed to pass the V-0 rating of UL-
94, we did not further investigate its biodegradation resistance. The
anti-mold tests were conducted in accordance with the Chinese National
Standard GB/T 13942.1-2009. The detailed procedure was previously
reported in study [60]. Fig. 7 illustrates photographs of unmodified and
modified poplar wood samples following a three-month decay test with
white-rot fungus. The C-W samples displayed heavy mycelia coverage,
indicating high susceptibility to white-rot fungus infection. In contrast,
the UGD-R sample had a reduced mycelium presence on its surface,
suggesting some anti-decay activity. The UGD-RB samples were notably
mycelium-free, indicating a significant reduction of white-rot fungus
infection compared with other samples. These results provide evidence
that the combined treatment with acrylic resin/DOT significantly
improved the decay resistance of poplar wood.

Furthermore, the mass loss of the wood samples was measured. As
shown in Fig. 7b and ¢, C-W samples were heavily infested with white
rot fungi, with mass losses as high as 66 %, indicating a low resistance to
decay (IV). The mass loss of UGD-R samples impregnated only with
acrylic resin was 49 %, which was 26 % less relative to C-W. The weight
loss of UGD-RB-2, UGD-RB-3, and UGD-RB-4 samples under the action of
white-rot fungi was only 9 %, 8.4 %, and 7.7 %, respectively, suggesting
that they have high resistance to decay (I). This may be attributed to the
combined effect of DOT and acrylic resin in improving the decay resis-
tance of wood. The acrylic resin fills the gaps in the internal dense layer
of the wood during hot pressing and improves the water resistance. DOT
is an inorganic compound widely used in wood preservation to inhibit
the growth of fungi, insects and bacteria [51]. This combination creates
a composite preservative system that makes modified wood more
resistant to decay and water, resulting in a longer service life.

The resistance of the modified wood to mold growth was further
investigated by inoculating the mixed mold spores onto different wood
samples and incubating them for 4 weeks. After incubation, the infection
values were determined by observing the infection area on the sample
surfaces and then ranked on a scale of 0~4 (see Methods). Fig. 7d shows
the appearance of the different samples after the mold test, and it is
evident that the surfaces of C-W and UGD-R wood were heavily infected
by molds with an average infection value of 4 (Table 1). In contrast, the
UGD-RB-2, UGD-RB-3, and UGD-RB-4 samples all exhibited superior
mold resistance, with an average infection value of 0 and an average
protection efficiency of 100 % against the mixture of molds (Table 1).
The superior mold resistance of the UGD-RB samples was attributed to
the fact that DOT destroys molds by hindering cell wall synthesis,
inhibiting metabolism by binding to enzymes, and disrupting cell
membrane [61].

3.7. Anti-termite attack

The resistance of the samples against Formosan subterranean ter-
mites (C. formosanus Shiraki) was assessed in accordance with the Chi-
nese National Standard GB/T 18,260-2015 under laboratory conditions.
The detailed procedure was described in a previous study [62]. A 4-week
indoor termite resistance test was conducted on natural wood, UGD-R
and UGD-RB samples to assess their termite resistance ratings. The re-
sults demonstrated that C-W was heavily attacked by termites, with an
average mass loss of 51.6 %, an average termite resistance rating of 4.6
(Fig. 8b—d and Table S6), and an average termite survival rate of 65.3 %
(Fig. 8d).

Compared with C-W, UGD-R exhibited greater termite resistance
(Fig. 8a), with an average mass loss rate of 22.1 %, an average termite
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Fig. 7. Anti-decay and mildew resistance of natural wood (C-W) and unilateral gradient densified wood. (a) Appearance of natural wood and unilateral gradient
densified wood after white-rot decay test. (b) Mass loss of natural wood and unilateral gradient densified wood after white-rot decay test. (c) Durability class of decay
resistance. (d) Appearance of natural wood and unilateral densified wood after anti-mildew tests (after 4 weeks of mold incubation).

Table 1
The resistance of the natural wood and modified wood to mixed mildew.

Samples Index Evaluation result
C-W Infection value 4
Protective efficiency (%) /
UGD-R Infection value 4
Protective efficiency (%) /
UGD-RB-2 Infection value 0
Protective efficiency (%) 100 %
UGD-RB-3 Infection value 0
Protective efficiency (%) 100 %
UGD-RB-4 Infection value 0
Protective efficiency (%) 100 %

resistance rating of 8, and an average termite survival rate of 33.5 %
(Fig. 8b—d and Table S7). This was attributed to the fact that the acrylate
resin cured in the cell cavities of poplar wood could resist termite attack
to some extent. At the end of the experiment, the survival rate of termites
in the test bottles containing UGD-R samples was more than 30 %. This
suggests that the termite resistance of the UGD-R samples was not
achieved by killing the termites through toxicity, but rather by altering
the properties of the wood itself to make it less attractive to termites.
UGD-RB-2, UGD-RB-3 and UGD-RB-4 showed extremely superior
termite resistance ability (Fig. 8b—-d and Table S7), with average mass
loss of 14.6 %, 12.2 %, and 8.3 %, and average termite resistance ratings
of 9.1, 9.3, and 9, respectively, and termite survival rates of 0 %. The
reason for this is that DOT contained in UGD-RB wood can produce
gastric toxicity to termites after being ingested by termites [63]. Spe-
cifically, DOT can kill the protozoa that secrete cellulase to digest
lignocellulose in the gut of the termite, thereby inhibiting cellulase
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secretion, leading to termite death from starvation [64]. The afore-
mentioned effect is passed to other termites via trophallaxis [50], killing
the termite population and protecting wood from termite attack.

4. Conclusion

In summary, we proposed a simple and skillful approach to fabricate
a biomimetic gradient densified wood material (UGD-RB) with inte-
grated lightweight, high-strength, fire-retardant, and deterioration-
resistant properties. Compared to unmodified natural wood, optimized
UGD-RB has a slight increase in density, but demonstrates ~2.4-fold
higher surface hardness, ~52 % higher flexural strength, and ~23 %
higher flexural modulus. The in-situ crosslinking of the acrylic resin/
DOT supramolecular network immobilizes the collapsed cell walls,
resulting in excellent dimensional stability of the material and good
leaching resistance. In addition, UGD-RB has attractive integrated
versatility. The synergistic effect of the gradient densification and the
polyacrylic acid/DOT supramolecular network gives UGD-RB excellent
fire retardancy, including fire retardant ratings up to V-0, LOI of 54 %,
and significant reductions in THR (27 %) and TSP (74 %). UGD-RB also
exhibits outstanding resistance to decay, mildew, and termites due to the
presence of the acrylic acid/DOT supramolecular resin in the wood cells.
Compared to the bulk densified wood preparation, which involves low
volume utilization and heavy environmental pollution of lignin removal
process, the proposed simple and efficient method is more promising for
large-scale application of building and furniture materials. Although
acrylic resins are more expensive than typical formaldehyde-based
resins for impregnation, waterborne acrylic resins offer definitive ad-
vantages in terms of environmental benefits and improvements in me-
chanical properties. Furthermore, acrylic resins, with their highly
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Fig. 8. Evaluation of anti-termite properties of natural wood and modified wood. (a) Appearance of the different wood samples after termite attack. (b) Mass loss of
natural wood and modified wood after termite attack test. (c) Visual rating of anti-termite properties for the different wood samples. (d) Average termite survival rate

after termite attack test.

adjustable solids content, exhibit excellent compatibility with a wide
range of functionalized modifiers. This compatibility facilitates the
development of functional woods that possess flame retardant, anti-
decay, and even conductive properties. In summary, the proposed
manufacturing strategy for high-performance and multifunctional fast-
growing wood with a biomimetic gradient structure presents an
economically attractive option for high-value utilization of fast-growing
wood.
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ABSTRACT

Bamboo, which has excellent mechanical strength, is an ideal raw material for manufacturing high-performance
bio-composites. However, due to a lack of fast, high-strength lengthening technology for bamboo units, the large-
scale, mechanized, continuous production of bamboo woven materials has not been fully developed. In this work,
bamboo strips (BS) with 0.5 mm thickness were used as a basic unit to prepare lengthened bamboo strips with the
scarf jointing method. The effects of scarf jointed angles and hot-melt adhesive type on the scarf bonding per-
formance were systematically investigated. The tensile strength of BS scarf joints appears to increase as the scarf
joint angle decrease. Scarf joints prepared with low-cost thermoplastic polyurethane (TPU) film outperform those
prepared with reactive polyurethane (PUR) or ethylene vinyl acetate copolymer (EVA) hot-melt adhesives in
terms of maximum tensile strength (197.9 MPa), secondary repeated bonding performance, and damp-heat aging
resistance, where tensile strength of 136 MPa was retained after a 120 h cycle aging test. Specimens bonded with
PUR adhesive are resistant to damp-heat aging, but show unsatisfactory secondary repeated bonding perfor-
mance. The tensile strength and damp-heat aging resistance of EVA bonded specimens are unacceptable due to
an unreliable bonding interface. We developed a facile solution for high-strength BS lengthening with repeated
bonding and damp-heat resistant characteristics, which may provide technical support for the large-scale,

mechanized manufacturing of bamboo-based composites.

1. Introduction

Bamboo is a renewable natural resource that is highly ecologically,
economically, and culturally valuable [1-3]. Compared with trees,
bamboo has the advantages of fast growth, early harvest, and high yield
[4-6], making it an ideal potential replacement for wood [7]. The spe-
cial tissular structure of bamboo provides it excellent physical and me-
chanical properties [8,9], including strength, toughness, and hardness
[10-13]. Bamboo strip/fiber, known as “natural glass fiber”, can be used
to replace glass fiber or carbon fiber to manufacture lightweight high-
strength bio-composites [14,15]. Vigorous development across the
bamboo industry would benefit the natural environment, revitalize rural
economies, and assist in satisfying “double carbon” goals [16].

The length of commercial bamboo is generally not more than 3.2 m
[17]. In the continuous mechanical manufacturing of large-scale

* Corresponding authors.

bamboo weaving or bamboo winding materials, unit materials in the
form of strips, skins, or bundles must be lengthened [18]. Bamboo unit
materials are generally lengthened by finger joint, lap joint, scarf joint,
or buckle joint methods, all of which require adhesives [18-21]. Finger
and snap joints are commonly used to lengthen thick bamboo unit ma-
terials, but the resulting joints cannot tolerate strong tensile stress or
large bending load, making the materials vulnerable to failure and
damage [20,22].

Overlap and scarf joints are commonly used to lengthen thin bamboo
unit materials; these forms provide a large bonding area, uniform stress
distribution, and resistance to tensile and bending stresses [23-26].
However, the concave and convex parts of overlap joints make the strip
surfaces uneven, which easily creates defects [27]. Scarf joints have no
uneven parts, however, and prevent the concentration of shear stress by
reducing the secondary bending moment and peel stress [28,29]. Thus,
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the scarf joint is the ideal form to lengthen bamboo strip (BS).

Existing bonding and lengthening methods for bamboo unit mate-
rials are usually based on thermosetting adhesives such as phenolic
resin, urea formaldehyde resin, and epoxy resin [20,22,30]. These ad-
hesives need to be cured by hot (cold) pressure for long periods of time,
which drives down production efficiency. Moreover, phenolic resin and
urea formaldehyde resin release free formaldehyde into the natural
environment [31] and the joints they form are brittle, low in strength,
not damp-heat resistant, and incapable of repeated bonding [32,33].

Hot-melt adhesive is a plastic adhesive that can change its physical
state as temperature changes within a certain range [34]. It is popular as
it is green, strong, and bonds quickly [35]. Existing commercial hot-melt
adhesives mainly include thermoplastic polyurethane (TPU), reactive
polyurethane hot-melt adhesive (PUR), and ethylene vinyl acetate
copolymer (EVA) [36]. Among them, TPU is formed by the co-
polymerization of diisocyanate molecules with polyols including
macromolecular polyols and low molecular polyols (chain extenders)
[37]. TPU film has high bonding strength and aging resistance [38]. The
main component of PUR is isocyanate terminated polyurethane pre-
polymer, which has excellent bonding strength, temperature resistance,
chemical corrosion resistance, and aging resistance [39]. EVA hot-melt
adhesive cures quickly, adheres strongly, and is somewhat flexible [37].

TPU adhesive film, PUR, and EVA were utilized in this study to
fabricate fast, high-strength, repeatable, and damp-heat resistant BS
scarf bonding joints. The effects of different BS scarf joint slopes on the
bonding strength of the three hot-melt adhesives were evaluated
accordingly, as well as the damp-heat aging resistance and secondary
repeated bonding of the joints. Our goal is to develop a high strength,
fast lengthening technology for BS that allows for continuous mechan-
ical braiding or winding.

2. Materials and methods
2.1. Materials

Four-year-old Moso bamboo (Phyllostachys pubescens Mazel) without
stress, biological degradation, or structural defects was collected from
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Anxi County, Fujian Province, China. As shown in Fig. 1a, bamboo culms
were cut from 4-m-long units at a height of 50 cm above ground.
Internode bamboo strips measuring 50 mm x 10 mm x 0.5 mm (L x T x
R) were prepared from the first layer outside after removal of the
bamboo green. All BS were conditioned in a climate room at 20 °C and
65 % relative humidity (RH) until equilibrium moisture content (EMC)
was reached before further processing. Nine types of TPU adhesive films
with various melting points and thicknesses were purchased from
Tianhai Hot Melt Adhesive Technology Co., 1td., China. PUR (TECH-
NOMELT 270/7S) and EVA (TECHNOMELT KS3561) hot-melt adhesives
were supplied by Henkel (China) Investment Co., Itd. The detailed
technical parameters of the adhesives are listed in Table 1.

2.2. Methods

The scarf jointed surfaces were manually sanded using 240-mesh
sanding belt. Scarf angles of 1.79, 2.05, 2.39, and 2.86 were selected
corresponding to slopes of 1:32, 1:28, 1:24, and 1:20, respectively. The

Table 1
Melting point and scarf jointed processing parameters of the hot-melt adhesives.

Type Melting Set Cold pressing Cold pressing
point temperature time pressure
[{O)] °C) (s) (bar)
TPU- 7580 90 + 2 8 1.5
12
TPU- 90 ~ 95 110 £ 2 8 1.5
2h
TPU- 95 ~ 105 115+ 2 8 1.5
3])
TPU- 115 ~ 120 130 +£ 2 8 1.5
4I)
TPU- 120 ~ 125 135+ 2 8 1.5
5b
PUR 120 ~ 140 130 £2 8 1.5
EVA 92 ~ 102 110 £ 2 8 1.5

2 nominal thickness of 0.03 mm, 0.06 mm, 0.10 mm, 0.13 mm, 0.16 mm;
> nominal thickness of 0.10 mm.

Fig. 1. (a) Schematic illustration of the preparation of bamboo strips. (b) A schematic of the scarf jointed specimens and (c) The SEM micrograph of the scarf

sanded surface.
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hot-melt adhesives were pre-melted to reach set temperatures (Table 1)
and applied to the scarf sanded surfaces. The gummed scarf sanded
surfaces were immediately docked with each other, then the jointed
surfaces were cold-pressed at room temperature for 8 s under 1.5 bar.
The scarf jointed bamboo strip specimens (Fig. 1b) were conditioned at
20 °C and 65 % RH until EMC was reached prior to testing.

2.2.1. Uniaxial tensile tests

Kraft papers measuring 20 x 10 x 1 mm were bonded to the grip
areas of the specimens to enable uniform load distribution and reduce
the likelihood of failure (Fig. 2). Uniaxial tensile loading was applied to
the scarf jointed specimens according to ASTM D3039 by a universal
testing instrument (MDW-20 J, Tianchen Testing Machine
Manufacturing Co., ltd., Jinan, China) at a crosshead speed of 5 mm
min~!. The tensile strength of the scarf joints was reported here is the
average value of five replicates.

2.2.2. Damp-heat (DH) aging

The scarf jointed specimens were subjected to alternate DH aging for
ten 24-h cycles according to GB/T 2573-2008: (1) 25 °C-60 °C within 2
h under 95 % RH, (2) 60 °C for 10 h under (93 + 3)% RH, (3)

Fig. 2. Tensile performance of lengthening bamboo strips using TPU-1 films by
different slopes of scarf bonding. (a) Tensile strength, (b) stress—strain curves,
and (c) photos of failure forms.
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60 °C-25 °C within 2 h under 95 % RH, (4) 25 °C for 10 h under 95 %
RH. Specimens aged for 24 h, 72 h, 120 h, 168 h, and 240 h were
collected for uniaxial tensile tests. The fractured 240 h-aged specimens
after tensile tests were rebounded before retesting the tensile strength of
the scarf joints. Five replicates were used for each specimen.

2.2.3. Scanning electron microscopy (SEM)

The bonding layer of the scarf jointed specimens before uniaxial
tensile tests and the scarf jointed surfaces after uniaxial tensile tests were
observed using an EVO18 scanning electron microscope (Carl Zeiss,
Oberkochen, Germany) at 10 kV.

3. Results and discussion
3.1. Scarf bonding performance of TPU adhesive film

3.1.1. Scarf bonding joints with different slopes

For the scarf jointed bamboo strips prepared with different slopes,
the hot-melt adhesive film was pre-heated and then quickly cold-pressed
into the designated shape. The adhesive layer was evenly distributed on
the scarf surface to be glued with no (or very little) overflow at the joint
edge.

The tensile strength, stress—strain curves, and typical failure forms of
BS scarf bonding joints prepared with TPU-1 adhesive film are shown in
Fig. 2. As shown in Fig. 2a, the tensile strength of the BS scarf joints
increases 70.94 % (from 109.6 MPa to 187.4 MPa) with decrease in
slope. As shown in Fig. 2b, under tensile loading, the strain at failure and
maximum tensile strength increase with as the slope decreases. When
the scarf jointed specimen is subjected to a tensile load, the tensile stress
of the adhesive joint has a normal stress perpendicular to the bonding
interface and a shear stress parallel to the bonding interface [40]. The
bonding interface of the specimen is destroyed under the combined
action of the two stresses. Since the applied tensile load is parallel to the
central direction of the specimen, there is no torsion and the stress
distribution along the bonding interface is uniform. As shown in Fig. 2c,
the main failure form is in the adhesive layer accompanied by a small
amount of interface failure, while the BS remains undamaged.

To sum up, within the range set in the experiment, the scarf jointed
BS prepared with a slope of 1/32 show the best tensile strength. A
decrease in the slope of the bonding surface increases the bonding area
and thus the bonding strength. We used a slope of 1/32 in subsequent
tests accordingly.

3.1.2. Scarf bonding performance of TPU with different melting points

Scarf jointed BS with a scarf slope of 1/32 were prepared using TPU
adhesive films with thickness of 0.1 mm and five different melting
points. The tensile strength, stress-strain curves, and tensile failure
modes are shown in Fig. 3. The melting point of TPU adhesive film
significantly influences the tensile strength of the scarf jointed BS: It
decreases first and then increases as the melting point increases. The
maximum tensile strength is 187.4 MPa when the melting point is 75 °C
~ 80 °C and the lowest tensile strength is 79.8 MPa when the melting
point is 95-105 °C. This is because TPU is a linear polymer with a large
number of intermolecular hydrogen bonds. Its relatively low melting
point indicates small molecular weight and low melt viscosity, which are
conducive to the infiltration in bamboo fibers. These properties alto-
gether give TPU a thick bonding transition layer resulting in high
bonding strength, particularly as the melting point continues to
increase.

As shown in Fig. 3b, under tensile loading, the stress and strain of the
scarf jointed specimen prepared with TPU decrease first and then in-
crease as the melting point of the adhesive film increases. The stress and
strain of the scarf bonding joints prepared with TPU-1 adhesive film is
the largest. As shown in Fig. 3¢, the main failure mode of the joint is
cohesive failure of the adhesive layer. Moreover, there was no damage to
the BS in this case. TPU-1 adhesive film shows the lowest melting point
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Fig. 3. Tensile performance of scarf jointed specimens prepared by TPU ad-
hesive films with five different melting points. (a) Tensile strength, (b)
stress-strain curves, and (c) photos of failure forms.

and yields scarf jointed specimens with optimal tensile properties. Thus,
we used TPU-1 adhesive film in all subsequent tests.

3.1.3. Scarf bonding performance of TPU adhesive film with different
thickness

TPU-1 adhesive films with thickness of 0.03 mm, 0.06 mm, 0.10 mm,
0.13 mm, and 0.16 mm were used to produce scarf jointed samples with
a slope of 1/32. The resulting tensile strength, stress—strain curve, and
typical tensile failure form are shown in Fig. 4. The tensile strength of
the scarf jointed specimen increases first and then decreases as the film
thickness increases, but there is no significant difference in strength. The
tensile strength is highest with a 0.06 mm thick adhesive film at 197.9
MPa, which exceeds the average tensile strength of bamboo knots [41].
The minimum tensile strength appears with 0.16 mm thick adhesive
film, at 170.8 MPa.

As shown in Fig. 4b, the stress and strain values firstly increase and
then decrease with the increase of TPU film thickness. This is because
thicker adhesive layers are more prone to shear failure and the damage
forms of adhesive layer failure and interface failure are more obvious.
Considering cost as well as bonding performance, TPU-1 adhesive film
with 0.06 mm thickness is the best choice for preparing high-strength
scarf jointed BS.
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Fig. 4. Tensile performance of scarf jointed specimens prepared by TPU ad-
hesive films with five different thicknesses. (a) Tensile strength, (b) stress—
strain curves, and (c) photos of failure forms.

3.2. Comparison of scarf joint performance among TPU, PUR, and EVA

We next prepared scarf jointed BS with a slope of 1/32 with TPU-1
adhesive film (0.06 mm thickness), PUR, and EVA hot-melt adhesive
to test the respective effects of the adhesives on the tensile strength,
stress-strain curves, and tensile failure mode of the strips. As shown in
Fig. 5a, the tensile strength of the PUR scarf jointed specimen is 180.0
MPa while the adhesive properties of EVA are relatively poor at only
89.3 MPa, which is only 45 % of TPU-1. As shown in Fig. 5b, the
maximum load strains of scarf jointed BS specimens prepared with TPU-
1 and EVA are 9 % and 8 %, respectively, while the maximum load strain
of the PUR specimen is 14 %. Comparing with very few existing relevant
studies (Table 2)[42-44], we have not only realized a faster (within 8 s)
lengthening technique of bamboo-strips, but also the lengthened
bamboo-strips have the optimal tensile strength (198 MPa).

In addition, because EVA has good resilience, the tensile stress strain
curve of EVA bonded scarf joints differs from those of TPU-1 and PUR
(Fig. 5b). When the EVA scarf jointed test piece was damaged by the
maximum tensile load, the adhesive layer showed cohesive failure but
was not completely broken. We found a certain amount of elongated
filiform adhesive layer bonded to the scarf jointed surface, which makes
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Fig. 5. Tensile performance of scarf jointed specimens prepared with different
hot melt adhesives. (a) Tensile strength and (b) stress—strain curves and photos
of failure forms.

Table 2
Comparison of other relevant researches on the scarf joint technology.
Material Adhensive type  Processing Pressing technology Tensile
technology Time/ Pressure/  strength
s MPa /MPa

6.5 mm polyurethane Cold 10,800 1.0 106.26 +
Bamboo pressing 7.00
strip
[42]

6.5 mm polyurethane Cold 10,800 1.2 122.85 +
Bamboo pressing 20.56
strip
[42]

6.5 mm polyurethane Cold 10,800 1.5 67.30 +
Bamboo pressing 16.28
strip
[42]

2.0 mm urea 120 °C Hot 360 0.65 38.74 +
Poplar formaldehyde pressing 7.25
veneer resin
[43]

5.0 mm polyvinyl Cold 86,400 0.5 84.28 +
Birch acetate pressing 10.37
veneer
[44]

This TPU-1 Cold 8 0.15 197.91
work pressing + 3.39

This PUR Cold 8 0.15 180.07
work pressing + 4.59

This EVA Cold 8 0.15 89.32 +
work pressing 5.87

the stress strain curve drop slowly though the damaged test piece retains
some residual strength.

The maximum tensile strength of the TPU-1 scarf jointed specimen is
mainly attributable to the uniform, thin adhesive layer at the joint
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interface creating a tight seal at the surface (Fig. 6a). These joints were
subjected to uniform, longitudinal shear stress. PUR and EVA are too
viscous to be coated into such a layer on the inclined grinding surface of
BS.

The adhesive layer thickness of PUR and EVA is about 0.089 mm and
0.081 mm respectively, which are thicker than TPU-1. As shown in
Fig. 6a, the uneven thicknesses of the adhesive layers give the BS
specimens inconsistent bonding tightness. There are air holes in the
adhesive layers of PUR and EVA as well (Fig. 6a), which ultimately
create uneven longitudinal shear stress and reduce bonding strength. As
shown in Fig. 6b, the fracture mode of the adhesive layer of the TPU
bonded joint is dominated by brittle fracture behavior. By contrast, the
silver texture of the residual adhesive layer surface of EVA bonded joints
indicates ductile fracture. PUR bonded joints demonstrate a quasi-brittle
fracture behavior. This result is consistent with the stress-strain curves
(Fig. 5b).

In conclusion, the smaller molecular weight and uniformity of the
TPU-1 adhesive film with low melt viscosity yields wetting and perme-
ability in BS fabrication, resulting in excellent bonding strength. The
reactive PUR adhesive contains chemically active polar groups that can
react with moisture in the air; moisture and active hydroxyl (-OH)
groups on the BS surface cause crosslinking in PUR. This irreversible,
strong, non-covalent interaction yields high bonding strength. EVA hot-
melt adhesive has certain flexibility but relatively low strength, allowing
only physical adhesion with the inclined grinding surface of BS and
resulting in poor tensile properties.

3.3. Damp-heat aging property of scarf bonding joints

The damp-heat aging properties of BS scarf jointed with the three
hot-melt adhesives were tested via 10 240-h damp-heat aging cycles. As
shown in Fig. 7a, the tensile strength of the TPU-1 scarf jointed specimen
decreases gradually after the treatment. At 240 h, the tensile strength of
the specimen decreases to 88.7 MPa, which is 55 % lower than the initial
value. The TPU-1 adhesive film with uniform thickness created tight
bonding in the joint between the two BS. Nevertheless, the adhesive
layer of TPU-1 adhesive gradually stripped and damaged under the dual
action of humidity and temperature field (Fig. 7b). This may be due to
mechanical interlocking and non-covalent interaction as the main
bonding mechanisms of TPU adhesive.

After damp-heat aging treatment, the tensile strength of PUR scarf
jointed BS gradually decreased from 180 MPa to 155 MPa in the first
three cycles, then increased slightly. The tensile strength of the specimen
aged for 240 h (10 cycles) is 156.6 MPa, only 13 % lower than the initial
value. This is mainly because after a long period of damp-heat cycling
treatment with high and low temperatures, the -NCO of the PUR fully
reacted with the ambient moisture and surface -OH of BS to form a
tightly cross-linked network. However, the thermal expansion and cold
contraction of the adhesive layer and BS caused a certain degree of
failure of the crosslinked network and physical adhesive nails, which
reduced the overall tensile property though high tensile strength was
retained.

After the damp-heat aging treatment, the tensile strength of scarf
bonding joints prepared with EVA hot-melt adhesive decreased sharply
from the initial value 89.3 MPa to 20.5 MPa in the first cycle with only
3.5 MPa remaining after 240 h. On the one hand, the bonding strength of
EVA hot melt adhesive and BS is low, which easily leads to the
destruction of adhesive layer during the damp-heat aging treatment. On
the other hand, the molecular structure of EVA hot melt adhesive is
dominated by non-polar structure, which does not form covalent
crosslinking with BS, resulting in the failure of bonding under the action
of heat and humidity.

3.4. Secondary repeated bonding performance

After 240 h of damp-heat aging treatment, the broken scarf bonding
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Fig. 6. SEM micrographs of scarf bonding joints. (a) Longitudinal sections of bonding interface and (b) the surfaces of residual adhesive layers after tensile failure.

joints of BS were remade by heating and melting the residual adhesive
layer and cold-pressing. After this secondary repeated bonding, the
tensile strength of scarf bonding joint specimens with TPU-1 and EVA
increased by 13 % and 36 % of the initial values, respectively, to 223.8
MPa and 121.6 MPa (Fig. 8). This is mainly because TPU and EVA hot-
melt adhesives have the thermal plasticity of linear polymer materials,
resulting in excellent repeated bonding performance. In addition, the
pores of the BS become larger after damp-heat aging, which increases
the permeability of the adhesive layer during secondary repeated
(repair) bonding under pressure. Therefore, the secondary bonding
strength of TPU and EVA is higher than the primary bonding strength.
However, the tensile strength of PUR scarf jointed specimens after 240 h
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damp-heat aging and twice-repeated bonding decreases by 16 %, mainly
because the melting point of reactive PUR adhesive increases and the
active group decreases after the first melting, which drives down the
bonding properties and tensile strength of the specimen.

4. Conclusion

We realized the rapid (within 8 s) and high-strength (198 MPa)
lengthening of scarf jointed BS with repeatable bonding and damp-heat
resistant characteristics in this study. The results may provide technical
support for the mechanized, continuous weaving of bamboo units into
high-strength reinforcement materials, as well as the continuous
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Fig. 7. Comparison of tensile performance of specimens with different hot melt adhesive by damp-heat aging treatment. (a) Tensile strength and (b) photos of

failure forms.

Fig. 8. Comparison of tensile strength of specimens with different hot melt
adhesive by first and secondary repeated bonding.

manufacturing of large-area bamboo matrix composites.

(1) The scarf jointed BS prepared with TPU adhesive film at a slope of
1/32 and 0.06 mm thickness shows a maximum tensile strength of 198
MPa, which exceeds the average tensile strength of BS with nodes. The
scarf jointed slope, melting point, and thickness of adhesive film
significantly affect the tensile properties of the resulting jointed strips. A
smaller slope indicates a larger bonding area. A thinner adhesive layer
and a lower melting point of adhesive film enhanced the bonding
properties and tensile strength.

(2) Comparing with TPU adhesive film, scarf jointed BS prepared
with wet reactive PUR and EVA hot-melt adhesives show poor adhesive
layer uniformity and require excessive amounts of adhesive that are
likely to overflow at the edge. Therefore, the tensile properties of the
specimens were found to be lower than those with the TPU film as well.
Due to the moisture curing property of PUR, its scarf jointed specimens
show excellent damp-heat aging resistance but poor secondary repeated
bonding performance. In contrast, the thermoplastic TPU adhesive film
has the highest bonding strength, its scarf jointed specimens have the
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best comprehensive performance of damp-heat aging resistance and
secondary repeated bonding properties.
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ARTICLE INFO ABSTRACT

Keywords: Fast-growing poplar wood was modified by using 1,3-dihydroxymethyl-4,5-dihydroxyethylideneurea (DM) and

WOOd. mofiiﬁfaﬁOH alkaline lignin (AL) to improve its mechanical properties and decay resistance. AL was first used in combination

fgaéflzej‘g“m it with DM for wood impregnation modification. The weight percent gain, dimensional stability, mechanical
»,o-dihydroxymethyl-4, : : : : :

il ooyt lidenEures properties, decay resistance and microcosmic changes of all wood samples were evaluated systematically. The

results indicated that the maximum weight percent gain and anti-swelling efficiency of poplar wood after
modification with DM-AL reached 46.2 % and 52 %, respectively. Compared with the unmodified samples, the
bending strength, modulus of elasticity and hardness of the wood samples modified with DM=AL increased by 40
% — 60 %. Notably, the impact strength of samples modified with DM-AL was 18-26 % higher than that of
samples modified with DM only, which may be due to the fact that the AL macromolecules slowed down the
infiltration of DM-AL into the wood cell walls. The decay resistance of optimal modified samples against the
decay fungus was improved by ~80 % compared with unmodified sample. Furthermore, scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS) confirmed that DM-AL modifiers impregnated into wood
cell lumens. Fourier transform infrared spectroscopy (FTIR) demonstrated that the DM resin crosslinked with
wood cell walls and AL macromolecules. In general, this study provides a facile, low-cost and green method to
improve the comprehensive performance of fast-growing poplar, including mechanical properties and decay
resistance.

Mechanical properties
Decay resistance

1. Introduction large yield, and short harvesting period, and are an important substitute

for natural forest resources{3,4]. The utilization of fast-growing wood

Because of its advantages of beautiful appearance, easy processing,
high strength ratio, wood is one of the most important natural renewable
materials and has been widely used in construction, furniture and
decoration{,2]. However, the existing natural forest resources cannot
meet the growing demand for wood utilization, and large-scale logging
of natural forests can also cause harm to the ecological environment.
Artificial fast-growing forests have the advantages of fast-growth rate,

can meet the increasing needs of wood and is a meaningful way to
protect natural resources, which has attracted great attention{5,5].
Chemical modification is an effective method to improve the me-
chanical properties, dimensional stability, flame retardancy, decay and
mildew resistance, and aging resistance of fast-growing wood{7}.
Among the chemical modification techniques, resin impregnation is a
high-efficiency, low cost and simple way to increase the multifaceted
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Table 1

Experimental formulation of impregnated resin.
Samples Alkaline lignin (wt.%) DM resins (wt.%) MgCl, (wt.%)
Ctrl / / /
MgCl, / / 1.5
12 %AL 12 / 1.5
30 %DM / 30 1.5
8 %AL + 30 %DM 8 30 1.5
12 %AL + 30 %DM 12 30 1.5
16 %AL + 30 %DM 16 30 1.5

properties of wood[8,9]. The most common methods of chemical
modification are thermosetting resin treatment[10], acetylation treat-
ment[11], furfurylation treatment[12], nano compound treatment[13],
nitrogen hydroxymethyl compound treatment[14], etc. Recently, re-
searchers have explored a method to improve the dimensional stability
by using Glycerol-maleic anhydride (GMA)-thermal treatment[15].
Also, Resa[16] et al. found that furfurylation treatment had a significant
improvement in dimensional stability and durability of short rotation
teak wood. The most commonly used in nitrogen hydroxymethyl com-
pound treatment is 1,3-dihydroxymethyl-4,5-dihydroxyethylideneurea
(DM), which can enter into the cell walls and polymerize under acidic
catalysts at elevated temperatures, is a promising resin for wood
modification[17]. The DM modified wood shows excellent properties for
dimensional stability, decay resistance, aging resistance[18]. Mariusz
[19] studied the physical and mechanical performance of DM modified
oil palm (Elaeis guineensis Jacq.) and found that the density of the
modified wood increased by 45 %, while the water absorption and
thickness swelling reduced, and the bending strength and modulus of
elasticity were significantly improved. Furthermore, Emmerich[20]
found that the anti-fungal efficacy and biological durability of wood
were considerably improved by DM modification. However, DM modi-
fied wood suffers from part of poor mechanical properties. Bollmus[21]
and Xie[22] reported that the DM modification could reduce the
bending strength and impact strength of modified wood. Therefore, it is
necessary to develop a new method to simultaneously improve the
mechanical and anti-decay properties of DM modified wood.

Lignin, as a natural binder, keeps the cellulose fibers tightly linked to
each other in wood cells. Previous studies have found that lignin can not
only increases the impact resistance, compressive strength and bending
strength of wood, but also prevent the wood cell from some photo-aging
or biological reactions[23-25]. Herein, based on the natural wood bi-
onic principle and inspired by the role of lignin in wood structure, a
combined treatment using DM resins and alkaline lignin (AL), were
impregnated into wood along with catalyst MgCly. After modification,
the dimensional stability, mechanical properties and decay resistance of
fast-growing poplar were systematically evaluated and analyzed. The
improvement of mechanical and anti-decay properties of modified wood
was attributed to the modification of cell wall and filling of cell cavity by
DM-AL modifiers, as well as the partial chemical cross-linking of DM
resins and AL. The purpose of this research is to build up a non-
hazardous and inexpensive modification technology throughout the
process, and to provide new ideas for wood modification and utilization
of lignin biomass resources.

2. Experiment
2.1. Materials

Poplar was bought from Aozhuo Wood Co., Ltd. in Dongguan City,
Guangdong Province, wooden size 2m x 170 mm x 20 mm (L x T x R),
the density of wood used for impregnation was about 0.45 g/cm?, stored
in a cool dry place for ventilation until the moisture content is about 12
%. Prior to impregnation, the wood was cut into 20 mm x 20 mm x 20
mm for physical properties tests, 180 mm x 10 mm x 10 mm for
bending strength and modulus of elasticity (MOE) tests, 50 mm x 50
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mm x 20 mm for hardness test, 300 mm x 20 mm x 20 mm for impact
strength test and 30 mm x 20 mm x 20 mm (L x T x R) for compression
strength test, respectively, and then oven dried at 103 °C, weighed and
noted mass. DMDHEU (DM) resins with the boiling point of 621.4 °C, the
molecular weight of 178, and solid content of 55 %, respectively, was
obtained from Lanxiang Resin Co., Ltd. in Zhongshan City, Guangdong
Province. Alkaline lignin (AL) contained sulfonate groups, soluble in
water, black powder, the molecular weight of about Mn:1595, PD:1.03,
analytical grade, was supplied by TCI Co., Ltd. MgCl,-6H>0 of analytical
grade, purity of 98 %, was purchased from Zeshen Co., Ltd. in Anhui
Province.

2.2. Impregnation of wood

According to previous literatures, MgCl, was used as catalyst for DM
resin.[17,19,20,26]. Considering the wood weight gain effect results of
the pre-experiment, DM resins concentration and catalyst MgCl, con-
centration were chosen to be 30 wt%, 1.5 wt%, respectively. In condi-
tion, the concentrations of sulfonate alkaline lignin were 8, 12, 16 wt%
in this study. The specific impregnation formula was presented in
Tablel.

To avoid the acidic MgCl, influence the penetration of AL into the
wood, a two-step impregnation was adopted to prepare the AL and DM
treated wood samples. The aqueous DM-AL solutions of impregnation
with different AL concentrations were prepared by the addition of AL
and deionized water into the DM resins solutions (Table 1). The wood
samples were impregnated fully in a vacuum of —0.01 MPa for 30 min
and then held by 0.5 MPa of pressure for 2 h. After the samples were full
of impregnation solutions to the saturated state, air-dry them in a cool
and ventilated condition for 24 h, and then heat wood samples in an
oven at 103 °C until completely dry. In the second treatment, the
impregnated wood was immersed by 1.5 % MgCl, solutions, following
the same condition of the first impregnation, then put into an oven to
accomplish polymerization at the environment temperature of 60 °C for
2 h, and 103 °C for 12 h (Scheme 1). In order to ensure the accuracy of
the experiment, all the treated wood samples in this paper were washed
with water to remove the physically adsorbed AL and DM resin from the
surface after the curing of DM resin. The samples were measured to gain
the dimensional and mechanical data after cooling to room temperature.

2.3. Characterization

2.3.1. Viscosity of the impregnating solution

The viscosity of the impregnating solutions was determined by
modular smart advanced rheometer (MCR502 Shanghai Anton Paar Co.,
1td). The viscosity of the impregnating solutions was measured using the
rheometer, where the shear rate ranged from 0.1 to 100 s™! in in-
crements of 10 s~1. The test was repeated three times for each sample of
the same mass and the average value was obtained.

2.3.2. Physical properties

The physical properties of all impregnated samples were tested ac-
cording to the national standards of GB/T 1927.2-2021[27] and GB/T
1927.5-2021[28]. The weight percent gain (WPG) was calculated by
equation (1). The oven-dry density of the wood samples tested for
physical properties had been controlled around at 0.4 g/cm® (Green
density:0.45 g/cm®) before the impregnation. The oven-dry density of
all modified samples was tested after the impregnation. The dimensional
stability of wood samples was characterized by the anti-swelling effi-
ciency (ASE). The leaching ratio (LR) was measured by submerging the
modified and unmodified wood with deionized water in beaker and
pressed with a heavy object to ensure complete submersion, which were
changed water daily for 10 days, weighted the mass and recorded the
size after oven-drying and under water absorption maximum. The
measured samples were 20 mm x 20 mm x 20 mm (L x T x R) provided
with 12 parallel replicates in each group. ASE and LR were calculated



Y. Peng et al.

Construction and Building Materials 368 (2023) 130354

Scheme 1. The schematic diagram of DM-AL impregnation modified wood.

Fig. 1. The viscosity of impregnating solutions (a); the oven-dry density and WPG (b); LR (c) and ASE (d) of wood samples modified with chemicals at different

concentrations.

according to equation (2) and (3).

W, — W
WPG(%) = % x 100
1

@

Where W; is the oven-dry mass before impregnation and W, is the
oven-dry mass after impregnation.

S¢S,

ASE(%) =5
C

(2)

Where S¢ is the swelling expansion of unmodified wood and S, is the
volume swelling of modified wood.

W, —Ws
—=

2

LR(%) = 100 3)

Where W, is the oven-dry mass after impregnation and Ws is the
oven-dry mass after leaching.
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2.3.3. Morphological analyses

The distribution of modification chemicals and elemental analysis in
wood were observed by scanning electron microscopy-Energy dispersive
spectroscopy (ZEISS EVO18 Beijing Presix Instrument Co., Ltd.). The
cross section and radial section of the surfaces of the test samples were
sliced with a SEM slicing knife. The sliced samples were stick to
aluminum stubs and then oven-dry at 60 °C overnight. Prior to SEM-EDS
analysis, the samples were sputter coated with a layer of gold. Un-
modified samples and samples modified with 12 %AL, 30 %DM, and 12
%AL + 30 %DM were analyzed.

2.3.4. Mechanical properties

Bending strength and Modulus of elasticity (MOE) of modification
wood were tested by CMT-1000 universal mechanical testing machine.
The sawn wood was 180 mm x 10 mm x 10 mm (L x T x R), tested in a
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Fig. 2. The micrographs of the cross sections of the unmodified wood samples (a;) and the impregnated modified wood samples (b, 3, d1), the micrographs and EDS
of radical section of the unmodified (a,, a3) and the impregnated modified wood samples (b, bs, ¢z, c3, da, d3).

three-point bending model with a span of 150 mm, and the loading
speed was 6 mm/min. Compression strength was determined in accor-
dance with the standard GB/T 1927.12-2021[29]. The sample di-
mensions were 30 mm x 20 mm x 20 mm (L x T x R). The loading
speed was 2 mm/min. Hardness was measured in accordance with the
standard GB/T 1927.19-2021[30]. Impact strength was measured using
pendulum type wood impact testing machine (MJB-100, Jinan, China)
according to the standard GB/T 1927.17-2021[31], and the sample
dimensions were 300 mm x 20 mm x 20 mm (L x T x R). All samples to
be tested were subjected to leaching treatment and conditioned to
constant weight at a relative humidity of 65 % =+ 5 % and temperature of
20 °C + 2 °C. Each set of formulations for each mechanical experiment
contained 15 replicate specimens.

2.3.5. Fourier-transform infrared test

The Fourier-transform infrared (FTIR) spectra of unmodified samples
and samples modified with 12 %AL + 30 %DM wood powder (100-120
mesh), ingredient of AL and DM resins, and cured DM with AL, were
recorded in KBr pellets at a resolution of 4 cm™* with 32 scans and a
scanning range of 400-4000 cm ' (PerkinElmer Spectrum 100
INFRARED spectrometer).

2.3.6. Decay test

The wood decay resistance test was revised and conducted according
to the national standards of GB/T 13942.1-2009(32], using white-rot
fungus, Phanerochaete chrysosporium and brown-rot fungus, Monilinia
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laxa (Aderh. & Ruhland) Honey, which were purchased from Beijing
Beina Biotechnology Co., ltd. Fresh colonies of the two fungi were grown
in PDA (potato dextrose agar) solid medium in a growing chamber at 25

+ 2 °C and 65 + 5 % relative humidity for 10 days. The testing wood
samples were sawn 10 mm x 10 mm x 5 mm, and the unfixed resins on
the surface was washed off before the anti-fungal test experiment. Then
wood samples were measured oven-dry mass and autoclaved (121 °C,
30 min). The wood samples (the unmodified samples and modified
samples with 30 %DM, 12 %AL, 8 %AL + 30 %DM, 12 %AL + 30 %DM,
and 16 %AL + 30 %DM) were placed on the surface of the petri dishes
full of mycelium under the aseptic condition then incubated at 25 °C for
30 days. 36 replicates were arranged of one formula for each decay
fungus. After 30 days of decay experiments, the surface of the wood
samples was scraped clean of mycelium and oven-dried at 103 °C,
recording the mass of decay tested wood. The extent of the fungus attack
was measured based on the percentage of mass loss. The mass loss rate
(Eq. (4)) is as follows:

W4—W5
— X

4

100

Massloss(%) : 4

Where W, is the oven-dry mass after impregnation and Ws is the
oven-dry mass after 30 days of decay experiment.
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Fig. 3. Bending strength (a) and MOE (b) of the unmodified and the impregnated modified wood samples.

3. Results and discussion
3.1. Physical properties

The viscosity of impregnating solutions is given in Fig. 1a. The vis-
cosity of both AL and DM solutions alone was quiet low. And the vis-
cosity was gradually increased with the increase of AL content in the
mixed AL + DM impregnating solution, the viscosity of 16 %AL + 30 %
DM was 33 mPa s, which was still a high fluidity liquid. The WPG and
density of treated wood are shown in Fig. 1b, it was found that the
higher the WPG of the treated wood, the higher the density. The WPG of
wood samples impregnated with 12 %AL was 20.4 %, while the wood
samples with 30 %DM resins reached 46.3 %, indicating both the AL and
DM resins can be impregnated into wood effectively. The lower WPG of
12 %AL than that of 30 %DM should be ascribed to the larger molecular
weight, the more heterogeneous and complicated structure of AL
(Mn:1595, PD:1.03) compared with DM resins[33]. Compared with AL,
the molecular weight of DM resins was only 178, which could diffuse
into the wood and deposit in the wood cell cavities and interstices more
easily, and some DM resins can immerse into the wood cell and react
with the hydroxyl groups on the wood cell walls[34,35]. For the samples
with both AL and DM resin, the WPG of wood samples increased with the
AL concentration increasing from 8 % to 12 %, indicating that AL could
enter into the wood in the presence of DM resin, and the WPG of 12 %AL
+ 30 %DM was slightly lower than that of 30 %DM treatment alone.
Moreover, the reduction in WPG of 16 %AL + 30 %DM should be
attributed to the higher content of AL being more likely to pre-
polymerize with DM resin, resulting to an increase in molecular
weight, which further leads to a higher viscosity of the impregnating
solution, making it more difficult to penetrate into the wood and ulti-
mately resulting in a lower WPG than the group treated with DM resin
alone[36,37].

As shown in Fig. 1c, the LR of modified wood samples was in the
range of 12-30 %, and the LR of 12 %AL + 30 %DM was slightly lower
than 12 %AL individual treatment, suggesting that DM resins could
improve the retention rate of AL. Moreover, the dimensional stability of
wood samples was characterized by the ASE. As shown in Fig. 1d, the
ASE of only MgCl, modified wood samples was less than 0, indicating
that MgCl, had a negative effect on the dimensional stability of the wood
due to its acidity. In contrast, higher ASE of the modified wood were
obtained after DM, AL and DM-AL treatment, demonstrated that both AL
and DM resins had a positive influence on the dimension stability of
wood, causing better water resistance of modified wood. As some AL
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physically bulking the cell lumens of the wood, the absorption of
external water was reduced thereby enhancing the dimensional stability
of the wood. The ASE of 30 %DM was higher than the other samples,
which might be ascribed to the better filling effect of DM in the pores of
wood cell walls due to its smaller molecular weight, and the chemical
cross-linking of DM with the cell wall to form permanent cell wall
swelling and reduce the accessibility of water molecules to the adsorp-
tion sites[38]. Moreover, with the increase of AL content in the
impregnating solution, the ASE value of 12 %AL + 30 %DM was most
pounced in the modified samples, reaching 52 %. The reason might
account for the result that some AL cross-linked with DM resins to form a
network and was fixed in the wood, which increased the swelling degree
of the wood and blocks the moisture channel of the wood[39,40].
Therefore, the AL solution compounded with DM resins can effectively
improve the dimensional stability of modified wood.

3.2. Morphological analyses

Fig. 2 shows the SEM-EDS comparison between unmodified wood
and optimal impregnated modified wood 12 %AL + 30 %DM. As seen in
Fig. 2al and b1, the pits in the wood vessels and the gaps between the
cell lumens in 12 %AL were covered by AL compared to control samples,
and the conduit fillers of 12 %AL contained the characteristic sulfur
element without the nitrogen element, the sulfur element was belonged
to the residual sulfonic acid groups on 12 %AL (Fig. 2b3). It demon-
strated that AL molecules was able to enter the cell lumens of the wood.
From Fig. 2c1, DM resins cured into macromolecules filled with large
vessels in the wood while AL was mainly physically filled. Hence, the
characteristic nitrogen element of DM resins was distributed in and
around the wood vessels in 30 %DM (Fig. 2¢3). In Fig. 2d1, it can be
observed that DM resin and AL of 12 %AL + 30 %DM forming polymer
deposited wood vessels compared to 12 %AL. Combined with the WPG
of 30 %DM above 40 % in Fig. 1b, it was confirmed that DM resins had
good compatibility and cross-linking within the wood structure, and the
introduction of DM resins helped to fix AL in wood better. From the
radical section of the wood (Fig. 2b2), the AL molecules were physically
filled in the wood conduits. As seen in Fig. 2d2, DM resins cross-linked
with AL to form a macromolecular polymer, which was densely filled in
the wood vessels and did not shrink after curing. It can be further
demonstrated that DM and AL were deposited throughout the wood
vessels and cell interstices, and the sulfur element was more uniformly
distributed in the12%AL + 30 %DM compared to the 12 %AL (Fig. 2d3).
Therefore, the modification of wood with both DM resin and AL
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Fig. 4. Hardness (a) and compression strength (b) of the unmodified and the impregnated modified wood samples.

Fig. 5. Impact strength of the unmodified wood and the impregnated modified
wood samples.

contributed to the thickening of the wood cell wall, which could hinder
the entry of water molecules into cell walls and improve the dimensional
stability of wood[41].

3.3. Bending strength and MOE of modified wood

From Fig. 3a can be found that the bending strength of wood

significantly improved with DM-AL modification compared with un-
modified wood samples, which differed from the results of previous
studies on the reduction of bending degree of wood impregnated with
DM resins and catalyst MgCl»[7,35]. The bending strength of modified
wood increased to 72 MPa after 12 %AL individual impregnation and
80.1 MPa for DM resins alone modified wood. When the 12 %AL + 30 %
DM were used, the maximum of bending strength obtained was 90 MPa.
This should be attributed to that the AL could crosslink with DM to form
a rigid network structure, which solidifies in the cell wall lumbers and
making wood stiff reinforcement, resulting in a high WPG of wood
samples and an increase in bending strength[37,42,43]. Moreover,
Fig. 3b shows that the MOE of DM modified wood increased from 5.5 to
7.1 GPa compared with that of control. For samples modified with AL
combined DM, the MOE of modified wood increased first and then
decreased with the increase of AL concentration, and the 12 %AL + 30 %
DM displayed the highest MOE at 8.9 GPa. Because AL could be physi-
cally attached to the wood cell wall, it played the role of dispersing and
transmitting stress to the wood cell, reducing the deformation under the
action of external force and improving the MOE[43,44]. Meanwhile, the
DM resins could be formed a self-condensation reaction, and the DM was
cross-linked with the microfibers in the wood, which hindered the free
movement of the microfibers and improved the stiffness of the wood cell
wall[45].

3.4. Hardness and compression strength

As shown in Fig. 4a, the hardness of DM-AL modified wood samples
were significantly improved. The hardness of DM-AL wood modified was
increased to 3190 N (8 %AL + 30 %DM), 3742 N (12 %AL + 30 %DM),
and 3660 N (16 %AL + 30 %DM), increased by 36 %, 60 %, and 56 %,
respectively. The compression strength of modified wood after DM-AL

Fig. 6. FTIR spectra of the raw material of DM resins, AL and mixtures of 12 %AL + 30 %DM cured by MgCl,, respectively (a); unmodified wood, wood modified

with 12 %AL + 30 %DM,30 %DM, and 12 %AL, respectively(b).
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Fig. 7. The wood photographs after white-rot and brown-rot decay experiments of wood samples (a), (b).

treatment was significantly improved. Among all modified wood sam-
ples, the compression strength of 12 %AL + 30 %DM reached the highest
108 MPa. However, the compression strength decreased when AL con-
centration exceeded 12 %, which was consistent with the WPG. It can be
explained that the DM-AL modifiers penetrated into the wood vessels,
wood cell lumen, wood cell wall micropores and intercellular interlayer
spaces, and deposited in the porous structure of wood cells after curing.
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Thus, the deformation of wood cell space became smaller when under
pressure, which reduced the relative freedom of microfiber, and finally
increased the compression strength of wood[35]. It was further
demonstrated that DM-AL bound to the cell wall physically or chemi-
cally, thus improving the cell wall strength, and finally increased the
compressive strength of wood.
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Fig. 8. Mass loss of unmodified wood samples and wood samples with DM-AL at different concentrations after white-rot (a) and brown-rot decay test (b).

3.5. Impact strength

Fig. 5 shows that the impact performance of DM modified wood
samples was dramatically decreased compared those of the control
samples. The reduction in impact strength was mainly attributed to the
cross-linking of the wood cell wall components with the DM hydroxyl
groups to form a rigid three-dimensional network[36]. Thus, the relative
slip between cellulose molecular chains was correspondingly reduced,
because the three-dimensional network molecular did not move easily
when wood was subjected to transient impact loading[46]. In addition,
the presence of catalyst MgCl, was likely to have polysaccharides of
wood cell wall hydrolyzed, resulting in the decline of impact strength.
As compared with DM modified wood, with the introduction of AL, the
impact strength of 12 %AL + 30 %DM was increased to 45 KJ/m?, 16 %
AL + 30 %DM reached 48 KJ/m?, which may be due to the fact that the
crosslinking of AL and DM reduced the crosslinking between DM and
cells, preserving the relative slip of the molecular fiber chain[47]. The
above results confirmed that AL had a positive effect on the impact
strength loss of fast-growing wood caused by DM modification.

3.6. Fourier transform infrared spectroscopy

Fig. 6a presents FTIR spectra of the of DM resins, AL and AL + DM
cured with MgCly. It can be observed that in the spectrum of DM + AL,
when compared with the spectra of AL, the original absorption band of
lignin at 1502 cm™! was disappeared, and the characteristic band at
1474 cm™! was significantly enhanced, which was caused by the reac-
tion between DM and AL, the influence of nitrogen hydroxyl methyl
group and the introduction of amide group[37,48]. The absorption band
of methoxy group (-OCH3) at 1003 cm ! also widened with the increase
of methoxy content in AL. As shown in Fig. 6b, the band intensity at
1600 cm ™! was the characteristic absorption band of lignin. The vibra-
tion absorption band of 12 %AL was stronger than that of control
samples, indicating that lignin content in wood increases[44]. However,
the band intensity of 12 %AL + 30 %DM sample was weakened due to
the reaction between DM and AL or lignin in wood [22,49]. Similarly,
the absorption band on the spectrum of the 12 %AL were 1513 em?,
which was covered and shifted to 1467 cm ™! after treatment with DM.
Moreover, compared with unmodified wood, the C—O absorption band
of 12 %AL + 30 %DM was enhanced and shifted from 1731 cm™! to
1708 cm™}, because the O—=CN bond shifted after impregnating wood
with DM resins[42]. Furthermore, the characteristic absorption band of
C—0—C shifted from 1049 cm™! to 1034 cm™}, indicating that wood
cells cross-linked with DM resins or DM resins self-polymerized to form
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an ether bond[37]. More importantly, the methylene characteristic
bands of 12 %AL + 30 %DM were found at 772 cm~! and 818 crn_l,
suggesting the AL, DM and wood cells were cross-linked with each other
[50,51]. Therefore, the above results further prove that the successful
chemical crosslinking reaction occurs between DM, AL and some func-
tional groups in wood which can effectively fix DM and AL in wood cells
and improve the physical and mechanical properties of modified wood.

3.7. Decay resistance

Fig. 7 shows the images of unmodified wood and modified wood
samples after 30 days of decay test by white-rot fungus and brown-rot
fungus, respectively. As shown in Fig. 7al, the ctrl sample was clearly
seen to be covered with a large number of mycelia, which suggested that
the ctrl was susceptible to infection by white-rot fungus. In comparison,
it was clearly observed that there was less mycelium on the surfaces of
30 %DM and 12 %AL, displaying a certain anti-decay activity (Fig. 7a2
and a3). The mycelia on the 12 %AL + 30 %DM was almost invisible,
which was notably decreased than that of other samples. It was indi-
cated that the decay resistance of poplar wood was significantly
improved after the 12 %AL + 30 %DM combined treatment (Fig. 7a5).

As shown in Fig. 7b1, the obvious typical brown-rot can be found on
the surface of ctrl sample with browning discoloration and mycelium. It
was illustrated that brown-rot fungus attacked the interior structure of
wood seriously, combined with the mass loss rate of the control group.
Additionally, it was observed after 30 %DM orl2%AL treatment
appeared as a small amount of mycelium and browning of the wood
surface. (Fig. 7b2 and b3). Although the DM-AL modified wood had a
certain mass loss when exposed to brown-rot, it still maintained its
appearance, and no obvious mycelium was observed by naked eye
(Fig. 7b4 — b6). Further determination of the anti-decay effect should be
combined with the mass loss rate and scanning electron microscopy.

Moreover, the mass loss of wood samples were calculated according
to GB/T 1349.2[32]. It was observed that the unmodified wood samples
severely attacked by decay white-rot fungus and brown-rot fungus with
the large mass loss 58 % and 60 % (Fig. 8), respectively, which belonged
to the non-decay resistant grade. Wood samples impregnated with AL
revealed a slight mass loss of 23 % and 20 % (white-rot fungus and
brown-rot fungus), respectively, while DM resins modified samples
showed a lower loss rate of 13 % and 9 %, respectively. For the samples
modified by AL combined with DM resin, 12 %AL + 30 %DM displayed
the lowest mass loss to white-rot fungus and brown-rot fungus at 8 %,
which should be attributed to its high WPG and well crosslinking.
Generally speaking, all modified wood samples achieved decay-resistant
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Fig. 9. The micrographs of the cross sections of the unmodified wood samples (a;) and the impregnated modified wood samples (b1, ¢1, d1), radical section of the
unmodified (az) and the impregnated modified wood samples (b, ¢, do) after white-rot decay.

degrees and above, and the anti-fungal effect of this experimental
treatment scheme against brown-rot was more evident than that against
white-rot from the mass-loss rate. Therefore, the above results
confirmed that the anti-fungal properties of poplar against white-rot and
brown-rot were greatly improved by the modification of DM-AL, which
provided good protection for wood against fungal attack.

Fig. 9 and Fig. 10a;, ap shows the morphologies of the untreated
wood samples after white-rot and brown-rot decay. The wood cell wall
matrixes of untreated wood samples were badly destroyed by fungus and
wood cell vessels were covered with mycelium. Fig. 9b1 and b2 shows a
few myecelia left on the wall and wood matrix slightly destroyed, indi-
cating that the 12 %AL had better decay resistance than the unmodified
wood for white-rot decay. It can be observed that the damages and
compression in wood cell walls due to brown-rot infestation (Fig. 9b1),
indicating the AL itself may have insufficient decay resistance to act as a
sole preservative. However, while for 30 %DM, there were fewest
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mycelia left of cell wall and the structures were still intact (Figs. 9 and
10cl and c2). Hence, the DM modification effectively achieved the good
decay resistance for wood. The most effective treatment (12 %AL + 30 %
DM), which cannot observe visible mycelium in the cross section of the
wood samples and those cell wall structures retained their overall shape.
Therefore, DM-AL endowed the modified wood with excellent decay
resistance, attributed to synergistic effect of DM and AL. Consequently,
the DM-AL modification possessed the more excellent decay resistance
of wood against both the white-rot fungus and brown-rot fungus than
other samples, further proving that modification was more effective
against fungus.

4. Conclusion

The fast-growing poplar wood was modified by the combination of
DM resins and alkaline lignin (AL), with the MgCl, as the catalyst. A two-
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Fig. 10. The micrographs of the cross sections of the unmodified wood samples (a;) and the impregnated modified wood samples (b, c;, d;), radical section of the
unmodified (az) and the impregnated modified wood samples (b, c3, do) after brown-rot decay.

step impregnation was adopted to avoid the acidic MgCl, influence the
penetration of AL into the wood, and the physicochemical properties of
the fast-growing poplar wood was systemically studied. After the
modification by vacuum pressure impregnation and chemical cross-
linking of AL and DM resins, the overall properties of combined treated
wood are substantially improved compared to the control groups,
including the wood treated by AL and DM resins alone. Among them, the
optimal group 12 %AL + 30 %DM displayed high WPG of 42 % and high
ASE of 52 %, showing good dimensional stability. The mechanical
properties of the wood treated by 12 %AL + 30 %DM were also signif-
icantly improved compared to the untreated wood, including 40 % in-
crease in bending strength, 60 % increase in MOE, 60 % increase in
hardness, 90 % increase in compressive resistance. Meanwhile, the AL
macromolecules can effectively reduce the impact strength reduction
caused by DM resin treatment alone. Especially, the decay resistance of
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DM-AL combined modified wood has also been greatly improved, which
was attributed to the synergistic effect of DM and AL. This work provides
a simple, low-cost, green approach to poplar wood modification and
efficient utilization of lignin.
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Ultrastrong and Thermo-Remoldable Lignin-Based
Polyurethane Foam Insulation with Active-Passive Fire

Resistance

Lichao Sun, Yujia Guo, Rongxian Ou, Jingwen Xu, Fei Gao, Qingzhi Meng, Sili Chen,

Chuigen Guo, Qi Fan,* and Qingwen Wang

Foam thermal insulators are indispensable for prevailing energy-saving
engineering, however their widespread use brings intractability such as
unsustainability, “white pollution”, and fire hazards. The emergence of
bio-based foams is highly appreciated, but the fabrication approaches are
economically unattractive and/or the product properties are inferior, making
their large-scale implementation unviable. Herein, a versatile, thermally
remoldable phosphate-containing polyurethane composite foam (LPU-G) is
constructed from natural lignin and expanded graphite flakes via an
atmospheric pressure and scalable one-pot strategy. The optimal LPU-G
exhibits exceptional mechanical strength, capable of supporting over 6000
times its weight without significant deformation. Moreover, the LPU-G
demonstrates the desired multifunctionality in handling extreme
circumstances, including humidity-tolerant thermal insulation, superb water

1. Introduction

Maintaining comfortable temperatures in-
side buildings consumes =32% of the
world’s energy annually,") making insu-
lation materials such as polymer foams
highly coveted for improving the energy ef-
ficiency of buildings.[?! Polyurethane (PU)
foam, with a global annual production
of ~400 million cubic meters, stands out
for its exceptional adaptability to a wide
range of practical scenarios.’] However,
the intractability of PU foams has be-
come a growing concern.[?**l Currently, al-
most all PU foam materials are disposed
of in landfills or incinerated after their

vapor barrier, and withstanding ~1200 °C flame without ignition. Based on
the “expansion-conductivity” micro-mechanism, LPU-G is the first foam
material to be constructed as a sensitive fire alarm system with an ultra-long
alarm time (>1800 s). Surprisingly, LPU-G can be rapidly upcycled into
recyclable bulk composites for a second life through simple thermo-molding
processes rooted in the multi-dynamic behavior of the phosphate, carbamate,
and hydrogen bonds. The easy-to-scale LPU-G represents a new generation of
thermal insulators that address concerns regarding unsustainability, high

cost, fire risk, and inferior mechanical properties.

L. Sun, Y. Guo, R. Ou, J. Xu, F. Gao, Q. Meng, S. Chen, C. Guo, Q. Fan,
Q. Wang

Key Laboratory for Biobased Materials and Energy of Ministry of
Education

College of Materials and Energy

South China Agricultural University

Guangzhou 510642, China

E-mail: fanqi2021@scau.edu.cn

R.Ou, F. Gao, C.Guo, Q. Fan, Q. Wang

Institute of Biomass Engineering

Key Laboratory of Energy Plants Resource and Utilization

Ministry of Agriculture and Rural Affairs

South China Agricultural University

Guangzhou 510642, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202405424

DOI: 10.1002/adfm.202405424

Adv. Funct. Mater. 2024, 2405424

2405424 (1 of 14)

intended use, resulting in an unaccept-
able ecological impact.l’! Additionally, fire
safety concerns arise from the highly com-
bustible nature of conventional petroleum-
based PU foams.l®) Henceforth, there is
an urgent need to develop a novel re-
newable and/or recyclable non-lammable
PU foam materials that possess intelli-
gent fire alarm response capabilities to
promote sustainability on a large scale.

To enhance the sustainability of the
polymer foam industry, it is imperative
to develop naturally sourced components
as alternatives to petroleum-based ones.
Numerous bio-based polyols derived from vegetable oils, carbo-
hydrates, proteins or lignin have been partially substituted for
petrochemical polyols in conjunction with fossil-based polyiso-
cyanates for the development of PU foam materials.’! In par-
ticular, lignin as the most abundant natural polyphenolic poly-
mer on Earth possesses a multitude of captivating characteris-
tics such as high stiffness, elevated carbon content, and excel-
lent water resistance.l®l These properties serve to counterbal-
ance the weak mechanical properties, flammability, and moisture
susceptibility limitations associated with PU foams.[*°l How-
ever, the conventional approach to synthesizing lignin-based
polyols typically involves high-pressure catalytic depolymeriza-
tion, limited lignin loading levels, and time-consuming modi-
fication steps, which significantly impedes the advancement of
lignin-derived PU foams.*°! Therefore, there is a strong de-
mand for a facile one-pot process to generate high-performance

© 2024 Wiley-VCH GmbH
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lignin-based polyols. Additionally, the extensive utilization of
fossil-based polyisocyanates inevitably contributes to the sub-
stantial carbon footprint associated with the final PU foams.

Upcycling the post-consumer polymer into higher value prod-
ucts presents an additional sustainable solution to mitigate
the carbon footprint.''l The economic and environmental ap-
peal of thermomechanical remodeling for upcycling surpasses
that of chemical upcycling.['?) However, the presence of per-
manently crosslinked networks in thermosetting PU foams sig-
nificantly hampers their practical recyclability through melting
processes.l*13] The incorporation of covalent adaptable networks
(CAN ) represents a promising strategy for creating malleable
thermosets that can be reconfigured, reprocessed, or reshaped via
exchange reaction-induced network topology rearrangement un-
der external stimuli like heat, pH, or UV light."*] Several CANs
types for PU have been reported in recent literature, including
urea bonds,*®! thiourethane bonds,'® hydroxyl-carbamate ex-
change reactions,’] and disulfide bonds.!'®! Nevertheless, scant
evidence regarding CANs for PU foams or bio-based PU foams
can be found in previous reports despite more than two-thirds of
commercial PU products being manufactured as foams.

Polymeric networks containing phosphate triesters allow en-
able topological rearrangement through dynamic transesterifica-
tion, a well-recognized process for ribonucleic acid modification
and cleavage.[*) Moreover, phosphate esters polyols have the po-
tential to serve as environmentally friendly flame retardants.2]
Therefore, designing a one-pot strategy for the preparation
of lignin-based phosphonate polyols holds great promise for
the production of cost-effective, upcyclable, and flame-retardant
lignin-derived PU foams. However, achieving complete non-
flammability in PU foams by relying solely on the intrinsic flame-
retardant structures poses a significant challenge due to their in-
herent high porosity.(2!]

Constructing foam materials with early fire alarm response
is another promising approach to prevent fire disasters by
allowing more time for evacuation before the fire becomes
uncontrollable.[?”] Recently, various fire alarm systems (FAS)
have emerged based on different alarming mechanisms, such
as resistance transition, > thermal-electric conversion,?*l and
shape/phase change.l! Among these, the resistance transition
strategy is favored for its reliability and ease of implementation.
Nevertheless, the currently prevalent fire-warning materials have
numerous limitations, like inadequate alarm duration and lack of
fire-resistant feature.[22+2%1 Additionally, developing highly sen-
sitive, long-term fire-warning and fire-resistant FAS based on
foam materials through resistance transition strategy presents
two formidable challenges: i) achieving a rapid decrease in elec-
trical resistance when exposed to flames is hindered by the intri-
cate porous network structure of foams;!?2*#26] and ii) incorporat-
ing high amounts of flame-retardant fillers disrupts the foam’s
porous network structure and significantly compromises its me-
chanical properties.!®]

To address the aforementioned predicament, we proposed
a cost-effective and scalable one-pot approach for fabricating
mechanically robust, non-lammable, and thermally remoldable
lignin phosphate-based polyurethane/expanded graphite (LPU-
G) foams, which represent a new generation of thermally in-
sulating materials providing exceptional active-passive fireproof-
ing performance for energy-efficient engineering. The present
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work demonstrates a significant departure from the conven-
tional lignin-based polyol, as we successfully prepared lignin-
phosphonate polyols (LPOHs) employing a highly efficient disso-
lution system of lignin/ethylene glycol under atmospheric pres-
sure conditions (Figure 1a). The novel LPU-G foam can be fab-
ricated via a straightforward room temperature foaming pro-
cess, eliminating the need for extra petro-polyols. Compared to
commercially available petroleum-based PU foams, the obtained
LPU-G foam exhibits exceptional mechanical properties, favor-
able humidity-tolerant thermal insulation, as well as superb wa-
ter vapor barrier. Owing to its dynamic dual-phase flame retar-
dant behavior, the LPU-G foam demonstrates non-flammable
properties even when exposed to a fire attack at #1200 °C. In ad-
dition, based on the unique “expansion-conduction” behavior of
LPU-G foam, we have successfully constructed a highly sensitive
foam-based FAS with an unprecedented long fire warning time
(>1800 s). Particularly, the thermally induced multi-dynamic be-
havior consisting of the phosphate and carbamate, along with the
rearrangement of hydrogen bonds, facilitate the rapid upcycling
of LPU-G foams into recyclable bulk composites through a sim-
ple thermo-molding process.

2. Results and Discussion

2.1. Fabrication Principles of LPU-G Foams

The LPU-G foam was obtained by the proposed cost-effective
and easily scalable one-pot process under atmospheric pressure
(Figure 1a), which eliminates the low-sustainability problems of
high-pressure catalytic depolymerization and time-consuming
multi-step modifications associated with the traditional lignin-
based PU foam synthesis. Initially, a high lignin loading was
achieved by exploiting ethylene glycol which has high solubil-
ity for lignin, as demonstrated in our previous work.l¥ Subse-
quently, the lignin/ethylene glycol solution system was directly
employed to synthesize LPOHs through phosphorus pentoxide
incorporation. Low viscosity and economically attractive ethy-
lene glycol has a high boiling point and can dissolve more than
35 wt.% of lignin, allowing for atmospheric pressure synthesis
and highly tunable rheological properties of LPOHs (Figure S1,
Supporting Information). Following that, melamine was intro-
duced as a salt-forming reagent in order to neutralize the gen-
erated protons, thereby enhancing the system’s reactivity toward
isocyanate and improving the mechanical properties of the pre-
pared foams. Moreover, incorporating expanded graphite (EG)
flakes derived from natural graphite not only enhances flame re-
tardancy but also addresses the challenge posed by porous foams’
limited electrical resistance transition rate by exploiting the re-
markable thermal expansion feature, thus facilitating smart FAS
construction. Additionally, owing to the high surface polarity of
EG, it can be uniformly dispersed within the LPOH. The LPOH
containing EG flakes is mechanically mixed with the isocyanate
to initiate an exothermic nucleophilic addition reaction that pro-
motes room temperature foaming and curing of the prepoly-
mer, resulting in LPU-G foams formation without requiring ad-
ditional commercial polyols. A series of L,PU-G, foams was de-
veloped, where x and y represent the varying amounts of lignin
and EG flakes used, respectively. The specific formulation is pre-
sented in Tables S1-S3 (Supporting Information).
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Figure 1. Conceptual design, scale-up fabrication, and structure of the high performance and multifunctional LPU-G foam. a) Schematic comparison
of conventional and current preparation strategies, demonstrating that the LPU-G foam produced using a highly sustainable one-pot strategy has
exceptional mechanical strength, upcyclability, fire-resistance, waterproofing, and ultra-long fire alarm capability. b) Photograph and c) structure diagram
of large-scale preparation of LPOHs. d) P NMR of LPOH dissolved in DMSO-dj. e) Photograph of large-scale LPU-G foam. f) Radar plots comparing
the performance of LPU-G foam, traditional lignin-based PU foam, and commercial PU foam, in which the results are normalized by the maximum value
of each characteristic.
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The preparation of LPOHs on a large scale can be easily
achieved (Figure 1b), indicating their economic attractiveness.
Typical structures of LPOH/expanded graphite flakes are shown
schematically in Figure 1c. To our satisfaction, the *'P NMR spec-
tra of LPOH dissolved in DMSO-d, exhibit several distinct peaks
with moderate line widths (Figure 1d), providing conclusive evi-
dence for the formation of triphosphate cross-links.'®"! The pres-
ence of a peak at —0.6 ppm in the 3'P NMR spectra confirms
the existence of triphosphate species, while the occurrence of two
peaks near 0 ppm can be attributed to the generation of dialkyl
phosphate monoanions resulting from salt-forming reactions.?’]
In addition, FTIR spectra confirmed the presence of several P-
O-C characteristic peaks in LPOH (Figure S2, Supporting Infor-
mation). The hydroxyl values (Figure S3, Supporting Informa-
tion) and molecular weights (Table S4, Supporting Information)
of LPOHs were also characterized. The LPU-G possesses the
potential for large-scale manufacturing (Figure le) and demon-
strates robust mechanical properties, non-combustibility, favor-
able humidity-tolerant thermal insulation, as well as excellent re-
processing/upcycling. Moreover, it can be effectively employed
in constructing FASs with outstanding performance. Therefore,
LPU-G foams have the potential to be a sustainable, versatile, and
practical alternatives to traditional lignin-based PU foams and
commercially available PU foams (Figure 1f).

2.2. Morphology and Structure

To achieve a uniform and closed-cell foam structure, it is cru-
cial to meticulously balance the curing and foaming rates of the
prepolymer in order to regulate nucleation and cell growth rates
(Figure 2a). The initial rheological properties of the polyol are
crucial for this process. Fortunately, lignin can be easily incor-
porated to tailor the viscosity of LPOH within a broad range
(0.05-5000 Pa-s) (Figure S1, Supporting Information). Moreover,
when compared to polyols containing lower levels of lignin, both
LPOH, and LPOH, demonstrated typical shear-thinning behav-
ior beyond the critical shear rate due to an increased concentra-
tion of aromatic lignin that amplifies their non-Newtonian char-
acteristics. The incorporation of EG flakes into LPOH; resulted
in a lower critical shear rate compared to pure LPOH, (Figure 2b),
as it disrupted intermolecular interactions and rapidly relaxed
the molecular networks within the polyol. The surface of L,PU
foams exhibits vesicles with diverse sizes at macroscopic level
(Figure 2c), whereas the microscopic morphology reveals irreg-
ular and immature cells (Figure 2d). This may be caused by the
low viscosity and inadequate function degree of LPOH,,. With an
increasing lignin loading in LPOH, the surfaces of L,PU and
L,PU foams exhibit a uniformly porous structure on a macro-
scopic scale, while the microscopic morphology displays more
regular cells with a wide normal distribution but predominantly
open-cell states (Figure S4, Supporting Information). In contrast,
L,PU foams prepared from LPOH, demonstrate a more uniform
closed-cell structure with smaller average pore size (Figure 2e,g),
indicating thatlignin loading plays a crucial role in regulating the
viscosity and function degree of LPOH for preparing foams with
homogeneous cell sizes closed-cell structures. However, in com-
parison to L, PU foam samples, the L,PU foam exhibited a higher
prevalence of open-cells and a narrower distribution of cell sizes
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(Figure S4, Supporting Information). This phenomenon can be
attributed to the elevated viscosity of LPOH, (Figure S1, Support-
ing Information), which effectively impedes the growth rate of
foam cells.

The incorporation of EG flakes had a limited impact on the
alteration in cell diameter of the foams and only marginally in-
creased the thickness of the cell wall (Figure 2f). In comparison to
other L,PU-G samples, excessive loading of EG flakes in L;PU-G,
resulted in more breaks and defects within its cellular structure
(Figure S3, Supporting Information), indicating an influence on
both nucleation and growth during the foaming process, thereby
compromising the integrity of the cellular structure. Conversely,
L,PU-G, foam exhibited an homogeneous cellular structure sim-
ilar to that of L, PU, with significantly smaller sizes and narrower
distributions compared to those observed for L,PU (Figure 2g).

EDX spectroscopy of the L,PU-G; foam reveals a homoge-
neous distribution of the elements phosphorus, nitrogen, car-
bon, and oxygen (Figure 2h). The structures of LPU, L,PU,
and L,PU-G, foams were examined using FTIR spectroscopy
(Figure 2i). The broader and overlapping peaks observed at 3200—
3670 cm™' were attributed to the asymmetric stretching vibra-
tion of —NH from the urethane bond and the stretching vibration
of —OH, which is essential for the transesterification on the tri-
alkyl phosphate cross-link,!'**?] thus translating to viscous flow
of the material. The absence of =N=C=0 peaks at 2280 cm™! in-
dicated that the isocyanate was completely consumed. Moreover,
the presence of urethane and urea groups was confirmed by ob-
serving peaks at 1700 cm™' corresponding to C=0 stretching vi-
brations. Additionally, absorption peaks at 1295 cm™~! (P=0) and
1055 cm™! (P—O—C) provided evidence for the existence of phos-
phate ester groups within the foams.[?®] Furthermore, absorption
bands observed at 3310, 3169, and 803 cm™! corresponded to
—NH,,—NH,*, and triazine ring in melamine, respectively, sug-
gesting electrostatic interactions between melamine molecules
with phosphate group. These results collectively demonstrated
successful preparation of LPU foam. The full XPS spectra of
L,PU, L,PU, and L,PU-G, foams are shown in Figure 2j, reveal-
ing the presence of P 2p peaks at 133 eV, C 1s peaks at 284 eV, N 1s
peaks at 399 eV, and O 1s peaks at 532 eV. In Figure 2k, the C 1s
spectra of the three samples were fitted with three characteristic
polyurethane peaks located at 284.8 eV (C—C), 286.3 eV (C—N),
and 289.3 eV (C—O and C=O0). Furthermore, high-resolution
XPS spectra of P 2p exhibited three distinct peaks at 133.3, 134.3,
and 135.0 eV indicating the presence phosphonate, phosphate,
and polyphosphate groups (Figure 21),?! respectively. This result
provides additional validation to the previous P NMR and FTIR
results.

2.3. Mechanical Properties

The mechanical properties of foams are crucial for ensuring
the reliability of their practical application in energy-saving
projects. The compression curves of LPU foams with differ-
ent lignin loadings revealed three distinct regions correspond-
ing to all stress—strain curves (Figure S5, Supporting Informa-
tion): the linear Hookean region at low-pressure strains (I),
the plateau region representing elastic buckling (II), and the
densification region (III). In contrast to many commercially
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Figure 2. Morphology and chemical structure of the resulting foams. a) Schematic illustration of the co-regulation of the curing and foaming rates on the
morphology of the foams. b) Viscosity curves of the different polyols versus shear rate. ¢) Photographs of the typical 3D foams. d—f) High-magnification
SEM images of LyPU, L3PU, and L3PU-G; foams. g) Cell size distributions of the different foams with Gaussian fitting curves. h) EDX spectroscopy of
the L;PU-G; foam, showing the uniform distribution of phosphorus, nitrogen, carbon, and oxygen. i) FTIR and j-l) XPS results of the LyPU, L;PU, and

L3PU-G; foams.

available rigid polyurethane foams, the prepared LPU foams ex-
hibited remarkable toughness and stiffness properties by be-
ing able to withstand compression up to 80% or higher with-
out catastrophic fragmentation (Figure S5, Supporting Informa-
tion). Among them, the lignin-free L,PU foam showed the low-
est compressive strength and compressive modulus, measuring
only 45.9 kPa and 0.71 MPa, respectively, with obvious fluctua-
tions in its stress—strain curves indicating brittle fracture of the
skeleton structure. Upon reaching a lignin content of 30 wt.%,
both compressive strength and modulus of L,PU foam signifi-
cantly increased to 394.5 kPa and 11.81 MPa, respectively — rep-
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resenting an ~7.6-fold and 15.6-fold increase compared to those
values obtained for L,PU foam. The above results underscore the
pivotal role of lignin addition in enhancing the mechanical prop-
erties of LPU foams, primarily due to its ability to augment the
crosslink density of the foam.

However, the stress—strain curves of L,PU exhibited fluctu-
ations within the range of 4% to 50%, indicating its inherent
brittleness, which can be attributed to incomplete cross-linking
between isocyanate and excessive aromatic lignin introduced
into the system. Among LPU samples, L;PU demonstrated the
highest specific strength value of 3.3 kN-m kg~! (Figure S5,
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Supporting Information), reaffirming its superior mechanical
properties. Considering its intact cell structure, high lignin load-
ing, and optimal mechanical performance, L;PU foam was se-
lected as a representative sample for further investigation on
the impact of EG flakes on foam properties. The stress—strain
curves of L;PU-G foams also exhibited the typical three regions
(Figure 3a). The apparent density of L;PU-G foams slightly in-
creased with increasing EG loading (Table S5, Supporting Infor-
mation), which can be attributed to the higher density of the EG
flakes themselves. The introduction of a small amount of EG
flakes significantly decreased the compressive properties of the
foam due to their disruption of the nucleation process, thereby af-
fecting the integrity of its multicellular compartmentalized struc-
ture. However, further increase in EG flakes resulted in an im-
provement in compressive strength for L, PU-G foam (Figure 3b),
probably due to the improved rheological properties of the pre-
polymer by the EG flakes and thus a more homogeneous foam
structure. Nevertheless, L,PU-G; foam demonstrated satisfac-
tory strength (318.8 MPa) and modulus (5.78 MPa), which were
6.9 and 8.1 times higher than those of L,PU, respectively. The
exceptional load-bearing capacity and lightweight properties of
L,PU-G; are demonstrated by its ability to support an object
6000 times larger than its own weight without any obvious de-
formation, as depicted in Figure 3c. A comparison with other
rigid lignin-based polyurethane foams reported in recent years
reveals that L,PU-G, exhibits superior compressive strength and
Young’s modulus (Figure 3d). Additionally, L,PU-G; demon-
strated comparable compressive strength and superior compres-
sive modulus to commercially available PU foams with similar
densities (Figure S6, Supporting Information), fully satisfying
the mechanical requirements for commercial exterior wall insu-
lation materials.

In addition, cyclic compression of L,PU-G; over a 5% strain
range (Figure 3e), showed that the hysteresis loop was found to
be much smaller in the second cycle after the first cycle, similar to
the Mullins effect encountered in most flexible materials.*" This
phenomenon can be attributed to insufficient time and suitable
conditions for network rebuilding, resulting in inefficient energy
dissipation by the fractured network. Remarkably, even after un-
dergoing 40 compression cycles, L,PU-G; retained over 70% of
their compressive strength, indicating its mechanical robustness
rather than brittleness (Figure 3e). Finite element simulations
of the L,PU-G; honeycomb structure further suggest that wall
flexure dominated by buckling, rather than brittle cracking, oc-
curs during compression (Figure 3f). Consequently, we consider
L,PU-G; to possess superior mechanical properties overall, mak-
ing it better suited for practical applications. Therefore, we select
L;PU-G; for the subsequent investigation of functionality.

2.4. Heat and Water Vapor Barrier

Addressing the vulnerability of intrinsically hydrophilic PU
foams to external environmental moisture (e.g., deterioration-
prone thermal insulation) is critical to their practical use in
energy-efficient engineering. The hydrophobic nature of L,PU-
G, foam is evidenced by the presence of numerous microbub-
bles on its surface when immersed in water under external force
(Figure S7, Supporting Information). L,PU foam exhibits a wa-
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ter contact angle (WCA) of 105° and has the shortest retention
time of 120 s, indicating its high surface energy and large pores
that hinder stable droplet adhesion on the surface (Figure 3g).
In contrast, LPU-G foams demonstrate enhanced hydrophobicity
with sustained retention times exceeding 300 s for WCAs ranging
from 115° to 138°, which can be attributed to two factors: 1) the
hydrophobic aromatic backbone structure of lignin reduces the
foams’ surface energy; 2) incorporation of EG flakes enhances
the foams’ surface roughness.

To demonstrate the actual performance of L;,PU-G, as a ther-
mal insulation material, a setup was designed (Figure 3h). Specif-
ically, an infrared camera was used to record the top surface tem-
perature (TST) profiles at three points (Sp1, Sp2, and Sp3) of the
L,PU-G; foam on 100 °C hot stage over a 60-min period. The
TST of L;PU-G; increased from room temperature (27 °C) to
~38 °C within the first 10 min, which was only an increase of
11 °C, and then remained stable until the end of the test (60 min)
(Figure 3i,j). The temperature difference (AT) between the hot
plate and the average TST after stabilization was ~61 °C, indi-
cating that the samples have excellent thermal insulation prop-
erties. Similarly, L,PU-G; showed excellent low temperature in-
sulation, with a AT of ~78 °C between the stabilized TST and
the —60 °C cold plate, and a drop in TST of only 7 °C by the
end of the test (Figure S8, Supporting Information). This can be
attributed to the low thermal conductivity of L,PU-G,, which is
only ~50 mW m~! K~! (Figure 3k), resulting from the abundant
closed-cell structure that impedes heat flow transfer (Figure 31).
Additionally, L,PU-G; was compared to commercially available
phenolic foam (PF), melamine formaldehyde foam (MF), and ex-
truded polystyrene foam (EPF) in terms of thermal insulation
performance (Figure S9, Supporting Information). The results
demonstrated that L,PU-G; exhibits comparable or even supe-
rior thermal insulation performance with PF and EPF. The ther-
mal conductivity of the prepared foams, while not being as ef-
ficient as that of PU foams with an optimal thermal conductiv-
ity near 20 mW m~! K112 is overshadowed by the superior
mechanical strength of the former. This implies their suitability
for situations requiring exceptional mechanical robustness. We
further compared the thermal conductivity of L,PU and LPU-
G foams in different relative humidity (RH) environments. It
was found that after 24 h of treatment in a closed humid envi-
ronment at 95% relative humidity (RH), the thermal conductiv-
ity of LPU-G foam changed <5%, while that of L,PU increased
by 22.7% (Figure 3k). The results demonstrate that LPU-G has
excellent humidity-tolerant thermal insulation properties, which
are highly desirable for many applications, especially for energy-
saving engineering such as exterior wall insulation, pipe insula-
tion, and cold storage insulation.

Additionally, the water vapor barrier capacity of LPU and LPU-
G foams was evaluated using a custom-built experimental setup
(Figure 3m). The results demonstrated that L,PU and L,PU-G,
exhibited superior water vapor barrier capacity. The constant rate
of mass change (G) of L,PU, as shown in Figure 3n, is signifi-
cantly higher compared to the other foams. This can be attributed
primarily to its open cell structure and intrinsic hydrophilic prop-
erties. Among all LPU-G foams, L,PU-G, foam had the highest
water vapour barrier factor (u) (Figure S10, Supporting Informa-
tion) and the lowest water vapour permeability (8) (Figure 30)
of 3.4 ng/(Pa-m-s), which is lower than that of the commercial
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Figure 3. Mechanical, thermal insulation, and water vapor barrier properties. a) Compressive stress—strain curves of different LPU and LPU-G foams.
b) Compressive strength and Young’s modulus of the resulting foams. c) The low density L;PU-G; foam supporting an object over 6000 times its own
weight without significant deformation. d) Comparison of compressive strength versus Young’s modulus of L;PU-G3 foam with some other lignin-based
rigid foams, refer to Table S6 (Supporting Information). e) Cyclic compression curves of Ly PU-G; for 40 cycles at 5% strain, demonstrating mechanically
robust rather than brittle materials. f) FEM simulations of honeycomb structures for the L;PU-G3, colored by the total displacement of element nodes,
demonstrating bending-dominated wall buckling. g) Water contact angle (WCA) of the resulting foams. h) Setup for evaluating the thermal insulation
properties of the foams. i) IR imaging of the top surface temperatures for L;PU-G; foam on a 100 °C hot stage after 60 min. j) The temperature cures of
the top surface versus time. k) Thermal conductivity of the LyPU and L; PU-G foams after 24 h of exposure at 20% and 95% relative humidity, respectively.
l) Schematic showing the excellent barrier of L3 PU-G to heat and water vapor. m) The homemade setup for testing the water vapor permeability. n) The
constant rate of mass change (G) of the foam materials as function of time. o) Water vapor permeability (5).
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polystyrene external wall insulation foam of ~4.0 ng/(Pa-m-s).}!]

This may be due to the hydrophobic lignin aromatic structure and
completely closed cell structure in L,PU-G;, which effectively in-
hibits water vapor absorption and diffusion processes (Figure 31).

2.5. Fireproofing and Its Mechanism

The flame retardant properties of organic foam heat-insulating
materials are crucial in energy-saving applications due to its
porous structure is highly flammable, which pose a significant
risk to human life and property. A high-temperature flame resis-
tance evaluation setup was designed to visually compare the fire
performance of L,PU, L;PU-G; foams and commercial flame-
retardant PU foam (Figure 4a). The foam samples were exposed
to a butane flame at #1200 °C (Movie S1, Supporting Informa-
tion). Upon contact with the ignition source, the commercial PU
foam immediately ignited and the flame rapidly spread through-
out the sample (Figure S11, Supporting Information). After 30 s
of exposure, the backside temperature rose to ~289 °C while con-
tinuing to burn until it was burned through after 78 s. However,
both L,PU and L,PU-G, did not ignite after being exposed for 30 s
and their backside temperatures remained close to room temper-
ature at 48 and 31 °C respectively (Figure 4b), without any ap-
parent damage or deformation. This can be primarily attributed
to the significant enhancement in charring ability provided by
lignin phosphonate (Figure S12, Supporting Information), while
also synergistically interacting with the expanded graphite flakes.

The burning behavior of LPU and LPU-G foams was prelim-
inarily assessed using the limiting oxygen index (LOI) and the
UL-94 vertical burning test (Figure 4c). The results demonstrated
that the control L,PU foam, with an LOI of only 18.7 vol%,
exhibited easy ignition. The LOI of the L,PU foam was ele-
vated to 24.3 vol%; although it could still ignite during the UL-
94 vertical flame test, its burning rate significantly decelerated,
while maintaining shape integrity even after 48 s of exposure
to flames (Figure S13, Supporting Information). These results
demonstrated that incorporating lignin phosphate can effectively
impede flame spread. Furthermore, L;PU-G; exhibited an LOI
value of 31.8 vol%, which was a remarkable increase by 70.1%
compared to that of L,PU. During the UL-94 flame test, L,PU-G,
achieved a V-0 rating as two consecutive 10-s flame attacks failed
to ignite it (Movie S2, Supporting Information).

During cone calorimetry testing, the L,PU foam exhibited
rapid heat release upon ignition, as evidenced by the peak heat
release rate (pHRR) of 475.4 kW m—? achieved within 49 s, as
depicted in Figure 4d and Table S7 (Supporting Information).
In contrast, the L,PU exhibited a longer time to ignition (TTI)
and experienced a 40% decrease in its pHRR, indicating the ef-
fective fire retardancy of lignin incorporation into the material.
Furthermore, while the TTI of L;PU-G; foam did not show fur-
ther extension, it demonstrated a remarkable decrease in pHRR
to 181.3 kW m™2, which is 61.9% lower than that observed for
L,PU foam. Additionally, total heat release (THR) value for L,PU-
G, was found to be the smallest at 16.28 M] m~2 (Figure S14,
Supporting Information). The result highlighted the substantial
enhancement in flame retardancy achieved through synergistic
effects between lignin phosphate and EG flakes.

In order to gain a deeper understanding of the correlation
between TTI and pHRR, the flame retardancy index (FPI) and

Adv. Funct. Mater. 2024, 2405424

2405424 (8 of 14)

www.afm-journal.de

fire spread index (FGI) were introduced. Generally, a higher FPI
value and a lower FGI value indicated reduced actual fire risk
of the material.®*! As shown in Figure 4e, the incorporation of
lignin and EG flakes significantly mitigated the fire hazard as-
sociated with the foams. To demonstrate the superior flame re-
tardant properties of the L;PU-G; foam compared to previously
reported PU foams, we compared the pHRR reduction with re-
spect to LOI values (Figure 4f). The results indicated that L,PU-
G, exhibited higher pHRR reduction and LOI values than other
bio-based flame retardant PU foams, surpassing even many fire-
retardant coated PU foams in terms of excellent flame retardancy.
Due to the good inherent flame retardancy of L,PU, adding just
a small amount of EG flakes (<5 wt.%) is enough to achieve a re-
markable LOI value in L,PU-G,. This is different from the usual
method of adding over 20 wt.% of flame retardants to achieve the
desired flame retardancy,[?*3! which can compromise the me-
chanical properties of the material.

The primary cause of casualties in real fire incidents is the
inhalation of excessive smoke and toxic gases.?'" Therefore, an
analysis was conducted on the smoke and CO production of the
prepared foams during combustion (Figure S12, Supporting In-
formation). Compared to L,PU, the peak smoke produce rate
(pSPR), total smoke production (TSP), and CO production of
L,PU-G; were reduced by 58.8%, 29.4%, and 70.1% (Figure 4g),
respectively. This result can be attributed to the charring effect of
lignin phosphate as well as the formation of a fluffy and porous
worm-like char layer produced by EG flakes on the surface of the
sample during combustion process. The char layer effectively iso-
lated heat transfer and oxygen supply, thereby reducing smoke
generation.

The L;PU-G; and L;PU samples exhibited high char residues
of 30.8% and 25.1%, respectively, after cone testing, while
the LyPU sample underwent almost complete combustion
(Figure 4h). The char residues of the L,PU sample retained a
portion of the foam structure (Figure 4i), indicating that the ex-
panded char layer formed by lignin phosphates as a backbone
structure provided effective protection for the internal matrix.
The result of elemental mapping demonstrated a homogeneous
distribution of C/N/O/P elements (Figure 4j), and XPS survey
analysis revealed a reduction in nitrogen and phosphorus content
within the char residue of the L,PU samples (Figure S15, Sup-
porting Information), suggesting a potential dual flame retardant
mechanism operating in both gas phase and condensed phase
during combustion processes. The char residue of L,PU-G; was
unbroken and retained its intact shape (Figure 4i). Scanning elec-
tron microscope (SEM) results showed that the porous carbon
produced by the foam matrix and the large number of continu-
ous worm-like carbon layers formed by the EG flakes (Figure 4i).
The XPS survey results show that the C—C/C=C content of L,PU-
G, increased by 22.7% compared with that before combustion
(Figure S15, Supporting Information), suggesting that the syner-
gistic effect of lignin and EG can effectively improve the degree
of aromatization of char residues.

In light of the aforementioned analysis, it is reasonable to con-
clude that the self-forming dynamic dual-phase barriers ensure
excellent flame retardancy. Building upon this mechanism, we
further present a schematic diagram illustrating the flame retar-
dant process of L,PU-G; (Figure 4k). The thermal decomposi-
tion of lignin phosphate melamine salts into phosphorus oxygen
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Figure 4. Evaluation of the fire-retardant properties and mechanisms. a) The setup for evaluating fire shield performance. b) Photographs illustrating

the bu
camer

rning behavior of L;PU-G; under butane flame for 30 s and the temperature of the foams’ backside upon extinguishing, captured by an infrared
a. ¢) LOI values and UL-94 ratings for LPU and LPU-G foams. d) Average heat release rate (HRR). e) Fire performance index (FPI) versus fire

growth index (FGI). f) Comparison of flame retardancy (pHRR reduction versus LOI value) of the resulting L; PU-G3 foam with other flame-retardant PU

foams

reported previously, refer to Table S8 (Supporting Information). g) Average smoke produce rate (SPR). h) Mass loss curves. i) Photographs and

SEM images of the char residue from LyPU, L3PU, and L;PU-Gj3. j) Elemental mapping of the char residue for L;PU. k) Schematic illustration showing
the fire-retardant mechanism of the dynamic dual-phase.
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Figure 5. Flame rapid detection and early warning behaviors. Photographs of flame detection processes of a) L;PU and b) L;PU-G; foams. c) Schematic
illustration of fire alarm sensor based on LPU-G foam under flame attack. d) Resistance changes of L;PU-G; foam under flame attack at different
temperatures, showing e) different fire warning response times. f) Schematic illustration demonstrating the proposed fire-warning mechanism of thermal
expansion-connection. g) Comparison of continuous alarm time of L;PU-G; foam and previously reported fire alarm sensor materials, refer to Table S9

(Supporting Information).

radicals and nitrogen-containing compounds establishes the ini-
tial layer of a dynamic gas-phase barrier, effectively inhibiting
flame spread. The high carbon content of lignin (x~45%) and the
rapid formation of a worm-like fluffy carbon layer on the surface
of the sample upon heating of the EG effectively prevented heat
transfer and oxygen penetration, which provided the second layer
of the flame retardant barrier.

2.6. “Expansion-Conductivity” Induced Intelligent Fire Warning
In addition to passive fire retardation, active fire protection fea-

tures are also necessary for modern energy-efficient buildings,
especially in high-rise residences. Conventional active fire protec-
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tion primarily relies on smoke sensors, which are triggered only
when the smoke concentration surpasses a predefined thresh-
old value. Consequently, existing fire detectors often fail to pro-
vide timely fire warnings.??] Herein, we realized for the first time
that high-strength, non-combustible, heat-insulating bio-based
foams with excellent active fire alarm functions can be achieved
by adding low-cost EG flakes in small quantities. Figure 5c de-
picts the structure and working mechanism of the fire alarm sys-
tem (FAS) based on the resistive transformation of the LPU-G
foam. The system is established by connecting the LPU-G foam
to the alarm light and a low voltage DC power supply (~24 V)
via wires. LPU-G foam exhibits typical electrical insulation prop-
erties due to its porous structure and the discontinuity of low-
content EG flakes. However, when LPU-G foams are exposed to
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flame or high temperatures, their internal EG flakes rapidly ex-
pand into larger sizes of intercontacting worm-like structures, re-
sulting in a 3D continuous conductive network that triggers an
alarm light (Figure 5f).

In order to visually evaluate the fire warning capability of the
developed L,PU-G, foam, including fire response sensitivity and
duration of warning time, we recorded the fire detection and
alerting process of the homemade fire alarm system, as depicted
in Figure 5a,b. The experiment demonstrated that L,PU foam
can be ignited by an alcohol lamp flame within a few seconds
but quickly self-extinguishes due to its good flame retardancy.
Notably, the fire alarm did not trigger during the experiment
(Figure 5a; Movie S3, Supporting Information). In contrast, when
the L,PU-G, foam was exposed to alcohol lamp flame, the alarm
light was triggered within 7 s, and the sample did not ignite.
Even if the flame source was removed, the alarm lamp will con-
tinue to alarm steadily for more than 1800 s (Figure 5b; Movie
S4, Supporting Information). Notably, to improve the accuracy of
the flame response time, a precision resistor was used to moni-
tor and record the resistance of the sample in real time. The re-
sults showed that the resistance value of the L,PU-G, decreased
rapidly after a flame attack, and an alarm was triggered when
the resistance value changes by more than four orders of mag-
nitude and reaches below the warning line (resistance range of
~30-50 kQ) (Figure 5d). Due to the irreversibility of the EG con-
ductive network, the resistance value remains almost unchanged
after removing the flame, which demonstrated the reliable fire
warning capability of L,PU-G; foam. Furthermore, the response
speed of L,PU-G, varies depending on the ambient temperature,
with a shorter response time for higher flame temperatures in the
fire alarm (Figure Se). In practical application, the temperature-
induced warning function is attractive for sensor materials, as it
can provide people with an opportunity to timely find and remove
the potential fire hazards.

Based on the above experimental results, we propose an
“expansion-conductivity” working mechanism to explain the ex-
cellent intelligent fire warning function of LPU-G foam. As
shown in Figure 5f, when the foam is exposed to flames, the
EG flakes in the matrix is thermally expanded, transforming
from dispersed EG flakes into continuous worme-like carbon lay-
ers, forming a conductive network that activates the alarm light.
Thus, the challenges of developing foam sensing materials with
high sensitivity, long alarm time, high strength, and low cost have
been overcome.

Compared to other reported graphene oxide-based fire alarm
systems (Table S9, Supporting Information), our fire alarm sys-
tem constructed directly based on the low-cost LPU-G foam pro-
vides the longest stable continuous alarm time to date (>1800 s)
(Figure 5g). Additionally, the LPU-G foam exhibits favorable heat
insulation, excellent flame retardancy, and high alarm sensitivity,
making it a promising material for energy-saving and intelligent
fire prevention in high-rise buildings.

2.7. Upcyclable and Reprocessable Performance
The recycling of post-consumer polymers for their reutilization

holds great promise; however, a major challenge lies in the expe-
ditious upcycling of waste through streamlined, energy-efficient,
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and environmentally-friendly processes. To assess the recycling
potential of LPU-G foam, reprocessing tests were conducted by
compression molding. The foam was first powdered and then
placed in a stainless steel mold and compressed at 160 °C for
5 min at a load of 3 MPa to obtain a black bulk composite
(Figure 6a). The results of dynamic mechanical analysis demon-
strated that the storage modulus of L,PU, L;PU, and L;PU-
G, foams exhibits a gradual drop with increasing temperature
and there is no obvious rubbery platform (Figure 6b). This im-
plied that the prepared foams have thermo-mechanical reshap-
ing properties. According to Maxwell’s model, the relaxation time
(z*) of the polymer is defined as the time that modulus decays
to 1/e of the initial modulus.** The stress relaxation curves of
L,PU, L,PU, and L,PU-G, foams at 160 °C exhibit relaxation
times of 12, 19, and 15 s, respectively (Figure S16, Supporting
Information). This further demonstrated the potential of the pre-
pared foams to be molded.

The sustainability of recycled LPU-G bulk composites is
greatly increased if they can be remolded at the end of their
service life. Therefore, we cut and remolded the recycled L,PU-
G; bulk composites several times. The stress relaxation curves
of the L,PU-G, bulk composites after three reprocessing cycles
were almost identical to those of the original bulk composites
(Figure 6¢). In additon, the tensile strength retention reached
76.2% (Figure 6d) after three reprocessing cycles (Figure S17,
Supporting Information), indicating that the reprocessability and
mechanical properties of L,PU-G; were satisfactorily recovered.
The reprocessed L;PU-G; bulk composites exhibited a slight
improvement in fracture elongation, which could be attributed
to the plasticizing effect of small molecule derivatives gener-
ated through pyrolysis of a fraction of lignin during mechanical-
thermal remodeling processes.

Temperature-dependent IR spectroscopy revealed thermally
triggered dissociation of L,PU-G, through H-bonding and dy-
namic chemical linkages. Upon heating from 50 to 170 °C, the
P—O—C stretching vibration peak at 1050 cm™ exhibited mini-
mal shift but gradually decreased in intensity (Figure 6e). Upon
subsequent cooling, the intensity rebounded, indicating a dy-
namic equilibrium between dissociation and reformation of the
phosphate during this process. In addition, the 3308 cm™! band
of the H-bonding-related N—H groups weakened significantly
with increasing temperature, while the 3380 cm™' band of the dis-
ordered N—H stretching vibrations remained almost unchanged
(Figure S18, Supporting Information). This suggested that the
H-bonded N—H groups undergo rapid dissociation accompanied
by depletion.**! To further elucidate the sensitivity of carbamate
bonds, we conducted temperature-dependent IR on L;PU-G; in
the C=0 stretching region, ranging from 50 to 170 °C (Figure 6f).
It is evident that thermal exposure resulting in a weakening of
internal interactions, which was manifested by a redshift of the
ordered H-bond-related v(C=0) at 1705 cm™! and sec-amides
(I) at 1670 cm™! toward higher wavenumbers, accompanied by
the emergence of free v(C=0) signals.’>*¢! The results demon-
strated the occurrence of chemical exchange behavior of carba-
mates, particularly when organotin is utilized as a catalyst for
transcarbamoylation.[*!

The temperature-dependent IR spectra were further utilized
to generate 2D correlation spectra (2DCOS) in order to ex-
tract more nuanced information regarding the sequential events
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Figure 6. Upcyclable and reprocessable performance. a) The powdered foam was cyclically thermomolded by compression for 5 min at 160 °C under a
3 MPa load. b) Storage modulus and loss factor (tan 6) as a function of temperature. ¢) Normalized stress-relaxation curves of L;PU-G3 bulk composite
after recycle remolding. d) Tensile strength-strain curves and sample shape of L;PU-G; after recycle remolding. e) The in situ temperature-dependent
FTIR spectra of L3PU-G3 during heating and cooling, showing reversible formation of phosphate ester. f) The in situ temperature-dependent IR spectra
of L;PU-G; from 50 to 170 °C in the range of 1775-1635 cm™'. The 2D-COS synchronous and asynchronous spectra are shown as g) and h), respectively.
The opposite variation directions of the band intensity are represented by the pink and blue colors, respectively.

during heating. In the synchronized spectra depicted in  ing an explanation for the initial changes observed in internal
Figure 6g, three auto-peaks were observed along the diagonal, = H-bonds upon heating the foam sample.

indicating a conspicuous alteration of the carbonyl stretching Based on the aforementioned results, we deduced that the re-
vibration peak with variations in temperature.l*’! There are no  processability demonstrated by LPU-G foams may be attributed
auto peaks on the diagonal of the asynchronous spectrum in  to a combination of thermally induced dynamic behavior of
Figure 6h. Asymmetrical positive and negative cross peaks to  phosphate and carbamate esters, as well as rearrangements
the diagonal are observed at (1705 and 1740 cm™'), (1670 and  in hydrogen bonding. The exceptional remoldability of LPU-G
1740 cm™), and (1670 and 1705 cm™!). According to Noda’s  foams promises their rapid upcycling into packaging materials
rule,?%38] when the specified cross peaks of (v;, v,) change in  with electromagnetic shielding properties, conductive compos-
the same direction (positive or negative) in both synchrotronand ites, functional hot-melt adhesives, and more.

asynchrotron spectra, they are indicated by the same color. The

intensity change of v, occurs before v, and vice versa. Thus, we 3 onclusion

can determine that the order of bands is 1705 cm™ > 1740 cm™

> 1670 cm™!. This result suggested that the reorganization of H- A versatile, thermally remoldable, and high-performance com-
bonds precedes the cleavage of carbamate bonds, thereby provid-  posite foam (LPU-G) from plant polyphenol and expanded
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graphite flakes was constructed based on a simple and highly effi-
cient dissolution system of lignin/ethylene glycol. The proposed
atmospheric pressure and scalable one-pot strategy is highly eco-
nomically attractive. The optimal LPU-G, with its ultra-robust
mechanical properties, meets the requirements of energy-saving
materials for commercial facades. Furthermore, LPU-G demon-
strates excellent humidity-tolerant thermal insulation and excep-
tional water vapor barrier that are attributed to its hydrophobic
aromatic lignin skeleton and abundant closed-cell macrostruc-
ture. The dynamic dual-phase flame retardant behavior of LPU-
G enables it to withstand flames of #1200 °C without ignition.
These integrated functionalities make LPU-G highly desirable
for energy-efficient engineering in extreme environments. No-
tably, LPU-G exhibits a unique “expansion-conductivity” property
when exposed to high temperature sources. Based on this charac-
teristic, it is the first foam material to be constructed as a sensitive
FAS with an ultra-long alarm time (>1800 s). Additinally, LPU-G
can be rapidly upcycled into recyclable bulk composites by simple
thermo-molding processes rooted in the dynamic behavior of the
phosphate and carbamate esters, as well as the rearrangement of
hydrogen bonds. As a result, bio-based LPU-G can be given a sec-
ond life after consumption, greatly reducing its carbon footprint.
The obtained results would enable the development of cutting-
edge thermal insulators, particularly within the aerospace, trans-
portation, and energy-efficient building industries. Furthermore,
the potential applications of LPU-G can be extended to emerging
fields such as electromagnetic shielding and endurable sensor
components.

4. Experimental Section

Synthesis of LPOH: LPOH was prepared by employing an atmo-
spheric, eco-friendly, and one-pot processing strategy. Typically, 75 g of
dried EHL powder was added to a three-necked glass flask containing
150 g of ethylene glycol and mechanically stirred at 400 rpm for 1 h at
110 °C under atmospheric pressure to ensure that the lignin was com-
pletely dissolved. After that, it was cooled to room temperature. Sub-
sequently, during stirring, 13.75 g of phosphorus pentoxide was slowly
added. The reaction temperature was gradually raised to 150 °C for ester-
ification polycondensation and stirred at 400 rpm for 3 h. Finally, 11.25 g
of melamine was added to the above reaction solution and stirred for 1h
to accomplish salification. Then, the reaction solution was poured out, set
aside to cool, and labeled as LPOHj;. A series of LPOH, (x =0, 1, 2, 3,
4, where x represents the amount trend of lignin used) was developed by
tuning the amount of added lignin, as shown in Table S1 (Supporting In-
formation).

Fabrication of Mechanically Robust and Versatile LPU-G Foams: Initially,
LPOH; was mixed with a certain amount of EG flakes to obtain a homo-
geneously dispersed slurry that could be stabilized for >6 months. Then,
LPOH;/EG slurry was stirred with the catalyst stannous octanoate, chain
extender 1,4-butanediol, foam stabilizer silicone oil, and blowing agent n-
pentane at 1000 rpm for 5 min. Afterward, poly ((phenyl isocyanate)-co-
formaldehyde) (PMDI) was added and stirring was continued for 30 s. The
slurry was introduced into a polypropylene plastic mold for free-foaming
at room temperature. Once the foam had finished expanding, it was re-
moved and left to mature in an oven at 80 °C for 24 h in order to obtain
L;PU-G, foam (y =0, 1, 2, 3, 4, where y represents the amount trend of
EG flakes used). In addition, a series of L,PU foams (without EG flakes)
were produced as a control group using different LPOHs according to the
above procedure. Specific formulations of L,PU and L;PU-G, foams are
shown in Tables S2 and S3 (Supporting Information).

Characterizations: The morphology of the foams was observed by a
scanning electron microscopy (SEM, Zeiss EVO18, ZEISS, Germany) with
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an accelerating voltage of 10 kV, and the foams were coated with gold be-
fore observation. The molecular weight and PDI of the samples were de-
termined using color gel permeation chromatography (GPC, Shimadzu,
Japan) with THF as the eluent at a flow rate of 1.0 mL min~". 3TP-NMR
spectral measurements were conducted using a 400 MHz spectrometer
(Bruker Avance 1lI, Bruker, Germany) with DMSO-dg as the solvent. X-
ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher, USA) was
performed using Al K, radiation (h, = 1486.6 eV). In situ temperature-
dependent Fourier transform infrared spectrometer (In situ temperature-
dependent FTIR, Nicolet 1S50, Thermo Fisher, USA) was used to analyze
the chemical structure of foams from 25 to 150 °C at 1°C min~". The water
contact angle was carried out by a contact angle meter (DSA100, KRUSS,
Germany), using a 2 uL droplet as an indicator. The LOI value was mea-
sured by an oxygen index meter (ZY66155A, ZONSKY, China) according to
ASTM D2863-13. The vertical flame test was performed on an instrument
(UL94-X, MOTIS, China) according to ASTM D3801-10. Samples measur-
ing 100 X 100 X 10 mm were tested using cone calorimetry (CCT, MOTIS,
China) at a heat flux of 35 kW m~2 in accordance with ISO 5660-1. Stress-
relaxation experiments were performed on a rheometer (SPA, DHR-2, TA
Instruments, USA) equipped with a lower electrical temperature module
and an active upper heating system, employing a textured 25 mm plane-
plane geometry.

The more detailed experimental section is available in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Eco-friendly and formaldehyde-free soybean protein adhesives are highly attractive to the wood-based panel
industry but typically suffer from low water-resistant bonding strength, high viscosity, and susceptibility to
mildew. Inspired by adaptive hydrophobic and hydrophilic interactions of mussel foot proteins, herein, a high-
performance and versatile all-bio-based adhesive (STF) was synthesized through employing bio-derived furfural
and natural tannic acid to assist soybean protein in developing a biomimetic physical/chemical cross-linking
network. The collaboration of the hydrophobic furan ring and the hydrophilic catecholic moiety endowed the
as-prepared STF adhesives with exceptional water-resistant bonding strength, easy-coating performance, and
mildew resistance. Compared to the original soybean protein, the optimal STF demonstrated dry and wet shear
strengths of up to 2.52 MPa and 1.71 MPa, respectively, representing an increase of 65.8 % and 263.8 %.
Notably, the aged bonding strength of STF surpassed that of previously reported soybean protein-based adhesives
with a value as high as 1.19 MPa. The viscosity of the STF decreased by ~ 98.1 % compared to the unmodified
adhesive. Additionally, the STF exhibited excellent mildew resistance (no mildew for 7 days) and storage stability
(> 72 h). Combined with life cycle assessment, the biomimetic STF adhesive holds great potential for large-scale
production of environment-friendly wood panels.

1. Introduction

Currently, the global annual consumption of adhesives for wood-
based panels is around 50 million tons, of which formaldehyde-based
adhesives account for approximately 90 % (Hussin et al., 2022; Yang
et al., 2023). Alarmingly, the formaldehyde-based resin adhesives cause
the release of carcinogenic formaldehyde from wood-based panels into
the production workplace and living environment, seriously endan-
gering human health (Westerman et al., 2023). In addition, given the
rapid depletion of global non-renewable petroleum resources,
formaldehyde-based resin adhesives for the wood industry contradict

* Corresponding author.

the current societal push toward sustainable development (Kan et al.,
2022). Therefore, the development of high-performance adhesives that
are formaldehyde-free, renewable, and capable of large-scale produc-
tion is of great fascination to the contemporary society (Chang et al.,
2023; Zhao et al., 2022).

As a by-product of the soybean oil industry, soybean protein is
inexpensive, easy to modify, and rich in reactive functional groups,
including carboxy (-COOH), hydroxyl (-OH), and amino (-NH3) groups
(Zhang et al., 2022b), making it a potential alternative to
formaldehyde-based resin adhesives in the production of wood-based
panels (Mi et al., 2022; Zhang et al., 2022a). Nonetheless, as a natural
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polymer, soybean protein presents noteworthy drawbacks when utilized
in adhesives due to its intricate four-level protein structure and
numerous hydrophilic groups, which results in poor water-resistant
bonding strength (wet shear strength of pure soybean protein-based
adhesives < 0.47 MPa) (Liang et al., 2023). In addition, the strong
intermolecular interactions, such as hydrogen and disulfide bonds, lead
to high viscosity, poor fluidity, and inadequate brushability of soybean
protein adhesives (Liu et al., 2022b). These factors contribute to a
reduction in bonding strength and increased challenges in adhesive
processing (Sun et al., 2023). Moreover, soybean protein functions as a
nutrient easily susceptible to microbial attack, decreasing its storage
stability and promoting early deterioration (Kan et al., 2023). These
factors negatively impact the wide-scale application of soybean protein
adhesives.
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To reverse these dilemmas, various chemical and physical methods
have been utilized to improve the performances of the soybean protein-
based wood adhesives. These methods involve physical modifications
(Yue et al., 2020), chemical cross-linking (Li et al., 2023a; Yan et al.,
2022), biomimetic adjustments (Li et al., 2023b), inorganic nano-
materials reinforcement (Xu et al.,, 2022a), and toughening with
hyper-branched polymers (Liu et al., 2022a), etc. Among them, chemical
cross-linking of soybean protein is commonly considered the most
effective strategy to enhance the bonding strength and waterproof
property of soybean protein-based adhesives. Prevalent chemical
cross-linkers, such as isocyanates (Yin et al., 2021), acrylates (Fapeng
et al., 2017), anhydrides (Qi et al., 2013), metal hydroxides (Li et al.,
2023d), and siloxane coupling agents (Xu et al., 2022b), provide benefits
for the soybean protein-based adhesives. All of these modifiers enhance
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Fig. 1. Bioinspired design and preparation strategy of the all-bio-based STF adhesive. a) Schematic of byssal plaques of mussel. b) Sequences of mussel foot protein
(Mfp) 3-5y, hydrophobic tryptophan moiety and catechol moiety of Dopa are highlighted in light blue and pink, respectively. ¢) Schematic illustration of underwater
adhesion of Mfps to rocks, demonstrating that hydrophobic interaction enhances Dopa-mediated adhesion. d) Schematic illustration of the preparation of all-bio-
based STF adhesive and its biomimetic adhesion mechanism to wood veneer. e) Schematic illustration of three-layer plywood specimens bonded with easy-
handled, water-resistant, and anti-mildew all-bio-based STF adhesives and wood failure of the specimen after a wet strength test (inset). f) FT-IR spectra and g)

solid-state >C NMR of SPI, ST, SF, and STF adhesives before curing.
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adhesive performance by reacting with soybean protein molecules
through their functional groups, which leads to a boost in the
cross-linking density and hydrophobicity of the curing adhesives.
However, chemical cross-linked soybean protein-based adhesives
exhibit high initial viscosity, which diminishes production efficiency
and negatively impacts the quality of wood-based panels (Huang et al.,
2022a). In addition, these modifiers are almost sourced from
non-renewable petrochemical resources and fail to address the under-
lying issue of the downgrade renewability of soybean protein adhesives.
Furthermore, to our knowledge, no research has been found to report a
cost-effective and straightforward method for achieving the desired
combination of high bonding strength, ease of coating, and mildew
resistance in an all-bio-based soybean protein adhesive.

The investigation of marine sessile organisms has yielded novel in-
sights for developing high-performance adhesives. For instance, marine
mussels appear especially interesting to scientists due to the pivotal
function of their post-translationally modified amino acids such as 3,4-
dihydroxyphenylalanine (DOPA) and phosphorylated serine in their
underwater adhesion (Pang et al., 2022; Qi et al., 2023). Relatively
simple polymers that contain catechol have the ability to mimic a few of
the features of mussel proteins and generate an adhesive with a degree of
bonding strength (Li et al., 2023c; Wei et al., 2012a). Tannic acid (TA),
an inexpensive polyphenol compound that exists abundantly in plants, is
considered a DOPA analog for adhesive modification (Liu et al., 2021).
Based on phenol-amine chemistry, complexation processing of soybean
protein with TA in solution provides a convenient method for preparing
an adhesive with tunable composition, bonding properties, and mildew
resistance (Li et al., 2022; Zhang et al., 2020). Nevertheless, soybean
protein/TA adhesives do not meet the rigorous water resistance stan-
dards required for wood-based panels intended for outdoor use that
must withstand prolonged exposure to boiling water (Ghahri et al.,
2022).

Actually, strong wet adhesion in mussel foot proteins is a complex
process of adaptive hydrophobic and hydrophilic interactions that goes
beyond a straightforward DOPA-mediated formulation (Wei et al.,
2012b; Yu et al., 2013). Researches have revealed that the existence of
pendant hydrophobic aromatic tryptophan, nested with DOPA in the
sequence of mussel foot proteins (Figs. 1a and 1b) (Wei et al., 2012b),
significantly enhances adhesion at a neutral pH and contributes to
cohesive interactions between adhesive proteins (Fig. 1c) (Yu et al.,
2013). Therefore, following the design principle of hydrophobic modi-
fication of soybean protein molecules followed by their complexation
with TA is expected to yield high performance bio-based adhesives with
excellent water-resistant bonding properties.

Herein, inspired by adaptive hydrophobic and hydrophilic in-
teractions of mussel foot proteins, we demonstrated a facile, one-pot,
and scale-up approach for the fabrication of an all-bio-based adhesive,
STF, through modifying a complex of soy isolate protein (SPI) and TA
with bio-derived furfural (Fig. 1d). The STF exhibits high bonding
strength, excellent water resistance, ease of coating, and good mildew
resistance. It holds great promise for the development of environmen-
tally friendly and sustainable wood-based panels (Fig. 1e). In this sys-
tem, the polyphenolic structure of TA and SPI molecules can generate
strong non-covalent interactions, which shield the weak intermolecular
interactions of the proteins, thereby reducing viscosity and improving
bonding strength. Furfural, as a bio-based cross-linking agent, enhances
the hydrophobicity of the adhesives matrix by reacting with protein
amino groups. It can further improve water resistance of STF through
cross-linking and co-polymerization with TA and SPI. Moreover, the
synergistic effect of TA and furfural substantially improves the adhe-
sive’s mildew resistance. Formulation, brushability, bonding perfor-
mance, water resistance, antimicrobial resistance, and life cycle
assessment (LCA) of the STF were systematically investigated.
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2. Materials and methods
2.1. Materials

Soybean protein isolate (SPI, 90% protein content) was bought from
Dulai Biotechnology Co., Ltd. (Nanjing, China). Tannic acid (TA, 98%)
and furfural (CP) were bought from Adamas-beta Co., Ltd. (Shanghai,
China). Sodium hydroxide (NaOH, AR) and hydrochloric acid (HCl, AR)
were purchased from Guangzhou Chemical Reagent Factory Co., Ltd.
(Guangzhou, China). Poplar veneers with a moisture content of 10-12%
and measuring 400 x 400 x 1.5 mm? (length, width, and thickness)
were acquired from Linyi Jieya Trading Co., Ltd. (Linyi, China). All raw
materials are not further purified.

2.2. Preparation of adhesives

STF adhesives were synthesized by a facile method. The formulations
of adhesives are summarized in Table 1 and Table 2. Briefly, 20 g of SPI
and 80 g of distilled water were mixed well in a three-necked vial, and
1.7 g of 40 wt% NaOH solution was added to adjust the pH of the slurry
to 10. Homogeneous slurry was obtained by stirring at 400 rpm for 1 h
at 65 °C. Subsequently, an amount of TA was added to the slurry and
stirred at the same temperature for 1 h. The pH of the slurry was
adjusted to 5 with hydrochloric acid solution (19 wt%), a certain
amount of furfural was added and stirred at 65 °C for 30 min to obtain
the STF adhesive. Control adhesives, labeled as SPI, were synthesized
without TA and furfural. Adhesives with added TA or furfural were
named ST and SF, respectively. Synthesis conditions are the same as for
STF adhesives. Uncured adhesive powder was obtained through facile
lyophilization process, while cured adhesives were acquired by treating
them at a temperature of 170 °C for 2 h. The powders of both uncured
and cured adhesives were collected for further structural
characterization.

2.3. Evaluation of the bonding strength

The resultant plywood panels were sawed into 100 mm x 25 mm
specimens. The dry, wet, and aged bonding strength were evaluated
according to the China National standard GB/T 17657-2013 and GB/T
9846-2015. Briefly, the shear strength of the plywood specimens ac-
quired without soaking is the dry bonding strength. The wet bonding
strength is determined by measuring the shear strength of plywood
specimens that have been soaked in water at 63 + 3 °C for 3 h and
subsequently cooled to room temperature.

The plywood samples were boiled for 4 h, then air-dried using a
blower oven at 60 °C for 16-20 h, followed by another 4-hour boiling
cycle. The samples were later immersed in cold water with a tempera-
ture lower than 30 °C for at least 1 h. The resulting shear strength is
referred to as the aging bond strength. The shear strength of plywood
specimens was tested on a universal testing machine (AI-7000 M-GD,
Goodtechwill, Taiwan, China) and calculated according to Eq. (1):

Table 1
Design and results of orthogonal experiment.
Sample A B C D Dry shear Wet shear
pH TA Furfural Temperature strength strength
/wt /Wt% /°C /MPa /MPa
%
STF-1 4 20 20 160 2.2240.19 1.27+0.13
STF-2 4 15 25 170 2.484+0.16 1.25+0.07
STF-3 4 25 15 180 2.26+0.21 1.54+0.17
STF-4 5 25 25 160 2.094+0.07 1.57+0.19
STF-5 5 20 15 170 2.5240.09 1.71£0.05
STF-6 5 15 20 180 2.34+0.17 1.59+0.12
STF-7 6 15 15 160 1.64+0.11 0.91+0.17
STF-8 6 25 20 170 2.2640.14 1.15+0.16
STF-9 6 20 25 180 1.89+0.08 1.28+0.18
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Table 2

The formulations of SPI, ST, SF, and STF-5 adhesives.
Samples SPl/g Water/mL TA/wWt% Furfural/wt% pH
SPI 20 80 0 0 7
ST 20 80 20 0 5
SF 20 80 0 15 5
STE-5 20 80 20 15 5

Tension Force (N
Shear strength (MPa) = Wrea(n(lml) (€8]

2.4. Mildew resistance test

The open Petri dishes with fresh adhesive samples were placed in an
oven that maintained a constant temperature of 30 + 2 °C and a relative
humidity of 95 + 2 %.The mildew growth of the samples was recorded
with a digital camera every 24 h. Pixel values of the mildew area p; and
the total area of the adhesive py were counted by Image J2x software,
and the mildew growth rate was calculated according to Eq. (2):

pl

Mildew growth rate (%) = 0 x 100% 2)

2.5. Life cycle assessment

The weight of each sample was scaled up to 1000 times the actual
amount used and then modelled and evaluated for environmental
impact using Simapro 9 software. The formula for calculating power
consumption was calculated using according to Eq. (3):

Power consumption (kW / h) = Rated power x Experimental time

Real work
Rated work
3)

More detailed experimental materials and methods are presented in
the Supplementary Information.

3. Results and discussion
3.1. Fabrication and structural characteristics of adhesives

As shown in Fig. 1a-d, inspired by the hydrophobic enhancement of
Dopa-mediated adhesion in mussel foot protein, we demonstrated a
facile, one-pot, and scale-up approach for the fabrication of an all-bio-
based STF adhesive through modifying a complex of SPI/TA with bio-
derived furfural. Notably, SPI, TA, and furfural are currently manufac-
tured at train car scales, resulting in 100% sustainable and renewable
properties of STF adhesive. The chemical structures and intermolecular
interactions of STF adhesive were analyzed by FT-IR and !3C NMR.

The FT-IR spectra of the uncured adhesive samples were shown in
Fig. 1f, and their formulations were presented in Table 2. The charac-
teristic hydroxyl peaks of ST in the range of 3700-3200 cm™ were
significantly shifted to lower wave numbers compared to the untreated
SPI adhesive. This result demonstrated that the phenolic hydroxyl
groups of TA may be involved in the adhesive system through hydrogen
bonding interactions (Wang et al., 2017). The hydroxyl characteristic
peaks of SF were significantly lower. In addition, the -C-N- character-
istic peak of SF at 1235 cm™ was blue-shifted in the spectrum of SF
comparing with the untreated SPI adhesive. All these results suggested
that the aldehyde group of furfural may have reacted with the amino
group of SPIL. After the introduction of TA and furfural, the C=0 and
C-H bending vibrations at 1698 and 1528 cm™! were shifted to 1664 and
1534 cm™}, respectively, compared to the untreated SPI adhesive, which
could potentially be attributed to the amide bond formed between the
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furfural-grafted molecules of SPI. The C-H bending vibration at
1528 cm™! was shifted to 1534 cm™!, which may be originated from the
non-covalent interactions among SPI, TA and furfural. In addition, the
characteristic benzene ring peak of 882 cm™ for TA and the character-
istic C=C stretching peak of 1640 cm™! for furfural were weakened in
the STF, which may be due to various factors, such as the
co-condensation reaction between TA and furfural, the intricate inter-
action between furfural and protein molecules, and the
self-condensation reaction of furfural, among other possibilities (Faggio
et al., 2023; Huang et al., 2022b).

The '3C NMR was used to further investigate the structure of the STF
adhesive before curing (Fig. 1g). The peaks with chemical shifts of
172.8, 128.3, 53.0, 29.9, and 25.0 ppm for the untreated SPI adhesive
may be ascribed to the resonance of carbonyl group, aromatic, a-carbon,
p-carbon, and y-carbon, respectively (Jin et al., 2020). A resonance peak
at 145.1 ppm was observed for the phenolic C~-OH carbon of TA’s
catechol structure in both ST and STF adhesives, providing evidence of
the presence of TA. The addition of furfural resulted in a new signal peak
at 152.8 ppm in SF and STF adhesives, primarily associated with -C-N-
vibrations. Meanwhile, the signal peaks of the amino and aldehyde
groups displayed a concomitant decrease at 157.3 and 115.5 ppm (Chen
et al., 2023a), respectively. The above results indicated that there may
be intricate chemical and physical cross-linking interactions between
TA, furfural, and SPI molecules. These interactions may involve hy-
drophobic interactions and hydrogen bonding between TA and the furan
ring, weak interactions between TA and SPI, chemical cross-linking
among TA, SPI, and furfural, and Diels-Alder reaction between furan
nuclei and its derived structure obtained by furan ring opening (Chen
et al., 2023b).

3.2. Evaluation of wood veneers bonded with adhesives

The bonding strength is a critical property of adhesives. In this study,
the bonding strength was evaluated by testing the shear strength of
three-layer plywood bonded with adhesives synthesized by different
processes (Fig. 2a and b). For this purpose, orthogonal experiments were
performed to investigate the effect of various factors that affect the dry
and wet shear strength of adhesives (Table 1). These factors included the
pH of the final adhesives (A), the content of TA (B) and furfural (C), and
the hot-pressing temperature (D) at which the plywood was prepared (Li
et al., 2018). It can be found that pH had the greatest impact on the dry
and wet shear strength of adhesives. As shown in Fig. 2c and Table 1, the
wet shear strength of the plywood was the highest when the pH was 5.
The hot-pressing temperature also had a certain impact on the perfor-
mance of adhesives. Lower temperatures, like 160 °C, result in the
lowest wet shear strength. As the temperature increased, both the dry
and wet shear strength of the adhesives increased. The preliminary re-
sults indicated that the optimal formula which was A;B2C1D5 (STF-5: pH
5, TA 20%, furfural 15 %, hot-pressing temperature 170 °C), repre-
sented the optimal formulation (Table S1), exhibiting the highest dry
and wet shear strengths of 2.5 MPa and 1.71 MPa, respectively. In
addition, the factors were ranked in the following order of influence: A >
D>B>C.

The wet shear strength of the unmodified SPI adhesive was only
0.47 MPa (Fig. 2d and Table S2), which was attributed to the abundant
hydrophilic groups in SPI that reduced the water resistance. The
connection between SPI molecules is mainly established by hydrogen
bonding, and the wood-based panels prepared by SPI could fail in a
humid environment, which ultimately cannot meet the minimum
bonding strength of 0.7 MPa as required by the Chinese national stan-
dard for indoor-type plywood (GB/T 9846-2015). Modified with TA and
furfural, the wet shear strength of the STF adhesive reached up to
1.71 MPa. This was mainly due to the formation of multiple covalent
cross-linked networks within the adhesive, which improved the shear
strength of the adhesive matrix as well as the adhesion to the wood
veneer surface.
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Fig. 2. Evaluation of wood veneers bonded with STF adhesives. a) Schematic illustration of preparation of three-layer plywood specimens. b) Schematic diagram of
the three-layer plywood for testing shear strength. ¢) Dry and wet shear strengths of the plywood bonded with different STF adhesives obtained from orthogonal
experimental design. d) Dry, wet, and aged bonding strengths of the plywood bonded with STF-5 adhesive and three other control adhesives. e) Photographs and
wood failure rates of representative plywood bonded with SPI, ST, SF, STF-5 adhesives after testing for wet shear strength. f) Optical microscopy images of the cross-
section of adhesive layers in the plywood samples. g) Comparison of biomass content versus wet shear strength of STF-5 with other previously reported soy protein-
based adhesives. Details are included in Supplementary Table S3. h) Thermogravimetry and derivative thermogravimetry (DTG) curves of the different adhesives.

To further elucidate the effects of TA and furfural on the bonding
properties of STF adhesives, control groups modified only with TA or
furfural, labeled ST and SF, respectively, were established (Table 2). The
various shear strengths of unmodified SPI, ST, SF, and the optimal group
STF-5 were tested and compared. The results demonstrated that the dry
and wet shear strengths and aged bonding strengths of ST and SF were
lower than those of STF-5, proving that the multiple crosslinking in STF-
5 significantly improved the bonding performance of the adhesives. The
aged bonding strength of STF-5 reached 1.19 MPa, which exceeded the
0.9 MPa of ST and the 0.7 MPa of SF, and met the Chinese national
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standard for the bonding strength of outdoor Type I plywood. This
excellent aged bonding strength has not been previously reported for
soybean protein-based adhesives. These results highlighted the excellent
hydro-thermal resistance of STF adhesives. Comparing the wood failure
percentages of the samples after shear testing (Fig. 2e), the STF-5-
bonded samples had the highest wood failure percentage of 85%
compared to SPI, ST, and SF, demonstrating that the interaction between
the adhesive and the wood was stronger than the wood itself.

The penetration depth of the adhesives can indirectly reflect the
bonding strength of the plywood. As shown in Fig. 2f, STF-5 has a
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penetration depth nearly three times that of SPI. Based on the subse-
quent discussion of adhesive viscosity, STF-5 has the lowest apparent
viscosity and better fluidity, which enabled it to be evenly applied and
penetrated the interior of the wood veneer to form adhesive nails. This
effectively promoted mechanical interlocking with the wood and
improved the bonding strength.

Fig. 2g and Table S3 compared the wet shear strengths and biomass
contents of STF-5 with other previously reported bio-based adhesives.
The STF-5 adhesives not only have a high biomass content of 100% but
also exhibit better wet shear strength than other reported bio-based
adhesives. Given that STF-5 exhibits superior bonding strength, the
subsequent exploration of material properties will be represented by
STF-5.

The thermal stability of the adhesives was further studied using the
thermal gravimetric analysis (TGA) technique through an N, atmo-
sphere, as presented in Fig. 2h. The degradation of adhesives was mainly
divided into two stages. The first stage (before 260 °C) was primarily
related to the volatilization of some small molecules and the instability
of chemical bonds in SPI. The second stage occurred after 260 °C, which
was due to the degradation of the soybean protein backbone. Comparing
the mass residue rates of ST (43.2 wt%) and SPI (34.7 wt%), it can be
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inferred that TA was the primary reason for improving the char for-
mation in STF. The char residue rate of STF-5 increased to 44.2 %,
possibly due to the better thermal stability of the crosslinked structure
formed by SPI with TA and furfural. As shown in Fig. 2h, the derivative
thermogravimetry curves illustrated that the peak of decomposition rate
of SPI and STF-5 exhibited a marked difference. This indicated that the
structure constructed by introducing TA and furfural effectively slowed
down the thermal degradation of the soybean protein backbone struc-
ture. The above results further demonstrated that STF-5 possessed a
compact and dense structure.

3.3. Viscosity, coating, and storage stability of adhesives

The adhesive’s coating performance is determined by its appropriate
viscosity and good initial adhesion, both of which directly impact the
adhesive’s application in the wood industry (Xu et al., 2020a). Viscosity,
determined by intermolecular forces, has a direct effect on the adhe-
sive’s fluidity. Adhesives with better fluidity are more likely to have
uniformly distributed adhesive. Thus, viscosity and coating performance
must be considered. As shown in Fig. 3a, the apparent viscosity of un-
modified SPI was as high as 44230 mPa-s due to significant

Fig. 3. Performance of adhesives in terms of viscosity, coating, and storage stability. a) Steady shear rheology curves. b) Photographs of fluidity for the different
adhesives. c) Photographs of coating performance of the adhesives on the wood veneers. d) Photographs of the adhesives of freshly-prepared and after 72 h storage at

room temperature. e) Macroscopic morphology of the curing adhesives.
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intramolecular and intermolecular forces, which was poor in fluidity
(Fig. 3b) and reduced the penetration of the adhesive into the wood
veneer, thus negatively affected the bonding strength. However, after
the introduction of TA and furfural, the apparent viscosity of the ad-
hesive was reduced to 2366 mPa-s and 7341 mPa-s, respectively. In
addition, the viscosity of the optimized STF-5 was only 845.9 mPa-s
representing a significant enhancement in its flowability. The improved
flowability mainly attributed to the physical and chemical interactions
of TA and furfural with the SPI molecules reducing the entanglement of
the soybean protein molecules, thus greatly improving the processability
of the adhesive (Xu et al., 2020b).

During the coating process, the underdeveloped flowability of the
adhesive can lead to uneven application and reduced penetration,
leading to weakened plywood strength. As shown in Fig. 3c, the high
viscosity of SPI can cause sticking and uneven application when applied
by brush. The coating properties of the modified adhesives were all
improved, especially STF-5, which had the most uniform and non-heavy
coating surface. However, the ST coating surface could see the accu-
mulation of slag, which might be due to the complex precipitation
produced by the combination of protein and tannin.

The stability of the modified adhesive was also improved. The SPI

(a) (b)

(1677cm")c=0C- N(12350m )

Industrial Crops & Products 214 (2024) 118583

and ST groups showed significant changes after 72 h (Fig. 3d), with
many bubbles and delamination occurring within the adhesive (Wang
et al., 2019). While SF and STF showed no significant changes, which
was probably attributed to the furfural modification of the amino groups
of proteins, which reduced the destabilization of the colloid due to
agglomeration, and on the other hand, may be related to the improve-
ment of mildew resistance of the adhesives. Fig. 3e and Table S4
demonstrated the film morphology of the same weight adhesives after
curing and the solid content of different adhesives. It can be observed
that the SPI has a monolithic shape, whereas the volume of the film of all
the modified adhesives has increased, signaling an increase in solid
content.

3.4. Bonding mechanism of adhesive

Excellent bonding properties of adhesives usually require that the
adhesive layer has a strong cohesive force and is tightly bound to the
interface between the wood veneers. To investigate the bonding mech-
anism of STF adhesive, the cured adhesives were evaluated using FT-IR
spectroscopy, XRD and XPS techniques. The FT-IR spectra of the three
raw materials, the control groups (SPI, ST, and SF) and STF-5 were
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Fig. 4. Characterization of curing mechanism. a) FT-IR spectra of SPI, TA, furfural, ST, SF, and STF-5. b) XRD spectra and c) crystallinity degree of SPI, ST, SF, and
STF-5. d-f) XPS fitting curves of high-resolution Cls, O1s, and N1s spectra of SPI and STF-5. g-i) Schematic of the proposed curing mechanism of the SFT adhesive.
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shown in Fig. 4a. The broad bands in the range of 3600-3200 cm™! for
SPI were attributed to the freely bound -OH and -NH,. Upon intro-
duction of TA, -OH and -NH, of ST shifted from 3610, 3250 cm™" to
3500, 3290 cm™’, respectively, indicating the existence of complex weak
interactions between SPI and TA, such as hydrogen bonding (Jin et al.,
2020). In addition, the stretching vibration of C=0 in amide II at
1677 cm™ weakened. TA contains a considerable amount of active
phenolic hydroxyl, which has high reactivity and can form hydrogen
bonding and hydrophobic interactions with SPI (Jin et al., 2020). This
reduced the hydrophilicity brought about by hydroxyl, amino and
carboxyl groups, improved the hydrophobicity of the adhesive, and
enhanced its internal cohesive structure. The disappearance of the
aldehyde characteristic peaked at 1640 cm™! of furfural in SF, and the
weakened —NH;, feature peaked in SF compared to SPI. Furthermore, the
characteristic peaks of -OH and -NH, feature peaked in STF decreased,
indicated that there may be a chemical reaction between TA, furfural

(a)
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and SPI. Besides, the -C-N— bond in STF at 1677 cm ™" was stronger than
that of ST and SF. The aldehyde group in furfural reacted with the amino
group of SPI to form —C—=N-, which was converted to the more stable
—C-N- after high-temperature hot press curing due to the unstable dy-
namic covalent bond of -C=N- (Xu et al., 2021).

Furthermore, X-ray diffraction (XRD) was utilized to analyze varia-
tions in the crystalline structure among the different adhesives. It was
observed that the a-helix and fS-sheet peaks of SPI were present in the
XRD spectrum (Fig. 4b) at 9.8° and 20.3°, respectively (Chen et al.,
2023a). The peak area of the characteristic a-helix region in each sample
showed a flattening trend due to the interaction between the modified
agents and peptide bonds in the protein molecule that built new cross-
linking structures and weakened the original crystalline structure.
Meanwhile, the characteristic peak of SPI at 20.3° (-sheet) broadened
and shifted to 21.7° after the introduction of TA and furfural into STF-5.
This could potentially lead to a partial collapse of the crystalline
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Fig. 5. Water resistance and surface morphology of curing adhesives. a) Water absorption rate of the curing adhesives. b) Insoluble fraction and swelling rate of the
curing adhesives. c) Water contact angles of the curing adhesives. d) Visual examination of the surface morphology of fresh adhesives versus curing adhesives. €) SEM
images of the curing adhesive surfaces. f) Laser optical 3D surface images of the curing adhesive films.
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structure of the protein molecule as a result of the synergistic action of
physical and chemical effects. The crystallinity of different adhesives
was calculated based on the XRD results (Fig. 4c), and it was found that
the addition of TA and furfural increased the crystallinity from 5.58 % to
16.32 %. The new covalent bonds and hydrogen bonds produced by the
combination of TA and furfural with SPI might alter and enhance the
crystalline structure of SPI to form a more compact structure (Kan et al.,
2023).

To better understand the compositional change in the structure of the
adhesives, XPS spectra of different adhesives were obtained (Fig. 4d-f
and Fig. S1). The Cls deconvolution peaks for SPI and STF-5 adhesives
were shown in Fig. 4d. The decrease in the peak areas of C-C and C-O and
the increase in the peak areas of C=0 and C-N in STF-5 as compared to
SPI may be attributed to the formation of amide bonds between the
aldehyde group of furfural and the amino group of SPI (Zeng et al.,
2023). In the O1s spectra of SPI and STF-5, it can be found that the peak
area changes of SPI and STF-5 were basically consistent with the Cls
spectra (Fig. 4e). In addition, the N1s spectra of SPI were separated into
two sub-peaks (Fig. 4f), which corresponded to the nitrogen-containing
groups of -NHy and C-N (Xu et al., 2021). In the N1s spectra of STF-5, a
decrease in the peak area of -NH; was observed, which implied that the
number of amino groups in the protein molecule involved in the reaction
was reduced to produce C=N and C-N. Nevertheless, the conversion to
C-N took place subsequent to the curing process, owing to the instability
of C=N, thereby leading to a notable enhancement in the peak area of
the C-N (Peng et al., 2023). Fig. 4g-i illustrated the diverse covalent and
non-covalent crosslinks that could exist among SPI, TA, and furfural in
the STF adhesive matrix following thermal curing.

3.5. Water resistance and microstructure of curing adhesives

The water resistance of the adhesives is a key factor affecting their
mechanical properties and actual application life under humid condi-
tions. As shown in Fig. 5a, the SPI sample demonstrated the lowest water
resistance, as its mass rose by 210% after being submerged in water for
10 h. Abundant hydrophilic groups and porous structure of soybean
protein facilitate significant water absorption and consequent swelling.
After being soaked for 2 h, the mass of SPI samples decreased mainly due
to the disintegration of soybean protein’s internal structure and the
dissolution of small molecule peptides. However, the addition of TA and
furfural significantly mitigated the upward trend of water absorption
exhibited by ST and SF, especially with extended soaking periods. This
indicated that the water resistance of the soybean protein adhesives
modified by the TA and furfural was significantly improved.

The gel test can be used to determine the degree of cross-linking and
water absorption of the cured adhesives (Bai et al., 2021). As shown in
Fig. 5b, the results obtained by measuring the insoluble fraction
(21.25%) and the swelling rate (141.35%) of the untreated SPI adhesive
demonstrated that the adhesive was significantly hydrophilic. Incorpo-
rating TA and furfural led to the maximum insoluble fraction (61.34%)
and minimum swelling rate (68.72%), which can be attributed to the
successful non-covalent week interaction and chemical reaction among
the phenolic hydroxyl group of TA, the aldehyde group of furfural, and
soybean protein molecules. As a result, STF-5 exhibited a physical and
chemical intertwined network, leading to improved water resistance.
The improved water contact angle (WCA) of modified SF, ST and SFT-5
compared to SPI (Fig. 5¢) may be the result of the interaction of TA and
furfural with SPI, which significantly improved the hydrophobicity of
STF-5.

As shown in Fig. 5d, the fresh SPI adhesive showcased a bubbly
surface, while the cured sample displayed cracks and an uneven surface.
Upon adding TA, the surface pores of the fresh adhesive declined, and
the viscosity decreased while flowability improved. However, the cured
sample still exhibited a host of tiny cracks. Compared to the untreated
SPI, the SF demonstrated improvement on the surface morphology of the
fresh adhesive, but a patch of visible cracks was found in the cured
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sample (Fig. 5d). In contrast, the fresh adhesive surface of STF-5 was flat
and bubble-free, with the lowest viscosity and smooth surface of the
cured samples. The surface morphology of the cured adhesive was
analyzed using SEM (Fig. 5e). On the unmodified SPI adhesive surface,
there were multiple pores resulting from voids produced during water
evaporation at high temperatures. Consequently, moisture could
permeate into the interior through these channels, resulting in the low
water resistance and strength of the unmodified SPI adhesive. The
addition of TA significantly improved the surface of the adhesives by
eliminating large pores and creating a more complex network structure
through its interaction with proteins. The addition of furfural produced
a smooth surface and formed grooves and textures not previously pre-
sent. The aldehydic group of furfural reacted with the hydroxyl, thiol,
and amino groups in protein, bridging the dispersed peptide chains to
form new robust materials. However, the brittleness of the furfural
cross-linking products resulted in shrinkage and cracking of the SF ad-
hesive film surface (Swain et al., 2004). The smooth and elastic surface
of STF-5 without cracks was attributed to the multiple cross-linking of
TA and furfural with protein molecules, and the strong intermolecular
forces resulted in a more homogeneous and compact structure of the
adhesive. Furthermore, Fig. 5f showed the three-dimensional surface
profile of the adhesives, which was in general agreement with the above
analysis.

3.6. Mildew resistance of adhesives

Since soybean protein is a nutrient-rich natural substance for mi-
croorganisms, it is easily deteriorated by mildew, which is a major
impediment to the wider commercial applications of soybean protein
adhesives. Fig. 6a illustrated the anti-mildew test photos of the various
adhesives prepared. It was evident from the results that the untreated
SPI adhesive’s surface color became darker over time, mildew colonies
gradually spread, and an unpleasant odor was detected. On the seventh
day of monitoring, the surface of the SPI adhesive was wholly covered
with mildew colonies. However, in ST and SF adhesives, mildew growth
was efficiently suppressed during the first three days of testing (Fig. 6b
and Table S5). However, after the seventh day, mildew growth exceeded
95% of the adhesive’s surface area. The results demonstrated that the
addition of TA or furfural alone improved the mildew resistance of the
adhesive in the short term. Notably, STF-5 adhesive demonstrated
exceptional mildew resistance (Fig. 6a and b), as only microscopic col-
onies appeared on the surface after seven days of monitoring, account-
ing for only 0.15% of the adhesive’s surface (Table S5). The interaction
of TA, furfural, and soybean protein creates multiple complex networks
that may cause protein denaturation. The active groups’ synergistic
interaction of TA (e.g. active phenolic structure can effectively scavenge
oxygen-free radicals and inhibit lipid peroxidation) and furfural attacks
the mildew cell wall (Fig. 6¢) (Pizzi and Scharfetter, 2003; Zeng et al.,
2024). Furthermore, they inactivate enzymes and active proteins pre-
sent on the mildew cells’ surface, reducing their reproduction rate, thus
enhancing the anti-mildew properties of the adhesive.

3.7. Life cycle assessment

Life cycle assessment (LCA) refers to the potential impacts on the
environment from the acquisition of raw materials, production and
consumption to the disposal of the product after use (Harrison et al.,
2023). The demand for adhesives for wood-based panels is increasing,
driven by a focus on improving people’s quality of life. However, the
production and disposal of adhesives for wood-based panels may emit
harmful gases that pose a significant risk to the surrounding environ-
ment, including the air, water, and soil. Air, water, and soil pollution
damages the ecological environment, directly endangering human
health and the safety of ecosystems. Thus, LCA is an important approach
for the development of new materials to evaluate their sustainability and
impacts on the environment and the human health. LCA analysis results
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Fig. 6. Mildew resistant performance of the adhesives. a) Photographs of anti-mildew tests conducted at different periods. b) Mildew growth rate on the surface of
different adhesives. ¢) Schematic illustration of the proposed mildew resistance mechanism for STF adhesive.

demonstrated that the human health and ecological impact of STF-5 was
significantly lower than that of conventional urea formaldehyde resin
(UF) and phenol formaldehyde resin (PF) adhesives (Fig. 7), making the
development of fully bio-based and formaldehyde-free STF-5 adhesives
highly promising.

4. Conclusions

In this work, an easy-handled, water-resistant, and anti-mildew all-
bio-based STF adhesive with high-bonding performance was developed
inspired by the adaptive hydrophobic and hydrophilic interactions of
mussel foot proteins. Furfural, acting as a bio-derived cross-linking
agent, can enhance the hydrophobicity and co-adhesion of soybean
protein molecules by modifying the furan ring to the soy protein mole-
cules. In addition, TA was utilized to create intricate non-covalent in-
teractions with soybean protein molecules, diminishing the
entanglement of molecular chains and lowering the adhesive viscosity
while boosting bonding strength. The three-component fully bio-based
adhesive can be produced with a facile one-pot strategy and exhibits
the desired high performance for use in the wood-based panel industry.
Compared with unmodified SPI adhesive, using the STF adhesive to
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prepare plywood increased the dry shear strength by 65.8 % and the wet
shear strength by 263.8%. Notably, the aging bonding strength of
plywood with the STF adhesive reached 1.19 MPa, which exceeds that of
previously reported soybean protein-based adhesives. In addition, STF
features excellent mildew resistance and fluidity (brushability) as well
as superior thermal stability. LCA results demonstrated that the devel-
opment of fully bio-based and formaldehyde-free STF adhesives is highly
promising. Therefore, this work is conducive to the sustainable devel-
opment of the wood adhesive industry and meets the demand for green
development in modern society.
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It is difficult to significantly improve the mechanical performance and fire-resistance of fast-growing wood
without increasing its density. In this study, a modified poplar wood (USD-RA-W) with low-density, high
dimensional stability, high mechanical strength, and fire resistance was successfully prepared by unilateral
surface densification assisted with the impregnation of waterborne acrylic resin (WAR)/ammonium phytate
(APA). The flexural and impact strength values of USD-RA-W increased by 52% and 48%, respectively, compared
to the control samples (C-W). The surface hardness and wear resistance of USD-RA-W were also significantly
improved, with a 132% increase in hardness and a 22% reduction in weight loss relative to C-W. The
improvement in mechanical properties is attributed to the synergistic effects of surface densification and
impregnation modification of APA-doped acrylic resin. The in-situ-cured resin network provides excellent
dimensional stability by fixing the spring-back of the densified surface of the material. USD-RA-W shows
significantly improved fire retardancy due to the introduction of bio-based APA. UL-94 analysis results show that
the fire-retardant grade of the USD-RA-W passed V-0 and the limited oxygen index reached 50%. Cone calo-
rimeter test results indicate that the total heat release rate and smoke release rate of the experimental group
decreased by 32% and 77%, respectively, while the char residue reached 41%. A simple and green physic-
chemical method for the preparation of high-performance USD-RA-W was established in this study. The pro-
posed treated wood may be applicable in structural building materials and interior decoration fields.

1. Introduction

Fast-growing poplar is a commercial wood species favored for its fast
growth, early harvest time, and a short rotation period {1,2}. However,
its loose texture and poor mechanical properties make it unsuitable as a
structural building or high-grade interior decoration material {3,4}. The
inflammability of untreated wood also poses a serious threat to the
safety of human lives and property {51, which is, naturally, a serious
concern {6,7]. It is necessary to modify fast-growing poplar wood to
improve its mechanical properties and fire retardance before it will
satisfy the requirements for practical application {8,91.

It is very challenging to simultaneously improve the mechanical
properties and fire retardance of fast-growing poplar wood without
sacrificing its inherently low density. Among existing physical modifi-
cation methods, the bulk thermo-mechanical densification process has
been shown to effectively improve the mechanical and physical prop-
erties of fast-growing wood species {1G,111. However, bulk densification
process requires compressing the wood throughout its entire thickness
{121, resulting in volume loss and wasted energy.

Compared with bulk densification, surface densification (SD) offers
several distinct advantages. In terms of material efficiency, SD allows for
the maximum utilization of wood without sacrificing its physical
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performance [13]. Unilateral surface densification (USD) is even more
cost-effective and energy-efficient, allowing the production of value-
added wood products with minimal volume loss [14]. However, USD
creates disadvantages such as spring-back of the densified layers and
poor dimensional stability [15].

Impregnation modification, one of the most commonly used chemi-
cal modification methods [16,17], has been extensively researched as it
can significantly improve the dimensional stability of fast-growing wood
[18,19]. Amino-formaldehyde resins and phenolic resins are often
impregnated to fast-growing wood to enhance its mechanical and
physical properties [20]. Impregnation modification combined with
bulk densification can reduce the deformation recovery of modified
wood by the fixed action amino-formaldehyde resin or phenolic resin
crosslinking networks [21]. However, overuse of formaldehyde- and
phenol-containing resins creates potential environmental issues and
health threats. There is demand for an innovative, green, low-molecular-
weight, fast-curing impregnation resin precursor.

Acrodur® is a water-based, formaldehyde-free reactive acrylic resin
developed by BASF for use as an adhesive for natural fibers [22]. It is an
alternative to formaldehyde-containing phenolic resins or other solvent-
based thermosetting adhesives [23,24]. Below its curing temperature
(135 °C), Acrodur® is a storage-stable aqueous resin. Above its curing
temperature, Acrodur® can be cured rapidly by thermal-induced free
radical polymerization and cross-linking of acrylic resin precursors with
functional alcohols [25]. The cured resin material has thermosetting
properties such as abrasion resistance as well as excellent thermal,
mechanical, and chemical stability [26].

In a previous study [27], we surface-impregnated poplar wood with a
reactive waterborne acrylic resin of Acrodur® followed by USD; the
treated wood exhibited high dimensional stability, excellent surface
hardness, and strong bending properties. To this effect, we assert that
Acrodur® resin is ideal for improving the overall properties of unilateral
surface-densified wood products [28]. Unfortunately, Acrodur® resins
and wood are both flammable; they are unsuitable for use in areas with
strict fire-resistance requirements. It may be possible, however, to
improve the flame retardancy of Acrodur® resins to expand its practical
applicability.

Introducing fire retardancy into the matrix is a direct, effective
approach to improving the fire-resistance of polymer resin. Impreg-
nating wood with fire-retardant resin can protect the wood itself from
fire, while also strengthening the wood matrix [29,30]. The cured
crosslinking network of the resin fixates doped fire-retardant compo-
nents to reduce the loss, migration, and moisture absorption of the fire
retardant [31]. Fire retardants containing halogens release harmful
gases and smoke when burning, however, so many countries strictly
regulate their application [32].

By contrast, phosphorus and nitrogen fire retardants have attracted a
great deal of research attention due to their compatibility, low smoke
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production, and low toxicity. Phosphorous fire retardants can produce
phosphoric acid during combustion to promote the dehydration of the
polymer matrix into carbon, creating a condensed-phase fire retardant
effect [33,34]. Recently, Song et al. synthesized a bio-based fire-retar-
dant curing agent of ammonium hydrogen phytate by controlling the
reaction between phytate and urea. Modified wood coated with the
mixture of melamine-urea formaldehyde resin and ammonium phytate
(APA) showed an LOI value as high as 39.1% and an excellent fire
retardant rating of V-0 [35].

In this work, modified poplar wood (USD-RA-W) with low density,
high mechanical performance, and fire resistance was successfully pre-
pared via a combination of environmentally friendly physic-chemical
modifications. The poplar wood was impregnated with a composite
precursor resin consisting of waterborne acrylic resin (WAR) and APA,
then further treated with USD (Fig. 1). The effects of different WAR/APA
ratios on the fire resistance and physic-mechanical properties of the
unilateral densified wood were investigated. The fire-retardant mecha-
nism was also determined. The proposed high-performance USD-RA-W
can be used to create fire-safe, green, high-quality, and low-cost build-
ings materials, furniture, and interior decorative items.

2. Experimental section
2.1. Materials

The fast-growing poplar wood (Populus euramevicana cv.‘1-214") used
in this study originates from Luohe, Henan Province, China. Phytic acid
aqueous solution (70%) was purchased from Guolunmei Biotechnology
Co., Ltd., Guangzhou, China. Urea was supplied by Jinhuada Chemical
Reagent Co., Ltd., Guangzhou, China. Water-based acrylic resin (Acro-
dur® DS 3530) with a density, solid content, viscosity range, and pH
value of 1.06 g cm ™3, 50%, 150-300 mPa s, and 3.5, respectively,
originates from BASF China Co., Ltd., Shanghai, China. The main active
ingredients are a mixture of polycarboxylic acids with multi-functional
alcohol.

2.2. Preparation of USD-RA-W materials

2.2.1. Preparation of N/P doped acrylic resin

The preparation of APA was based on previous reports [36,37]. In
detail, phytic acid (PA) and urea with fixed proportions were added to a
flask and refluxed in a closed environment. Each mole of phytic acid
corresponds to 5 mol of urea. The APA synthesis route is shown in Fig. 2.
A light-yellow liquid was obtained after stirring and heating for 4 h at
120 °C. The liquid frozen in a freeze dryer and purified, then the
resulting salt solids were denoted as APA. Based on exploratory tests, a
series of WAR/APA solution with 18 wt% (w/w) concentration was
prepared by dilution with deionized water. Different WAR/APA ratios

Fig. 1. Schematic demonstrating the wood modification process of unilateral surface densification assisted with impregnation of an N/P doped acrylic resin.
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Fig. 2. Synthetic route of APA via the reaction between phytic acid and urea.

(1:0,4:1, 3:1, 2:1, 4:3, 1:1 and 0:1) were successfully prepared, and were
used for subsequent impregnation (Table 1).

2.2.2. Impregnation

The wood samples with dimensions of 170 x 100 x 13 mm (L x T x
R) were placed into a stainless-steel container and pressed with 100 g
weights. Different mass ratios of N/P doped acrylic resin were poured
into containers and submerged into the wood samples in the radial di-
rection (Table 1). The containers were loaded into a vacuum high-
pressure impregnation tank at room temperature. The tank was pum-
ped down to about —0.08 MPa and held for 20 min, then the vacuum was
released to ambient pressure as the solution initially entered the wood.
The air pressure inside the tank was increased to 0.6 MPa and held for 1
h to allow the solution enter the wood more fully (Fig. 3a). Finally, the
impregnated samples were removed from the vacuum tank and the any
excess resin solution was wiped away from the surface.

The samples were left for 12 h to air dry indoors, then loaded into a
vacuum oven at 60 °C for 48 h. The vacuum was pumped down to about
—0.08 MPa to complete the process. All samples were conditioned at
20 °C and 65% relative humidity (RH) until equilibrium moisture con-
tent (EMC) was attained prior to densification.

2.2.3. Unilateral surface densification

The SD process for treating wood samples (Table 2) was carried out
according to the steps shown in Fig. 3b using a hydraulic press machine
(Qingdao Go World Rubber Machine Co., Ltd., Qingdao, China) with 100
metric ton capacity. The pressing tray dimensions were 60 x 60 cm. The
upper platen was set to 160 °C and the lower platen to room tempera-
ture. After the upper platen reached the designated 160 °C, the samples
were placed in direct contact on the lower platen and the press was
closed immediately. When the pressure reached 6 MPa, the wood

Table 1
The resin formulations used to impregnate different wood samples.

Wood WAR/APA resin Concentration of WAR/APA resin
samples Acrylic resin APA (wt.9%)
(Phr.) (Phr.)
cw? 0 0 0
USD-w © 0 0 0
USD-R-W 18 0 18
USD-A-W 0 18 18
USD-RA-W1 14.4 3.6 18
USD-RA-W2 13.5 4.5 18
USD-RA-W3 12 6 18
USD-RA-W4 10.3 7.7 18
USD-RA-W5 9 9 18

a: Deionized water impregnation treatment as the control group.
b: Deionized water impregnation treatment followed by unilateral densification.
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samples were held under compression for 10 min to ensure curing of the
impregnated acrylic resin. The samples were with a thickness of 13 mm
compressed in the radial direction to a target thickness of 10 mm using
two metal gauges at a nominal compression ratio of 23% (Fig. 1) after
the sample was cooled to room temperature. Finally, all densified
samples were conditioned at 20 °C and 65% RH until EMC prior to
further testing.

The fully impregnated and unilaterally surface-densified wood
samples after equilibration were labeled as USD-RA-W. Five groups of
USD-RA-W were marked as USD-RA-W1, USD-RA-W2, USD-RA-W3,
USD-RA-W4, and USD-RA-W5 as WAR/APA ratio decreased from 4:1
to 1:1. The untreated control wood was labeled as C-W. The only-
surface-densified wood was labeled as USD-W, the wood only impreg-
nated with 18 wt% WAR aqueous solution was labeled as USD-R-W, and
the wood only impregnated with 18 wt% APA aqueous solution was
labeled as USD-A-W.

2.3. Characterization

2.3.1. Micromorphology and energy dispersive spectrometry

Scanning electron microscopy (SEM) was conducted using an EVO 18
(Carl Zeiss, Germany) microscope at an accelerating voltage of 18 kV to
observe the morphologies of the treated wood samples. Transverse
sections of the densified layer were hand-cut using a razor blade. The
samples for were painted with a conductive gold layer to prepare them
for SEM imaging.

The sectional microstructure and contents of carbon, nitrogen, oxy-
gen, and phosphorus in the char layers were examined with a ZEISS
EVO18 SEM device (Germany) and an energy dispersive spectrometer
(EDS) (EVO MA15, Germany) after cone testing.

2.3.2. Weight percent gain and leaching ratio measurements

The weight of the impregnated wood sample (my) was measured and
the weight percent gain (WPG) induced by impregnation was calculated
as follows:

WPG(%) = "2~ 100%

m

@

where m; and m; are oven-dry masses of the sample before and after
impregnation, respectively (g).

The modified wood samples with dimensions of 20 x 20 x 10 mm (L
x T x R) were immersed in deionized water at 40 °C for 24 h. The
leaching ratio of the resin was calculated as follows:

MX 100%
ny — ny

Leachingratio(%) = (2)

Where, my is oven-dry masses after 24 h immersion, m; and m; as in
equation (1).



X. Zhang et al.

Construction and Building Materials 398 (2023) 132470

Fig. 3. Schematic development of process parameters during (a) vacuum impregnation and (b) unilateral surface densification.

Table 2

Basic physical properties of the un-densified control and unilaterally surface-densified wood.
Sample T (°C) Density*(kg m ™) Densityb (kg m™~3) EMC(%) Density® (kg m™3) t; (mm) ty (mm)
C-wW 160 465 - 11.2 - - -
USD-W 160 484 554 9.12 882 0.21 0.83
USD-R-W 160 488 624 9.27 1184 0.61 2.13
USD-A-W 160 485 601 9.35 1124 0.54 2.04
USD-RA-W1 160 477 609 9.31 1173 0.42 1.92
USD-RA-W2 160 486 617 9.29 1109 0.3 1.75
USD-RA-W3 160 475 605 9.5 1053 0.35 1.22
USD-RA-W4 160 477 609 9.31 1143 0.42 1.22
USD-RA-W5 160 475 612 9.37 1013 0.3 1.21

T (°C): temperature of the upper platen during unilaterally surface densification.

Density® (kg m~%) and Density® (kg m~3): average density of the wood samples before and after unilaterally surface densification, respectively.

Density® (kg m~>): the peak density of the densified layer.
t; (mm): thickness between surface and peak.

to (mm): thickness of the effective dense layer with a density greater than 750 kg m™~.

2.3.3. Vertical density profile (VDP) measurements

An X-ray densitometer (DPX-300Lt, IMAL, Italy) was used to measure
the VDP of the specimens after WCA measurements at intervals of 0.05
mm through the specimen thickness (radial direction).

2.3.4. Abrasion resistance

The abrasion resistance of each 100 x 100 x 10 mm (L x T x R)
sample was measured according to ISO 7784e2:2006 on a Taber abra-
sion tester (Shanghai Pushen Chemical Machinery Co., Ltd., Shanghai,
China). The mass losses were calculated after 500 revolutions with two
wheels at a load of 1000 g and a rotation speed of 60 rpm. Three rep-
licates were measured for each sample and the mean value was calcu-
lated as the final result.

2.3.5. Surface roughness measurements

Surface roughness measurements of 100 x 100 x 10 mm (L x T x R)
specimens were conducted according to ISO 4287:1997 on a contact
stylus profilometer (Hommel-Etamic W5, Jenoptik, Germany). Average
roughness (R,) was used to characterize the surface characteristics. The
final value of R, was calculated by averaging nine different positions on
each sample.

2.3.6. Static hardness measurements

Static hardness testing of the specimens was carried out according to
ISO 13061e12:2017 on a universal testing machine (AI-7000 M—GD,
Goodtechwill, Taiwan, China) (Standardization, 2017) after VDP mea-
surements. The machine was equipped with an 11.28 mm diameter
indenter, which was placed on the surface of the densified layer and
compressed at a rate of 4 mm min~! until a displacement of 2.82 mm
was reached. The maximum load was recorded and the surface hardness
Hy (N) was calculated as follows.

Hy =K xF 3

3

where H,, is the surface hardness at moisture content (W, N); F is the
maximum load, (N); K = 4/3 for 2.82 mm displacement.

2.3.7. Contact angle measurements

A drop shape analyzer (DSA100 HP, Kriiss GmbH, Hamburg, Ger-
many) was used to measure the water contact angles (WCA) of the
specimens after surface roughness measurements with a 2 pL deionized
water droplet. Each average WCA value was obtained from at least three
parallel measurements on different areas of the same surface.

2.3.8. Set recovery measurements

The specimens measuring 20 x 20 x 3mm (L x T x R) were cut from
the densified layer wood samples. The specimens were soaked in
deionized water at 40 °C for 24 h. Set recovery (SR) was determined by
measuring the oven-dried (103 °C, 6 h) specimen thickness before and
after soaking. A screw micrometer with an accuracy of 0.001 mm was
used to measure thickness of the four different points from each spec-
imen. SR was calculated as:

SR — {(T.\- —Ta)
(To —Tu)
where Ty, Ty, and T are the thicknesses of the oven-dried undensi-

fied, densified, and recovered specimens in the radial direction,
respectively.

} « 100% )

2.3.9. Thermogravimetric analysis

The thermal decomposition of the modified wood was determined by
thermogravimetric analysis (TGA) (TG 209 FlLibra TM analyzer,
Netzsch, Germany). Specimens of approximately 8 mg were heated
under N, atmosphere with 20 ml min~! from 35 to 800 °C at 10 °C

min~ L.
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2.3.10. Limited oxygen index (LOI)

Specimens with dimensions of 130 x 6.5 x 3 mm (L x T x R) were
cut from the densified layer of the unimpregnated and impregnated
samples were used to measure the limited oxygen index (LOI) (HC-2
oxygen index meter, Jiangning Analysis Instrument Company, China)
based on ASTM D2836. Fifteen replicates were measured for each
sample.

2.3.11. UL-94 vertical burning testing

Pure and densified layered samples with dimensions of 130 x 13 x 3
mm (L x T x R) were test in accordance with ASTM D6413 on a UL-94-X
type vertical burning tester (Kunshan Modislike Combusion Technical
Instrument Co., LTD., China). Ten replicates were tested for each
sample.

2.3.12. Cone calorimetric analysis (Cone)

A cone calorimeter (CCT, MOTIS Combustion Technology, China)
was used to evaluate the flammability of the pure and modified wood
samples with dimensions of 100 x 100 x 10 mm (L x T x R) based on
ISO 5660-1:2016 at a heat flux of 50 kW m™2. A standard metal frame
and aluminum foil were used to protect the modified wood sample
edges. Each treatment was conducted in triplicate.

2.3.13. Bending property measurements

The modulus of elasticity (MOE) and modulus of rupture (MOR) of
specimens 175 x 15 x 10 mm (L x T x R) in size were measured ac-
cording to ISO 13061-3:2014 and ISO1361-4:2014, respectively, on a
universal testing machine (AG-I, Shimadzu Corporation, Kyoto, Japan)
under three-point bending. The densified surface was placed upward
and touched the loading head during testing. Eight replicates were
tested for each sample.

2.3.14. Impact bending strength measurement

The impact bending strength of the samples was determined ac-
cording to GB/T1927.17-2021. Eight replicates were used for each
sample. The width and thickness of each test samples were 15 mm and
10 mm, respectively, the length was 120 mm, and the span length was
70 mm. An Amsler pendulum impact test machine was used to measure
impact bending strength. The weight of the pendulum hammer was 7.5
kg.

Impact bending strength was calculated as:

1000w
a=
A

)

where a is the impact bending strength (kJ/m?), W is the energy
absorbed by the sample (J), and A is the cross-sectional area of the
specimen (mmz).
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3. Results and discussion
3.1. Weight percent gain and leaching

Fig. 4a shows where the weight percent gain (WPG) of the modified
wood samples varied with different WAR/APA ratios when the con-
centration of WAR/APA solution was 18 wt%. The WPG of the wood
samples decreased as APA increased. This is due to the hydrophilicity of
APA, which reduces WPG.

Fig. 4b shows that the leaching ratio of USD-A-W (with only APA
impregnated) was 92.2 wt%. After mixing with acrylic resin, the
leaching ratio of USD-RA-W1 decreased to 10.9 wt%,; thus, the acrylic
resin effectively encapsulated the APA. The leaching ratio of the mixture
of WAR/APA gradually increased as acrylic resin decreased, which
suggests that an increase in acrylic resin accounts for the more effective
fixation of APA.

3.2. VDPs and cell morphology of wood samples

The vertical density profiles (VDPs) of unilaterally surface-densified
wood and the un-densified control sample are shown in Fig. 5a. The
density of the hardwood normally used for solid wood flooring is
650-800 kg m~3, so the thickness of an effectively dense layer was
defined here as a density greater than 750 kg m 2. In the thermos-hydro-
mechanical process, the cell wall of wood (a complex consisting of cel-
lulose, hemicellulose, and amorphous lignin) is deformed, changing
from glassy to rubbery under heat-wet conditions.

As shown in Fig. 5a, the VDP shape of USD-W samples is narrow and
sharp. This profile originates from the limited heat transfer to the inner
layer of wood. The peak density, thickness between the surface and peak
(t1), and thickness of the effective dense layer (t,) of the only unilaterally
surface-densified wood (USD-W) samples were 882 kg m’s, 0.21 mm,
and 0.83 mm, respectively. Increasing the ratio of acrylic resin increased
the peak density, t;, and t» (Fig. 5a). The peak density, t1, and t; of USD-
RA-WS5 (unilaterally surface-densified wood assisted with impregnating
WAR/APA) all increased compared to USD-W (Table 2).

It is worth noting that the t; value of USD-RA-W5 were more than
twice those of USD-W. Acrylic resin has plasticizing effect on wood cell
walls at high temperatures; the presence of thermoplastic acrylic resin in
the cell lumens also increases the thermal conductivity of the wood,
resulting in more heat being radiated to the inner layers. for these rea-
sons, the thickness of the effectively dense layer and peak density of
USD-RA-W5 were much higher than those of wood samples without
resin impregnation. Unlike C-W, USD-W and USD-RA-W?5 have a clearly
observable dense layer (Fig. 5b).

SEM analysis revealed the microstructures of un-densified control
wood and the densified layers of USD-W and USD-RA-W5 (Fig. 5c-e).
The wood cell walls were deformed in the direction of densification and
the volume of the cell lumen was significantly reduced after treatment.

Fig. 4. (a) Weight percent gain (WPG) of the densified wood samples after impregnation with different WAR/APA ratios and (b) the leaching ratio of samples.
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Fig. 5. (a) Density profiles of un-densified control (C-W), only unilaterally surface-densified wood (USD-W), and unilaterally surface-densified wood samples
impregnated with different WAR/APA ratios (USD-RA-W). (b) Digital photos of C-W, USD-W, and USD-RA-W5. Scanning electron micrographs of (¢) C-W, (d) USD-W,
and (e) USD-RA-WS5.

Fig. 6. (a) Weight loss of the un-densified control (C-W), only unilaterally surface-densified wood (USD-W), and unilaterally surface-densified wood samples
impregnated with different WAR/APA ratios (USD-RA-W) after 500 revolutions (b) average roughness (R,) of the wood samples (c) the hardness of the wood samples;
SEM micrographs of the surface morphology of (d) C-W, (e) USD-W, and (f) USD-RA-W5.
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Fig. 7. (a) Changes of water contact angle (WCA) against time on different samples, (b) photographs of water droplets on the surface of different samples with the

contact time.

The wood did not deform uniformly between tissue types and instead
was dependent on cell wall thickness, cell shape, and lumen diameter.

Due to compression, the deformation of cell lumens is wavy and
serrated. These deformation phenomena were mainly caused by the
elastic yielding of cell walls (Fig. 5d, 5e). The USD process has a suffi-
cient plasticizing effect on the wood cell walls, so cell wall fracture was
not observed. The structural integrity of the wood ensured that the
mechanical properties were improved after treatment. For the resin-
impregnated samples (Fig. 5e), cell lumens (fibers and vessels) were
filled with APA doped acrylic resin and the cells were less compressed.
The cured APA doped resin contributed to high surface density and
hardness.

3.3. Abrasion resistance, surface roughness, and hardness

Abrasion resistance is an important indicator of flooring, desktop,
and panels material effectiveness. The weight loss values of the un-
densified control wood after 500 revolutions were 464.5 mg (Fig. 6a).
Generally, abrasive wear varies with structural rigidity, hardness, and
toughness. The weight loss of the USD-W increased compared to the un-
densified controls. This may have resulted from the brittle densified
surface, which was more easily removed by abrasive particles. After
impregnation of APA doped acrylic resin, the abrasion resistance
increased further on account of the reduction in weight loss. This phe-
nomenon may be attributed to the dense cross-linked structure of the
cured APA doped acrylic resin and the strong interfacial interaction
between the cell walls and the resin. In addition, the impregnated resin
contained a higher percentage of acrylic materials which enhanced the
wearability of USD-RA-W.

Fig. 6b shows the average roughness (R,) values of samples. The un-
densified control had the largest R, (1.7 pm). As shown in Fig. 6d, we
attributed this to the presence of open cell lumens. After densification,
the R, values of USD-W wood decreased to 1.3 pm. However, open cell
lumens were still observed on the surface (Fig. 6e). The R, value
decreased after impregnating the APA doped acrylic resin. USD-RA-W1
had the smoothest surface characteristics with R, values of 0.9 pm. All
impregnated samples had smaller roughness values than the only-
densified wood, because the cell lumens on the surface were filled
with cured resin (Fig. 6f).

The hardness values of C-W, USD-W, and USD-RA-W samples are
shown in Fig. 6¢. As expected, the hardness of the USD-W sample
significantly increased due to the effects of the densification treatment.
USD-RA-W surface hardness ranged from 4510 to 5103 N, which is twice
as high as that of the un-densified control. The impregnated acrylic resin
increased the hardness (Fig. 6¢). We also found hardness to be directly
related to the peak density, t;, and tp. The densified layer beneath the
effectively dense layer also influenced overall hardness. The USD-RA-
W1 shows the highest ratio of hardness/density amongst all wood
samples, indicating that it would be suitable for manufacturing flooring,
desktops, and tabletops.
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3.4. WCA of wood samples

Fig. 7b shows images of water droplets on the surfaces of the un-
densified control, USD-W, and USD-RA-W samples. Due to the hydro-
philic nature of the wood cell walls, the un-densified control was easily
wetted. The WCA of the un-densified control dropped to less than 50°
within 1 min (Fig. 7a). The wettability of USD-W samples changed
significantly. The densified structure of USD-W delayed the absorption
of water; it took 6 min to decrease WCA below 50°. The hydrophobicity
of the USD-RA-W5 sample was ever further improved (Fig. 7a, 7b). The
WCA of the USD-RA-W5 sample decreased slowly and was higher than
45° after 10 min. USD-RA-W1 exhibits optimal hydrophobicity among
the treated samples likely because it contains the maximum amount of
acrylic resin, which forms dense crosslinking networks of covalent and
hydrogen bonds with the hydroxyl groups of cell walls to prevent water
penetration [38].

3.5. Set-recovery

Fig. 8 shows the set-recovery values of densified layers as a function
of WAR/APA ratio. The compressive deformation of the densified layer
of USD-W samples recovered to about 72% after one soaking-drying
cycle. The high set-recovery values of the USD-W samples is attribut-
able to the release of the elastic strain energy stored in cell walls [39].
The set-recovery value dramatically decreased when the deformation
was fixed by cured resin. The rapid thermal cross-linking of poly-
carboxylic acids with multi-functional alcohol formed strong wood-
resin-adhesion [40], which prevents the penetration of water and
spring-back of the buckled cell wall. Only WAR impregnated (18 wt%)
wood showed the lowest set-recovery value (Fig. 8). The set-recovery

Fig. 8. Set-recovery of the wood samples.
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values of USD-RA-W increased with APA content because APA is hy-
drophilic. Despite this, USD-RA-W5 samples with the highest APA con-
tents still showed a much lower set-recovery than USD-W.

3.6. Thermal stability

The thermal stability of the wood samples was characterized by TGA
and derivative thermogravimetric (DTG) analysis as shown in Fig. 9 and
Table 3. As shown in Fig. 9a, the TG curves indicate a one-stage thermal
degradation of the wood samples. The large, sharp decomposition peak
at 367.6 °C can be attributed to the thermal decomposition of cellulose.
The thermal degradation behavior of the wood samples impregnated
with WAR/APA changed (Fig. 9). The thermogravimetric curves of USD-
RA-W samples show weight loss around 410 °C associated with the
thermal degradation of acrylic resin, including dehydration of the resin
and the formation of residual char.

As shown in Table 3, the Tq4190, (temperature at 10% weight loss) and
Tpeak (temperature corresponding to maximum degradation rate) values
of USD-RA-W samples shifted to a lower temperature as APA content
increased. APA accelerated the thermal decomposition of the matrix and
promoted char residue formation. The char residue of USD-RA-W sam-
ples increased significantly with APA content, which further indicates
that APA enhanced the char-forming ability of densified wood samples.
The char residue of USD-RA-W5 reached 40.74% at 800 °C, compared to
the 15.37% char residue of C-W (Table 3). The introduction of APA may
have contributed substantially to the fire retardancy of unilaterally
surface-densified wood.

3.7. LOI and vertical burning test

The fire retardancy of the USD-RA-W sample was estimated by
classic LOI and UL-94 vertical burning tests. The results are shown in
Fig. 10 and Table 4. As shown in Fig. 10, C-W, USD-W, and USD-RA-W1
failed to pass the UL-94 vertical burning test with low LOI values of 22%,
23%, 30.5%, respectively. In comparison, the USD-RA-W2 successfully
passed the V-1 rating in the UL-94 test; its LOI value reached 36%,
indicating a high level of fire safety.

Notably, USD-RA-W3, USD-RA-W4, and USD-RA-W5 samples all
achieved a V-0 rating (Fig. 10). The LOI value of USD-RA-W gradually
increased with APA content. A relatively small addition of fire retardant
APA appears to markedly improve the fire retardancy of the unilaterally
surface-densified poplar wood. Small APA additions also have little ef-
fect on the resin curing process. This satisfactory fire-retardant behavior
in unilaterally surface-densified wood impregnated with WAR/APA is
superior to the fire-retardant modified poplar wood that has been pre-
viously reported [41].
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Table 3

TGA analysis data of C-W and USD-RA-W.
Sample Ta10% (°C) Tpeax (°C) Rgoo (Wt.%)
C-w 241.21 367.60 15.37
USD-RA-W1 213.42 297.21 27.60
USD-RA-W2 185.61 285.65 34.52
USD-RA-W3 182.52 284.51 35.21
USD-RA-W4 179.56 282.25 38.35
USD-RA-W5 178.41 281.30 40.74

3.8. Cone calorimeter test

The cone calorimeter is a bench-scale instrument for evaluating the
fire-resistant behavior of polymers. It provides several key flammability
parameters such as heat release rate (HRR), total heat release (THR),
smoke produce rate (SPR), and total smoke rate (TSP).

The HRR and THR as a function of burning time for the C-W and the
modified wood, including USD-W and USD-RA-WS5, are shown in Fig. 11;
the relevant data are summarized in Table 5.

As shown in Fig. 11, USD-W showed the highest peak heat release
rate (PHRR) and THR. Compared with USD-W, the introduction of APA
reduced PHRR and THR values in USD-RA-W. The THR of USD-RA-W
decreased gradually as APA addition increased. USD-RA-W5 had a
45% lower THR than USD-W, from 71.3 MJ m 2 to 39 MJ m~2 The low
heat release parameters demonstrate low fire hazards.

The TSP values of the USD-RA-W5 sample decreased by 77% and
86% compared to those of C-W and USD-W, respectively. We mainly
attribute this smoke suppression action to the ability of USD-RA-W to
form denser and larger protective char barrier layers during combustion.
The smoke suppression of the samples significantly improved once the
amount of added APA reached a certain value. USD-RA-W shows a sig-
nificant decrease in THR and TSP compared to USD-W, indicating that
the plastic compounding process inhibited wood combustion and fire
spreading. After the wood cells were compressed, voids and spaces in-
side the dense layer of the wood were greatly reduced; this reduced the
amount of oxygen to support combustion thus increasing fire retard-
ancy. The volatility of USD-RA-W also decreased compared to other
samples, which indicates a potential vapor-phase mechanism. In effect,
the proposed poplar wood modification yields efficient fire retardancy.

Fig. 12 shows that only some ashes and disintegrated charcoal
fragments were left in the C-W and USD-W after the cone test. The high
char yield of USD-RA-W implies a catalytic char-forming effect as well.
The residual char layers of the C-W and USD-W showed an extensive
range of collapse, while those of USD-RA-W were discontinuous and
broken (Fig. 12). As shown in Fig. 12, we observed an intumescent char
layer that formed for USD-RA-W during combustion, which played an
important role in improving fire retardancy.

Fig. 9. (a) TG and (b) DTG curves of C-W and USD-RA-W.
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Fig. 10. Digital photos of C-W, USD-W, and USD-RA-W during UL-94 test.

X. Zhang et al.

Table 4

LOI values and UL-94 rating of C-W, USD-W, and USD-RA-W.
Sample UL-94 LOI (%)
C-W Failed 22
USD-W Failed 23
USD-RA-W1 Failed 30.5
USD-RA-W2 V-1 36
USD-RA-W3 V-0 39
USD-RA-W4 V-0 43.5
USD-RA-W5 V-0 50

3.9. Fire-retardant mechanism

We observed the morphology of USD-RA-WS5 after the cone tests by
SEM to further explore the fire retardancy mechanism. As shown in
Fig. 13a and 13b, the interior structure of the burned USD-RA-W5
maintained a complete fibrous tracheid and vessel structure of in the
wood, indicating that impregnation with WAR/APA created excellent
protection ability for the wood substrate.

The elemental distribution of the char layer is shown in (Fig. 13c,
13d). Phosphorus and nitrogen elements (Fig. 13d) were detected in the
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Fig. 11. The HRR (a), THR (b), SPR (c), and TSP (d) curves of C-W, USD-W, and USD-RA-W.

Table 5

Cone calorimeter data of C-W, USD-W, and USD-RA-W.
Group PHRR (kWm™2)  THR(MJm ™2  SPR(m%s™!)  TSP(m?
C-wW 258.80 57.4 0.018 2.256
USD-W 311.45 71.31 0.022 3.794
USD-RA-W1 145.78 53.68 0.009 2.347
USD-RA-W2 139.81 52.74 0.005 1.707
USD-RA-W3 127.70 46.29 0.003 0.796
USD-RA-W4 116.80 42.31 0.002 0.281
USD-RA-W5 100.48 38.75 0.002 0.523

char layer of USD-RA-W5,which promoted the formation of a thermal
stable P/N/C-containing hybrid char layer that improved the char yield
over other samples. This type of char layer can suppress the transmission
of heat and volatiles effectively and prevent further degradation of wood
substrates. The remarkable fire retardancy of wood treated by the pro-
posed method is thus attributable to the typical synergistic fire retard-
ancy of nitrogen and phosphorus.

3.10. Mechanical properties

As USD-RA-W1 failed to pass UL-94 fire retardant test, we did not
further analyze its mechanical properties and instead focused on other
samples. As shown in Fig. 14a, the average modulus of elasticity (MOE)
and modulus of rupture (MOR) of untreated control were 8.4 GPa and
81.1 MPa, respectively. The MOE and MOR of USD-W were 8.78 GPa
and 101.2 MPa, respectively, which are higher than those the control by
about 4.5% and 24.7%. SD thus improved the mechanical properties of
the wood. The MOE and MOR of USD-A-W samples only impregnated
with APA were 9.57 GPa and 124.8 MPa. The MOE and MOR of USD-R-
W samples only impregnated with WAR (18 wt%) were 10.84 GPa and
135.9 MPa, respectively, which were further increased about 13.3% and
8.1% higher than those of USD-A-W samples. The acrylic resin filled in
the cell lumens of USD-R-W enhance the adhesion between wood fibers
and improve the mechanical strength of the wood matrix.

159

10

For the USD-RA-W samples impregnated with APA-doped acrylic
resin, MOE values were 11.17-12.68 GPa, which are higher than those
of the only-unilaterally surface-densified wood and 32.9-50.9% higher
than those of the control group. Among them, the USD-RA-W3 sample
showed the highest MOR and MOE. Hence, the introduction of a proper
amount of APA into the pure impregnating resin can significantly
improve the fire resistance of wood without damaging its mechanical
strength.

As shown in Fig. 14b, the impact strength (99.3 kJ m~2) of USD-W
was about one-fold higher than that of untreated wood (47.6 kJ m32).
This is due to the composite reinforcement effect of the dense layer
leading high strength and toughness in the wood matrix, thus signifi-
cantly increasing its impact strength. The impact strength (62.5-75.1 kJ
m~2) of USD-RA-W samples was smaller than that of USD-W. This is due
to the thermal crosslinking reaction between acrylic resin and wood cell
walls having formed a rigid network structure. When subjected to
impact load, the fibers in this structure did not easily to slip, resulting in
lower impact strength. However, the impact strength of USD-RA-W was
still 37%-57.8% higher than that of the control group, which is sur-
prising result that chemical modification of wood generally results in
decreased impact strength compared to natural wood [42].

4. Conclusion

We developed an environmentally friendly and energy-efficient
process in this study to fabricate modified poplar wood (USD-RA-W)
with high performance (including low density, high fire resistance, high
dimensional stability, and high mechanical strength) by combining the
impregnation of N/P doped acrylic resin and unilateral surface densifi-
cation. The influence of WAR/APA ratios on fire retardancy, basic
physical properties, and mechanical properties were systematically
discussed.

The introduction of bio-based fire retardant APA greatly improved
the fire retardancy of USD-RA-W. The in-situ cured WAR effectively fixed
APA molecules and reduced loss from USD-RA-W. The surface properties
of USD-RA-W, such as roughness and wear resistance, were dependent
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Fig. 12. The morphologies of wood samples after cone tests.

on the ratio of WAR/APA. The surface hardness values of the USD-RA-W
samples were almost twice as high as those of the control group. Due to
the fixed action of the cross-linked network of WAR, the USD-RA-W
samples exhibited excellent dimensional stability. The MOE and MOR
of USD-RA-W were much higher than those of the only-unilaterally-
surface-densified wood. The impact strength of USD-RA-W was also

much higher than those of the untreated wood resulting from the com-
posite reinforcement effect of the densified layer.

Compared with conventional formaldehyde-based resins, although
acrylic resins are more costly, they offer significant improvements in
environmental benefit as well as in mechanical properties and dimen-
sional stability of fast-growing wood. In addition, acrylic resins have

Fig. 13. Microstructure EDS mapping of the char residue for USD-RA-WS5 after 500 s cone tests: (a) cross section, (b) tangential section, (c) EDS spectra, and (d)

element mapping.
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Fig. 14. (a) Modulus of elasticity (MOE) and modulus of rupture (MOR) of the wood samples (b) the impact strength of the wood samples.

good compatibility with most fire retardants and can easily achieve
enhancement in both mechanical properties and fire retardancy. These
advantages make acrylic resins a promising option for improving the
overall performance of fast-growing wood in the future. In conclusion,
the fast-growing wood treated with the proposed unilateral surface
densification combined with functional resin modification will be suit-
able for home improvement, construction and other engineering
applications.
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W OE. AR KE BRI E AR (WPCs) BRI N R . 12t RE AR 22 A ) B, AR 5E UG
ARAK (WF), B% R ) (HDPE), IZAK A 8 (BEG) 549Kk & bk (n-Si0,) S EZ Rk, i ERE T
SR AL R A T B 2RI S BRI SR AR A R . SR T AN L I BB A
e B 42048 55 (LOT) SR Be Sy SR B0 WL A IR ST T 52 L BUZ I = 2 I S5 K %) AR B 55 6 ek BHAR N g
RERYREI . 25 RFH, AL T X B4 (WPC-0), BHIRZH EG FIdgsR = n-Sio, 195 =41 524 10% F1 5% I,
WU N = )2 e NG A B A2 A WA A B SR TI0EE SRR PRI . MR R B SR LR IR R R 38 A B R, SR A
FEHERT . Hb =298 AR 2 A58 (WPC-E3B) 1Y LOI {H H1 20.8% 255 £ 30.6%, UL-94 ik V-
0 %%, Ak, T WPC-0, WPC-E3B i i 4R T 61.9%, Hiffi 53 s B /3 il 48 =5 1 16.2% il 13.4%.,
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Flame retardant and mechanical properties of wood-plastic composites

with multi-layer sandwich structures

GUO Yujia', XU Jingwen' , CHEN Wenli', FAN Qi", SUN Lichao™?, WANG Qingwen'?
(1. Key Laboratory for Biobased Materials and Energy of Ministry of Education, South China Agricultural University,
Guangzhou 510642, China; 2. Guangdong Laboratory of Lingnan Modern Agriculture, Guangzhou 510642, China)

Abstract: In order to solve the problems of high flame-retardant addition and deterioration of mechanical pro-
perties in the modification of wood-plastic composites (WPCs) by traditional expandable graphite, flame-retardant
reinforced wood-plastic composites with a multilayered sandwich structure were prepared by laminated hot
pressing process and structure optimization design using poplar wood flour (WF), high-density polyethylene
(HDPE), expandable graphite (EG) and nano-silicon dioxide (n-SiO,) as the main raw materials. And the appro-
priate characterization and equipment such as cone calorimeter, vertical burner, limiting oxygen index (LOI) tester
and mechanical testing machine were used to investigate the effects of single layer, double layer and triple layer
sandwich structures on the flame retardant and mechanical properties of wood-plastic composites, respectively.
The experimental results show that compared with the control wood-plastic composite (WPC-0), the multilayer
structure wood-plastic composites exhibite significant reduction of heat release rate, total heat release, smoke pro-
duction rate and total smoke production, and remarkable improvement of residue yield in the cone test when the
contents of EG in the flame-retardant layer and n-SiO, in the reinforcement layer are 10% and 5%, respectively.
Among all the multilayer wood-plastic composites, WPC-E3B with a triple layer sandwich structure improves its LOI

from 20.8% to 30.6% and passes the UL-94 test with a V-0 rating. Moreover, it also shows better mechanical proper-
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ties compared with WPC-0, such as a 61.9% increase in impact strength and 16.2% and 13.4% increases in tensile

and flexural strength, respectively.
Keywords:

mechanical properties

AR, ARA Tk © 2 87 & R ik RE R TH #E
N7 R E VN OES SGK (AR -S| A {2 B3 P 3N
e Rt R R R EEAE M . AR, B TR
MBEVE A B Z N2 B R KRR TR, &
EARM AT G B, KX IMEEE D
it 50%"Y, TF K il 5 = AR T RE AL I R M A
BB (WPC) X} T 22 fife A 55 S ok B d 22 i
WPC J& FH A it 21 4 F R PR SRHA R R 28 57 4
AR B3 28 BB T A 1 — R IR AP R G
Blo BREAk AR TR KR R . BT v A
Sy T TRE A, el TARM RS REMZE . A
TR JE ik % ) S R SRR BE , BEREAE N — R R & T
PR G AR iz B T B AR . A
KA S HE R Z G,

SR, AR 4E . RO /RN F LA
I3l R BB A MR By K be , TE SEBR A
WhAR AT PR AL B 6 ik U BEL K 7] (IFR) & 5
WHBRIE ., IR AIRA R, HEBE s a] DL
R WPC 1 B BR PERE B, 4 TFR g im #A ok Z
B SRR BE I, e Y A IR R 1) R A R T K R
%, WAL AE SR A A 0 SRAE R A il —
FAEM OB R AR Z ALK k2, F TR 4 44
& SRR S AR 1, A WPC b
Al g Bk £ & (BEG) /E & TFR Fh AR 26, M M AIK B
T, HEMKAE R, AR BRECR
Schartel 25 ) i % 7 L EG y BELAA 3] (4 317 bR 2T 4 /
RWEE A MR, KIS EG W I N 25% B,
WPC il i UL94 V-1 4%, T i " % ] EG/%R W iR
B (APP) PhRUBH A EPS 3L A YT & 41K, 255 %R
B, MEGHAPPHCH M 1 1B, & A kB #A
PEBESRAT s MU A BRI R AN AE 10 4 LA LB,
WPC 1] ik UL94 V-0 %% . it nl WL, EG nfEk—
AR EAE B S 0 AL TFR T WPC 1 BEAR AL B

B2, SREBRMBIEMRK —F, &
EG M5 | AGH H 2:{d WPC 19 J12#PERE ™ & e,
P, BFFE N 0L 220 45 P A2 ok Bl &2 6 4 kL
JIEERE, AT AR BELR ) BT A F 17 5% el A
# K. Huang 551 @43 [ 4155 206 W% (PED)/
2 Y E 99 K fh R (CNC)/APP &3 T —Fh S Ak 32 Bk
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wood-plastic composites; expandable graphite; nano-silica; sandwich structure; flame retardancy;

Wi 4% B WL i 5 52 5 ) (PEC), IE S PEC 42 43t & 2t
IE] 1) B ARLVE FH RE A A 803 5 SRk S IR 5 A o 27 4
BH R 0] 22 18] 4 S 1w A 280, T B 38 52 & b1 R 3
R Jy2EbERE . HORES SR A B i 9 v A 4R Tk B
HEAT R SCEAL B, IF 5 EG & e 3 W il £ BH AR
RO RE BB, HETRUEMEMEAR,
T SR AR 5 R 20 URL 22 ) (R A PR AR
BTN T AR rp SRR SR AR MR 22 TR 2
PERE . AT FERI R ST T Si0, X WPC 124 1k fiE Y
B, SR EW, R THASBMETET,
0.5wt%~9wt% 1) SiO, BE %K &2 & M RH W T 24 1 ik
$2 Tt 15%~30%; Buddi 5 %58 T K [ & &2 1 44
KA EE (n-Si0,) X 5 % R £ (HDPE) kAR
WA AMB e R, 45K W], n-Sio,
FH i 5wi% B, X5 A b Rk i 3 5 AR B Ak
Sun 452 Xf L 58 T EG/APP £ WPC 43 i 43 i
F43 J2 4 A1 A4 Rk BELASR 1 i R g 2 vk BE A R g
SERRW, IR A M BHI WPC BEAS BT 4 b 2 T
T ARk %) ELASR 1 R AR 25 i 5

T LRSS, AL EG AR F, n-
SiO, KRS, Wl T RIZIER . E R £
R I EE R AR IR G MORE RIS R 25 4 15
TEXTE A AERHBE AR ) 2= MR i e, D 5E 45 R
XHIF & R . TIRE R A A MR, WA
A AR IR I 40 35 HL AT Y B S S

1 Xl BRAE
1.1 FE#rsl

WAL 4t (WE, 2540 H), T HRIEMERAM
1% ; HDPE, %15 50008, %N 0.95g/cm®, 4
fill 45 %% 0.09 g/10 min (190°C, 2.16kg), W T [
A F A TAHRAR,; DRMEFERE L
7 (MAPE), #0820 1%, #4RlITE%%0.17 g/10 min
(190°C, 2.16kg), WM A fbi A R F
{8777 530D, FE Mo A EERRRR G, W T M
WA R A E ; n-Si0,, A2 15~20nm,
FEF&EMEABRAR; EG, 80 H, 2l 99%,
W T 5 1 ik e EALWCA FRAF .
1.2 BEREESMBHGH &

BUA% AR K KB T 105°C 1 o 28 KT 4 46
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(9140AS, % 4T 24 B 7 AR A7 BR A &) o 1 4
24 h LR 250K 4, 5 oAt 4% 21 4y 4 JEUERLC L
GFEDBRMEFEBFEVL (HRS-10L, RIZET M E
HLA R E) o, 7E%% 3 100 r/min, &3 80°C
W25 T B HE 10 min SEAMR G o BHIR A Pk
i 2 A BUBAT B AL (65/132, T 5 FEIERHEL &
JEA BRA F]) #EAT I A G, BILGAT 25 DX BE 45
£ 160~175°C, HLKWREEFEHITE 160°C 247, IRAT
5 ER 100 r/min. B YR HUB IR IS 38 5 °F

BiFRE T, 7RO EHL (6170-A-30T, ZR3ETH
PRE IR AL ZR B A BR 2 W) ) b e il 2, HAR T
28 W R B 165°C, k) 2MPa, B [H]
3min; #FEE 165°C, /) 6 MPa, U JE I [H
5min, #EFHFITREER, ISR EI#0. 41,
#2 F#3 53 HIE R 52 RIS 5 B kL WPC-0. WPC-
El. WPC-EG Fl WPC-Si B #4255 5 £ M fE

fiE o [FIEE, #3 NS ZARE . #4 Fiws 1F R 24
= I BT Y AL LA G X EAAS 1w N KR b

®1 BEAESEAMH (WPCs) EHSNBET

Table1 Formulation for the preparation of single-layer wood-plastic composites (WPCs)

Sample HDPE/wt% WE/wt% EG/wt% n-Si0,/wt% MAPE/wt% 530D /wt% Role in multilayer WPCs
#0 45 50 0 0 3 2 —

#1 45 35 10 5 3 2 —

#2 45 40 10 0 3 2 —

#3 45 45 0 5 3 2 Core layer

#4 45 30 20 0 3 2 Surface layer

#5 45 10 40 0 3 2 Surface layer

Notes: HDPE—High-density polyethylene; WF—Wood flour; EG—Expandable graphite; n-SiO,—Nano-silicon dioxide; MAPE—; 530D —;

1.3 ZEXREHEHMARBEESHRIIG &

2 )22 I s B A R VB 5 A bR B AR ) £ 0o R
WE LR B 12 B R 43, #4. #5 KR
2B LI AHES, ARG =R
FEULH 28 2 )2 IS 5 RSB 5 MR, I A R b
B 2 —3 . BURIRE 165°C, & 71 2 MPa,
B} [A] 3min; #JEVR F 165°C, JE 1 6 MPa, #JE
BFE] 5 min, #E/FRHEEE, HRMEEIE
KIBE A MBI R Y 4 mm,

Sl
—

WPC-E3A

Bl AR A bDRH b R
Fig.1 Preparation process of multilayer sandwich WPCs
1.4 RN A&
it A8 B0 (ZY6155A, 4R 5E T i B k6 1Y
R A B T $i2 B GB/T 2406.1—2008 5 1 2
W 2 G M BHRE il i B B 4048 28 (LOT) . 10AE R

& 80 mmx10 mmx4 mm,

WPC-E3B

K2 ZRIEAREBESGHBNEN

Table2 Composition of multilayer sandwich WPCs

Sample Core-layered Surface-layered
WPC-E2 #3 (2 mm)*1 #4 (2 mm)*1
WPC-E3A #3 (2 mm)*1 #4 (1 mm)*2
WPC-E3B #3 (3 mm)*1 #5 (0.5 mm)*2

Note: The type, thickness and quantity of boards required for
multilayer wood-plastic composites are shown in the table. For
example, #5 (0.5 mm)*2represents two samples of #5with a
thickness of 0.5 mm.

il K P30 ERRBE Y (UL94-X, B il 5o 1R}
PRI AR AR A RS 7)) 4% #8 GB/T 2408—2021 F5
PP ) 3R R BRI B0 R AT B A R R S BELIA A
PP o EFE R 5T 8 130 mmx 10 mmx4 mm,

1 I #E 2 2 4{Y (CONE, #15 CCT, B 1%
it T RHIR b B AR A ES A B2 7)) 42 1] 1SO 5660-1 7
YEP EA TR B , IR ) ST AR T %
SRR . R S RO B R A S i
e RSP S 100 mmx100 mmx4 mm, #7E #7 5
50 kW/m?,

CONE JA B8 Ji5 1) e )22 B h et 4 b B, R
Hit T W8 (EvO18, fE[E Carl Zeiss 24 F)) WL
FEARE M I ZHOMTE S, s e ok 10 kv,

K FH AR R T 83X 5 L (AL-7000-MUT 20KN,
e R R KA (7 8) A RS H]), 2B ASTM
D638—22 A5 i P HEAT Hi i, AR = R 6
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ANAEE, KR SE R 165 mmx13 mmx4 mm.

i A IR T BB SR AL, 2% ASTM D790—
17 bR iEAT = ik . Al = A0 6 A
ke, 1FE R ST 80 mmx12.7 mmx4 mm.,

fi I 7B B o il AL (XI-50G, 7R AT
G R AL 8 A R A F), 2% ASTM D256—23
PP R AT o i I . A F= DI 6 ik
B, FER ST R 80 mmx12.7 mmx4 mm,

2 #RE5iTie
2.1 KREBEGH BRI 8E

AN TRV G5 10 W R B8 52 45 M ORHEE R e A i R
PR Sy 2k 3 5 & 2 fros . MR 3 FIA 2(a)
REfE B, 5 WPC-0 Ml Hb, WPC-Si [ o5 % fif 1]
(TTD). A #CFE R (THR) 5 58 77 40 & (TSP) ¥
B st BRI AR SO AN TR n-Si0, sk B
Hol. TERRPMAMIKA LG, FrAMEmER
B 10s DA L S HEIR | FL P A BB Tl T R i

i (PHRR1. PHRR2) #45 ff F K, kB EG X} i
GE AR5 A R AL B I 7 A RN R e i E 34 A R
YER o AHEE T B 2 BHE WPC, XUZ Fil = J2 It B
R b X A R R RE B A o BE D TR A . (E A3
M4, WPC-E3B X £ — PR il o 48 06 (8 A7 W] I 110
Wil /F 1, PHRRI 3 X% BB 41 BE & T [ T 85.3%; 1M
WPC-E2 X 55 = 4% Jifr 80 2 U {1 1% 4170 1) 20 SR I
# , PHRR2 X MRAIAE L T FE T 61.5%, X2 H
F WPC-E3B 1) 2 2 45 # vy BER A v B o v, R 42
fiok K VR BN B8 % B0 TG R B K R 2, ER A
MM BERT IR 5N 2 M Rk s 2 0, R
JEE e s A0S, R T R A KA B BR B B ) B
RN TR AL 3% . T WPC-E2 1 B 71 43 A5 23 []
W, RERE R M AE B AR K R 2, DT
[ 400 1) B AL R BE R . BT 2(b) R AT,
600 s P S BRI LB, AHEET WPC-0 43 ]
NF&T 39.8% #140.1%.,

x3 FAREMPAEE SHRIEHERERN (CONE) I TS B IR EIRE

Table 3 Combustion data of wood-plastic composites with different structures in the cone calorimeter (CONE)

Sample TTI/s PHRR1/(kW-m™) PHRR2/(kW-m™) THR/(MJ-m?) TSP/m* MR/%
WPC-0 15 510.3 553.8 129.8 11.3 15.2
WPC-Si 16 419.6 415.3 119.1 119 23.5
WPC-E1 25 361.2 488.1 107.1 11.0 35.6
WPC-E2 26 161.1 213.0 77.7 6.5 53.0
WPC-E3A 26 154.1 485.3 92.0 7.4 44.7
WPC-E3B 27 74.8 338.7 78.1 7.1 52.5

Notes: TTI—Time to ignition; PHRR1—Peak first heat release rate; PHRR2—Peak second heat release rate; THR—Total heat release;

TSP—Total smoke production; MR—Mass of residue.

mE 2(c) 5E 2(d) i, MHEF EG HiEn
HE WPC Hr, 43 225 R B 1 AR 98 52 65 1 B ig
T b e T e 2 W T AR 25 L R T R R A
1) V68 S AR BELIA ML 2 2 BELBR A B IS B9 4 ZH B
W R EZ BHREE B WPC-E1, HEAYHE 5 Y 72 4R
ARG . BUZ R = 2 WPC 1 B 1 4 1)
K 6.5m?, 7.4m* Ml 7.1m?, FHE T WPC-0 43 i %
KT 42.5%. 34.5% F137.2%., [AI}F, &4+ R
W5 1R BR A I KR &, AR TR Ak 3 WPC
H 19 0 43 51 248.7% . 194.1.% 1 245.4%, i —
E B 22 2 5540 HL A 0 B S A R R B e fE B, 24
KBS MR i B JCUE I, SR BEG R 2
BHRE % K A G LL . BRI E, KT
IO % & 1 TR 1 B 7 s 0 (B i N B =R U & 2N
B, e KA A 5 e 2 W B AR5 AR o

2.2 KESEMRNEIRHEEER KR

J it — RIS MR BB PE AR, X
520 M dh iE AT T EE AR (UL-94) 5 1 R 446 22
(LOT) Mk, a4 ARk 4 FroR . 7E UL-94 MK
e, AR BIR RIS IS, X A
WPC-0 5 52 BH#RFE i WPC-E1 Y 4% J¢ i 1] 15 K
T 30s, EBFIFERLER, MEBIERBEGHM
B E I B, WPC-E2 5B V-1 2%, HAT
= )2 Je 045 H B9 BE i WPC-E3A 5 WPC-E3B ik
F| UL-94 19 V-0 2 .

B 4T H, YTE ARG A MO i A B A
RGBT FE SR LOT (B 3475 I [F] R BE 1 2 5
FHEST WPC-E1, Z 245 RIE &M EHE T A
MEHEALRL, X 5 UL-94 Ay IR 45 R & —3 ., E
BEFENIE, — )2 BB S A T U2 BELAAE i
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Lignin-based polymers

Abstract: On the basis of the world’s continuing consumption of raw materials, there
was an urgent need to seek sustainable resources. Lignin, the second naturally
abundant biomass, accounts for 15-35% of the cell walls of terrestrial plants and is
considered waste for low-cost applications such as thermal and electricity generation.
The impressive characteristics of lignin, such as its high abundance, low density,
biodegradability, antioxidation, antibacterial capability, and its CO, neutrality and
enhancement, render it an ideal candidate for developing new polymer/composite
materials. In past decades, considerable works have been conducted to effectively
utilize waste lignin as a component in polymer matrices for the production of high-
performance lignin-based polymers. This chapter is intended to provide an overview of
the recent advances and challenges involving lignin-based polymers utilizing lignin
macromonomer and its derived monolignols. These lignin-based polymers include
phenol resins, polyurethane resins, polyester resins, epoxy resins, etc. The structural
characteristics and functions of lignin-based polymers are discussed in each section. In
addition, we also try to divide various lignin reinforced polymer composites into
different polymer matrices, which can be separated into thermoplastics, rubber, and
thermosets composites. This chapter is expected to increase the interest of researchers
worldwide in lignin-based polymers and develop new ideas in this field.

Keywords: epoxy resins; lignin-based polymers; lignin reinforced polymer composites;
phenol resins; polyester resins; polyurethane resins.

1 Introduction

Lignin is the only renewable source of aromatic chemistry. It consists of three basic
structural units: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [1, 2], as
shown in Figure 1. These basic units are connected by ether and carbon-carbon bonds [3].
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Lignin is low-cost and has many fascinating properties such as biodegradability,
antioxidant activity, high thermal stability, and favorable stiffness, or high elastic
modulus [4-6]. These advantages drive the development of lignin as a versatile
product. However, the low reactivity and brittleness of lignin and its incompatibility
with other polymer systems make it virtually unsuccessful in the manufacture oflignin-
based high-performance materials [7, 8]. It is hoped that these shortcomings can be
overcome by the chemical or physical modification of lignin and the synthesis of lignin-
derived polymers [7, 9].

Lignin vascular plants were formed by chemical controlled random phenol
free-radical coupling polymerization. However, the lignification theory is still under
discussion, because enzyme pathways, called “dirigent” proteins, have been proposed.
The composition, molecular weight, and content of lignin vary between plant species.
The abundance of lignin usually decreases in the order of softwood > hardwood > grass.
Schematic diagrams of hardwood and softwood lignin structures are shown in Figures 2
and 3, respectively. The structure is just a figure and does not indicate a specific order.
The components derived from coniferyl, sinapyl, and p-coumaryl alcohol are shown in
color, and some examples are given to illustrate the linkages among these components.
The linkages include B-0-4, 4-0O-5, -5, B-1, 5-5, dibenzodioxocin, and —f linkages, of
which the -O-4 linkage is dominant, consisting of >40% of the linkage structures.

Lignin is more sustainable than some other renewable polymer feedstocks, such as
scarce mint or quercetin, and edible sugars and starch, as it is neither rare nor a source
of food. So far, various studies have reported on different lignin valorization methods
for modifying lignin and synthesizing lignin-based polymers [12, 13]. Some critical
review articles have emphasized the problem of lignin being converted into functional
materials. The mechanical and thermal characteristics of lignin-based copolymers,
composites, and blends are discussed by Argyropoulos and coworkers [13]. The recent
advances in lignin applications in developing green polymer composites and hydro-
gels are reviewed by Thakur and coworkers [14, 15]. The existing methods and strate-
gies for preparing functional carbon materials form lignin by the thermochemical
conversion are described by Liu and coworkers [16]. Kai and Zhao et al. summed up the

b HO. HO HO
2 7 7
| N
A OCHs  HsCO OCHs
Lignin OH OH OH

‘ Hemicellolose
Cellulose (I) (") (III)

Figure 1: (a) The positional relationship between cellulose, lignin, and hemifibers in lignocellulose
[10]. (b) Monolignol monomer, (i) p-coumaryl alcohol (4-hydroxyl phenyl, H), (ii) coniferyl alcohol
(guaiacyl, G), (iii) sinapyl alcohol (syringyl, S).

181




Lignin-based polymers =—— 3

Spirodienone 4-0-5
~ OH

/OH | OH ) OH
o Coniferyl alcohol —

o
O ok fragment i
i ° ’
H

O Sinapyl alcohol |
Q OH " fragment —_° of

Spirodienone

p-Coumaryl alcohol
fragment

Coniferyl alcohol
fragment

Branching caused by
dibenzodioxocin linkage

Phenylcoumaran

Figure 3: Schematic diagram of a softwood lignin structure and some main linkages [11].

recent advances in lignin from the perspective of different approaches to the synthesis
of oligomeric copolymers, the resulting features, the various design methods to engi-
neer lignin-based polymers and the potential applications of lignin-based functional
materials [7, 17]. Vishtal et al. [18] summarized different methods of extracting lignin
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and pointed out the challenge of how to convert and utilize it in industrial applications.
Lawoko et al. [19] reviewed the direct usage of lignin and its chemical modifications
toward micro- and nanostructured materials. Sternberg and coworkers recently
summarized the literature on lignin-derived polymers in the past 20 years, and focused
on a comprehensive assessment of the greenness and sustainability of the latest
technology for lignin-derived polymers [20].

2 Lignin recovery

At present, traditional pulp mills are the main suppliers of technical lignins. Most of the
commercially available technical lignin types are fabricated from Kraft or sulfite
pulping processes [21]. In addition to these two processes, there are other processes
through which lignin can be recovered, such as soda pulping, steam explosion, acid
decomposition, biological treatment, organic solvent recovery and others [22]. This
section briefly discusses possible processes for recovering lignin.

2.1 Kraft pulping

Kraft pulping is the main source of industrial lignin [23]. In pulping, cellulose fibers are
obtained from lignocellulosics by treating it with sodium sulfide and sodium hydroxide
at high temperature and high pH [24]. Hemicellulose and some cellulose are degraded
to isosaccharic acid. Thus, Kraft paper pulping liquid is composed of lignin (47%),
hydroxy acids (28%, such as isosaccharic acid), inorganic substances and small
amounts of other organic substances [25]. Lignin can be extracted from these waste
pulping liquors as a precipitate by acidification. Almost all Kraft lignin is burned for
energy recovery, but the United States, for example, produces about 35,000 tons per
year for many chemical by-products [23].

2.2 Sulfite pulping

Sulfite pulping is a general term used to define many sulfate chemical wood pulp
processes that are carried out at different levels of pH [26]. In the acid sulfite pulping
process, wood is treated at low pH, high temperature and high pressure with sodium,
ammonium, magnesium or calcium sulfite/bisulfite solution [27]. Through this process,
lignin, hemicellulose and extracts are broken down and the fiber’s cellulose is left
behind. Hemicellulose is hydrolyzed critically to release water-soluble monosaccharides
in spent sulfite liquor. Depending on the pulping process, lignosulfonate can be recov-
ered either as sodium, calcium, magnesium, or ammonium salt [28]. Currently, only
about 20% of all lignosulfonates produced are used as chemicals, such as economic
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binders for animal feed and road asphalt [29]. In addition, lignosulfonates can also be
used as concrete or cement water-reducing agents and oil well drilling [29].

2.3 Soda pulping

Soda lignin is derived from the soda or soda-anthraquinone pulping process. Soda
pulping is mainly used for annual crops such as straw, flax, bagasse and hardwood.
Compared with the sulfate method, the main difference is the sulfur-free medium of the
cooking liquor. Soda lignin does not contain sulfur, which means that soda lignin have
a chemical composition that is closer to that of natural lignin than Kraft lignin and
lignosulfonates.

2.4 Organosolv

Organosolv is a method of treating plant tissues with aqueous solutions of organic
solvents (usually containing trace amounts of inorganic acids) [30]. These solvents
include ethanol, methanol, butanol, phenol, acetic acid, ethyl acetate, and so on. So far,
this method has not been commercially applied due to the amount of organic solvents
consumed and the low quality of pulp fibers obtained [31]. The lignin molecular weight
obtained by organic solvent extraction is comparatively low [32]. The data on physico-
chemical characteristics of Kraft, lignosulfonate, soda, and organosolv lignin are shown
in Table 1.

Table 1: Properties of technical lignins [7].

Technical lignins Kraft Lignosulfonate Soda Organosolv
Separation methods  Precipitation Ultrafiltration  Precipitation Precipitation
(pH change) (pH change) (addition of
non-solvent)
Ultrafiltration Ultrafiltration Dissolved air
flotation
Product status Industrial Industrial Industrial Laboratory/Pilot
Molecular weight 1.5-5 (<25) 1-50 (<150) 0.8-3 («<15)  0.5-5
(x10% g mol™)
Polydispersity 2.5-3.5 6-8 2.5-3.5 1.5-2.5
Sulfur (%) 1.0-3.0 3.5-8.0 0 0
Nitrogen (%) 0.05 0.02 0.2-1.0 0-0.3
Acid soluble lignin 1-5 / 1-11 ~2
(%)
Solubility Alkali, some organic Water Alkali Wide range of
solvents (pyridine, organic solvents
DMF, and DMSO)
Tg o) 140-150 130 140 90-110
T4 (°0) 340-370 250-260 360-370 390-400

Tg: Glass transition temperature; Ty: thermal decomposition temperature.
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2.5 Acidolysis

During acid decomposition, plant material is saccharified by inorganic acids such as
hydrochloric acid or sulfuric acid, and lignin is extracted and recovered as insoluble
residues [33]. In the past, this process was used in Europe; In the Western Hemisphere,
however, it was not considered as commercially important [34].

2.6 Enzymatic liberation

In the process of enzymatic hydrolysis, residues rich in lignin obtained by treating
plant material with hemicellulase, cellulase, or pectinase [35]. This kind of lignin
preparation is more similar to the “native” lignin because of the moderate processing
environment employed [36].

3 Lignin derived polymers
3.1 Lignin as a macromonomer

The structure of lignin can be easily modified to develop novel materials, especially
phenol and aliphatic hydroxyl groups [17]. Depending on the targeted application, lignin
can be used with or without chemical modification. Without chemical conversion, lignin
can be added directly to the polymer matrix, thereby reducing product costs and
improving performance. For instance, unmodified lignin can be applied as an antioxi-
dant, ultraviolet stabilizer, flame retardant, and additive to improve the rheological
property of final products [37]. Although lignin has potential for direct industrial
application, it can only be added in small quantities due to its weak mechanical prop-
erties and poor thermal stability. Lignin, on the other hand, can be chemically modified
as the starting material for polymer synthesis or transformation into chemicals and fuels.
There are four different ways to chemically modify lignin [38, 39]: (1) To depolymerize or
fragment, using lignin as a carbon source or to break it down into small fragments
containing aromatic rings; (2) Modifying lignin by synthesizing new chemical activity
sites; (3) Chemical modification of hydroxyl groups in lignin structures; and (4)
production of grafted copolymers. It is worth noting that the above chemical modifica-
tion methods are highly dependent on the reactivity of lignin functional groups and the
structural characteristics of lignin raw materials.

Lignin is represented in its aliphatic and phenolic hydroxyl groups at the C,and C,
positions on the side chains. Hydroxyl modification can lead to the formation of lignin
derivatives. The effects of different functional groups on the modification of lignin have
been explored (Figure 4a). Moreover, the modifications include the synthesis of new
macromolecular monomers, which are more efficient and responsive by changing the
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nature of chemical activity sites or increasing the activity of hydroxyl groups. There-
fore, lignin’s chemical reactivity is enhanced, the brittleness of lignin-based polymers
is decreased, and the solubility is improved, thus improving the processing of lignin. In
this way, a number of new chemical sites were introduced into the lignin structure
through several chemical modifications (Figure 4b), including amination, hydrox-
yalkylation, sulfomethylation, nitration, and sulfonation, etc.

Degradation of lignin to monolignols or phenolic monomers is an energy-
consuming process, which is one of the reasons why it is currently more valuable as a
fuel than a raw material [40]. Using lignin as a raw material for the synthesis of new
materials without any additional degradation, it is beneficial for the environment and
energy [6]. The structure of lignin varies greatly depending on its source and the process
of separation from the pulping [41]. Despite these differences, all the separated lignin
contained both aliphatic and phenolic hydroxyl groups [42]. These functions can be used
as connectors to create lignin-based macromonomers [43]. Currently, lignin as a nature
macromonomer can be used to synthesize polyurethane, polyester, epoxy, phenolic
resins and other polymers, which are briefly discussed in the next subsections [44].

3.1.1 Polyurethanes

Polyurethane is synthesized from diisocyanate and polyol by the poly-addition
reaction with terminal hydroxyl groups, and has polyurethane groups in the backbone
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Figure 4: Schematic diagram of the chemical modifications of lignin. (a) Modification of the hydroxyl
groups; (b) Generation of new chemically active sites [7].
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[45]. Lignin contains abundant aliphatic and phenolic hydroxyl functions, so it can
easily replace the polyol component of polyurethane [46]. Moreover, biobased
polyurethanes are more degradable than those originate from petroleum-based polyols
[47, 48].

By controlling reaction temperature and reaction time, Duong and his colleagues
produced a high-molecular-weight polyurethane [49]. Using Kraft lignin as raw
material, molecular weights of the product up to 912,000 g/mol were obtained in only
3 h [49]. Hatakayama and coworkers combined these four types of technical lignin
(ligonsulfonate, Kraft, solvolysis, and alcoholysis lignin) with polypropylene glycol
(PPG) or polyethylene glycol (PEG), respectively, and with a mixture produced by
reaction with diphenylmethane diisocyanate [50]. Whichever the type of lignin used,
authors determined that lignin loading have a greater impact on the properties of
synthetic materials than any other factor, such as the ratio of isocyanate/hydroxyl
group or the molecular weight of the polyols.

Seeking after materials with enhanced stiffness, Xue and his colleagues prepared a
range of lignin-based rigid polyurethane foams, adding up to 39.17 wt% lignin [51].
Compared with traditional polyurethane, these biofoams have increased thermal
conductivity because of their larger cell volume and lower density. Unlike rigid poly-
urethane foams, flexible polyurethanes consist of a flexible and hard (cross-linked)
blocks. Pohjanlehto and his colleagues synthesized a sugar-based xylaric acid, polyol,
and reacted them with lignin and PEG to prepare a series of polyurethanes [52]. The
increase in lignin content had almost no effect on Young’s modulus or Tg, but the slight
improvement in thermal stability showed that the lignin acted to stabilize the final
product. Compared with the typical application of lignin blends, Yiamsawas and
coworkers recently reported a method of synthesizing lignin-polyurethane nano-
containers with inverse microemulsion [53]. Before reacting with toluene diisocyanate,
the suspension of sodium lignosulfonate in water is mixed with the surfactant poly-
ethylene glycol polyricol. This method produced hollow and cross-linked lignin-based
polyurethane nanocontainers (diameters of 311-390 nm) with the ability to contain
water-soluble cargo. The results showed that these nanocontainers remained stable in
aqueous solutions for weeks and can rapidly degrade within 24 h using natural enzymes.

However, as far as we know, there are few reports on lignin-based polyurethane
polymers that combine high content of lignin and high performance.

Zhang and coworkers have reported a new poly(e-caprolactone) modified lignin-
based polyurethane bio-plastics exhibiting high performance [54]. As shown in
Figure 5, the poly(e-caprolactone) as a soft segment was incorporated into the lignin
under the assistance of the bridge of hexamethylene diisocyanate (HDI). In this study,
HDI with long aliphatic chains was used as an activator of lignin hydroxyl groups, and
the poly(e-caprolactone) is added as a biodegradable soft segment to improve the
flexibility of the lignin-based polyurethane [54]. The effects of lignin content, ~-OH/-
NCO molar ratio, and the molecular weight of poly(e-caprolactone) on the properties of
the obtained biobased polyurethane plastics were assessed [54]. The results showed
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that the biobased polyurethane film still has high strength, fracture elongation and
tearing strength at 19.35 MPa, 188.36% and 38.94 kN/m with the content of lignin high
as 37.3%, respectively. In addition, the sample has excellent thermostability and has a
good solvent-resistance. Thus, lignin modification toward the urethane chemistry is an
effective approach to develop lignin-based sustainable and high-performance mate-
rials [54].

In recent years, the free radical induced thiol-ene reaction has been widely
concerned by materials science and synthetic chemistry because of its low sensitivity to
oxygen, easy implementation, and high yield without complicated purification methods
[55, 56]. As shown in Figure 6, Cao and coworkers have reported an novel lignin-based
polyurethanes coatings, which were synthesized through polymerization of lignin-based
polyol with HDI without catalysts, showed excellent corrosion resistance at high lignin
content [57]. In this study, the reactivity and solubility of lignin-based polyol was
increased, while the phenol hydroxyl groups of enzymic hydrolysis lignin were selec-
tively transformed into aliphatic hydroxyls via alkylation and thiol-ene reaction [57]. Due
to the good dispersion and crosslinking reaction of lignin-based polyol in polyurethane
network, the obtained lignin-based polyurethanes coatings have excellent mechanical
properties, high thermostability, and strong corrosion-resistance. These characteristics
give lignin-based polyurethanes great potential for applications in areas requiring high
mechanical strength, high thermostability, and high corrosion resistance, namely,
coating, adhesives and electronics. However, further optimization of the lignin-based
polyurethanes coatings formulation is needed to enhance the toughness of LPU coatings
and elucidate the mechanism of corrosion-resistance [57].
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CH,00CNH
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Figure 5: Synthesis route of the poly(e-caprolactone) modified lignin-based polyurethane
bio-plastics [54].
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Figure 6: The synthesis route of lignin-based polyol and the schematic structure of anticorrosive
coatings of thermosetting lignin-based polyurethanes [57].

Although above results support the concept of lignin incorporation, many prop-
erties require further adjustment before lignin-based polyurethanes e can be used as a
commercial material. In addition, batch-to-batch variation in lignin will result in batch-
to-batch variation in these systems.

3.1.2 Polyesters

Polyesters are polymers containing ester bonds that can be prepared in three different
ways: esterification of dicarboxylic acid with diol or dihalides, self-polyesterification of
hydroxycarboxyl acids, and the ring-opening polymerizations of lactones or cyclic
esters [58]. The application of lignin as macromolecular monomer of polyester
synthesis usually limits the polycondensation reaction, but the ring opening reaction
of lactone is also reported.

Guo and coworkers [59] prepared a series of polyesters from dicarboxylic acid
chlorides, polyethylene glycol, and lignin. These polymers have been exhibited to be
able to melt between 120 and 140 °C without changing smell or color, indicating a
potential commercial use [60]. Bonini and coworkers [61] reacted steam-explosion lignin
with dodecandioyl dichloride to produce a series of low molecular weight (1915-6382 g/
mol) polymers. Using e-caprolactone and carboxylic acid-functionalized lignin,
Matsushita and coworkers [62] used the condensation reaction of e-caprolactone and
carboxylic acid-functionalized lignin to prepare polyester. Compared with poly &-cap-
rolactone, the obtained polymer has higher melting point and higher loss and storage
modulus. Sivasankarapillai and his colleagues [63] created a network of highly branched
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polymers by condensing lignin with a tri-branched carboxylic acid monomer, which was
synthesized by the condensation of adipic acid with 1,1,1-triethanolamine.

Recent reports using another potentially biobased monomer, succinic anhydride
(SAn), show the resulting materials has similar hardness and scratch resistance to
petroleum-based polyester coatings [64]. Succinylated lignin dissolved in THF can be
self-crosslinked by adding traditional crosslinking agents (such as diamines) (Figure 7)
[64]. The resulting novel lignin-based thermosetting polyester coating systems are
based on functionalization of the lignin-soluble fraction of Kraft lignin recovered by
solvent extraction [64]. The synthetic polyesters were thoroughly characterized by
chemical, physical and thermal properties to confirm the succinic anhydride was
successfully covalent with lignin. These polyester coatings have film forming ability,
thermostability, dynamic surface hardness, solvent resistance, and higher hydro-
phobicity than unmodified samples. The results of this study suggest that the devel-
opment of lignin thermosetting polyester systems provide evidence of the potential
bioderived coatings and adhesives materials [64].

The low solubility of lignin in common organic solvents limits the way of
modification [65]. At present, a large number of researches show that lignin-based
copolymers can play an active role in mechanical enhancement of block composites
[66, 67]. However, few researches have been done on lignin-based porous materials.
Lignin materials with porous structures may be more interesting than bulk materials
because of their advantages of low density, high surface area, good absorbency and
high permeability. Taking advantages, lignin-based porous composites have the
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OH

curing with
external crosslinker
succinylated lignin

Figure 7: Synthetic scheme for the succinylated lignin for preparing crosslinked polyester coatings
[64].
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potential to be used in a variety of high-value applications, such as energy storage,
catalysts, sensors and biomedical materials.

Recently, Kai and coworkers developed a class of novel lignin-poly
(e-caprolactone-co-lactide) copolymers (lignin-PCLLA) through ring-opening polymeri-
zation without solvent [68]. The obtained Lignin-PCLLA copolymers have adjustable
molecular weights and glass transition temperatures [68]. It is blended with polyester by
electrospinning to engineer the copolymer into ultrafine nanofibers (Figure 8). The size of
the nanofibers is around 300-500 nm, and the tensile test showed that the mechanical
properties of nanofibers can be improved by the mixture of lignin copolymer and poly-
ester matrix. In addition, lignin nanofibers have good biocompatibility and antioxidant
activity, demonstrating their great potential in healthcare applications [68].

3.1.3 Epoxide resins

Epoxy resin, one of the most commonly used thermoset resin materials in the fields of
adhesives, coatings, composites, and electrical laminates, etc., is composed of mono-
mers containing at least one epoxy group. Epoxy groups can be homopolymerized by
cation or anion polymerization or copolymerized with comonomers, such as multi-
functional amine, acids, anhydride, alcohols, and phenols [69]. The choice of epoxides
and curing agents has a great influence on the mechanical, physical, and chemical
properties of the products. Although lignin itself does not contain epoxy groups, the
macromonomer phenolic can also be used as a curing agent/crosslinking agent for the
synthesis of epoxide resins.

So far, the methods of adding bulk lignin to the thermosetting materials of epoxy
resins can be summarized into three categories: the first type is the direct mixing of the

OMe + o + I I
o~ "0
OMe

MeO
OH
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24h

Lignin-PCLLA copolymers via Meg M. o f
solvent free polymerization °mo%°ku
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Figure 8: (a) SEM images of electrospun of lignin-PCLLA. Scale bars =1 pm. (b) Synthetic scheme of
ring-opening copolymerization of e-caprolactone, -lactide, and lignin [68].
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lignin derivatives as fillers with the ordinary epoxide resin; the second type is modi-
fying lignin by epoxidation; and the third type is modifying lignin or its derivatives to
enhance reactivity, therewith epoxidation. It is important to note that epoxy prepol-
ymers or glycol ethers should be liquid at room temperature or elevated temperature in
order to fully contact and react with the curing agent to form a homogeneous cross-
linking network. Nevertheless, most reports on the epoxidation of lignin is a non-
molten solid, which cannot be directly cured by curing agents [8, 70, 71].

Recently, by mixing alkaline solution of Kraft lignin with cross-linking agent of
polyethylene glycol diglycidyl ether, Nonaka and his colleagues have synthesized a
water-soluble variation [72]. In this system, the transition temperature of glass can be
adjusted conveniently by adding alternate crosslinkers. Engelmann and his colleagues
combined a low molecular weight fraction of lignin with 1,3-glycerol diglycidyl ether to
produce a battery of solvent-free resins containing up to 50 wt% lignin [73]. Comparing
with those control group cured by pyrogallic acid, the higher lignin content of the
lignin-based resins showed better thermostability.

Since most lignin is insoluble in organic solvents, such as enzymatic hydrolysis of
lignin, and most lignin modification requires the use of organic solvents as reaction
media, partial depolymerization can remarkably improve the solubility of lignin for
further application [70]. Zhang and coworkers [70] have reported that Kraft lignin can
be partially depolymerized through alkali catalysis in supercritical methanol to
increase its solubility in organic solvents. By reacting with succinic anhydride, the
partially depolymerized lignin is modified into lignin-based polycarboxylic acid
(LPCA) [70]. LPCA can be applied to curing agent of epoxy resin. The results showed
that LPCA could cure commercial epoxy resin at a similar temperature range. LPCA
cured DER 353 resins showed a mild T, and similar storage modulus to that of
commercial anhydride cured products.

Glycidylation of lignin generally produce solid phase epoxy prepolymers, which
will lead to the problem of poor compatibility with the curing agent. In order to solve
this problem, Zhao and coworkers haves reported a route to synthesize liquid lignin-
containing epoxy prepolymers (Figure 9) [74]. In detail, lignin was phenolated by
catechol (a renewable lignin derivatives), which has more phenolic hydroxyl groups
than phenol [74]. The catecholized lignin was condensed with salicyl alcohol to form a
novolac oligomer incorporating lignin, which was then glycidylated with epichloro-
hydrin to prepare a fully liquid epoxy prepolymer [74]. These lignin-based epoxy
prepolymers were cross-linked by diethylenetriamine to produce homogeneous lignin-
based epoxy networks (catecholized lignin content reaching 40 wt%). Compared with
the solid phase counterparts, the resulting liquid lignin-based epoxy prepolymers
would present wider applications.

The statistical chemical structure and poly-dispersion of lignin macromolecules
limit the properties of the final materials. Therefore, in material science, extraction of
lignin from mild plant extracts (such as organic solvents, enzyme hydrolysis, and
partial depolymerization) is preferred. However, these lignins are not available on a
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Figure 9: Synthetic scheme of catecholized lignin containing epoxy network [74].

large scale, currently, in contrast to the industrial Kraft lignin. Another way to over-
come these problems is to use a purified fraction of industrial lignin.

Recently, Gioia and coworkers reported that the thermosetting epoxy resins was
synthesized from high functionality and low molecular weight lignin Kraft, which was
refined by solvent extraction [8]. The sequential extraction process used organic
solvents such as methanol, ethanol, ethyl acetate, and acetone (Figure 10a). The
extraction sequence was designed to recover the fractions with low dispersivity and
gradually increasing molecular weight (Figure 10c). Then, through the reaction of
epichlorohydrin with various lignin fractions, the oxirane groups were introduced by a
glycidylation method (Figure 10b). The tensile strength of the resin varies from 1.2 to
5.0 MPa, increasing with the increase of molecular weight of the lignin fractions
(Figure 10d). The proposed approach offers an unprecedented possibility of adjusting
the network structure and performance of thermoset epoxy resins on the basis of real
lignin fractions instead of lignin model compounds.

Generally, lignin imparts thermostability to the produced resins, but cannot be the
sole crosslinking agent. Thus, another crosslinker must be added to obtain the desired
performance. Feldman and coworkers studied a series of lignin-based epoxy resins with
>40 wt% of lignin loading and other hardeners incorporated [75-77]. Addition of lignin
can increase the adhesive strength of the tension, so it can reduce the cost of production
of materials requiring robust adhesion [76]. In addition, the properties of the hardeners
do not affect the physical performance of adhesives as much as the amount of lignin
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Figure 10: (a) Scheme of the sequential refining strategy; (b) Introduction of Oxirane Moieties on
Lignin; (c) SEC analysis of the starting lignin compared with the obtained fractions; (d) The tensile
stress—strain curves of the different lignin-based epoxy resins [8].

addition, which means that the least costly materials can be selected to reduce
production costs [77].

3.1.4 Phenolic resins

Because of its unique thermal stability and flame retardancy, phenolic resin (a ther-
mosetting rigid structure) has been widely used in the fields of petrochemical,
construction, vehicles, ships, and aerospace industry [78]. The phenol/aldehyde ratio
controls the cross-linking degree of the final product and determines whether the resin
must be hardened by adding cross-linking agents [79]. For lignin-based phenolic resins,
the phenolic chemical structure of lignin makes it a natural substitute for petroleum-
based phenol in conventional synthesis schemes (Figure 11) [80]. As far as we know,
there are no lignin-only phenolic resins, but there have been several attempts to replace
partial phenol used with lignin to prepared lignin-based phenolic resins.

The most common type of phenolic resin is made from formaldehyde and phenol
and is commonly used as adhesives. Hence, viscosity, cure rate, and the mechanical
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Figure 11: General scheme of phenolic resin produced by substituting phenol with lignin [4].

properties of the phenolic resin are important factors to determine their proper
application. Alonso and coworkers explored the vitrification and gelation of lignin-
based phenolic resins [81]. In these isometric experiments, they found that lignin-
containing resins had lower activation energy than neat phenolic resin, resulting in
lower curing degree at the point of gelation [81]. Vazques and his colleagues [82] added
lignin to a phenolic resin applied as an plywood adhesive. Lignin was dissolved in
phenol and reacts with formaldehyde to form an adhesive that combines about 20 wt%
of the lignin incorporated into the final material. Although the adhesive took longer
time to cure than the traditional phenolic resin, the strength of the plywood was the
similar as that produced using the conventional method. Danielson and his colleagues
also developed lignin-based phenolic resins as plywood adhesives, and further
evaluate its potential commercial applications [83, 84]. The resins with different
proportions of lignin were prepared. The results showed that boards adhered with
lignin-based phenolic resin adding 20 and 60 wt% lignin had shear strength at the
superior to that of standard phenol-formaldehyde resins. Due to the brittleness of
lignin, the strength of adhesives was significantly reduced by adding 80 wt%. Addi-
tionally, Dennison et al. [83] found that 50 wt% lignin addition is the ideal biobased
phenolic resin to maintain resin viscosity, adhesion, and storage stability.

In fact, lignin is usually less reactive than phenol because it reacts with formalde-
hyde in fewer locations, consequently, it is relatively difficult to obtain highly reactive
resins acceptable for foaming. Thus, many methods, such as phenol [85], depolymer-
ization [86], and liquefaction [87], have been used to modify lignin to improve its
reactivity.

Recently, Gao and coworkers [88] presented an effective method to depolymerize,
demethylate and phenolize lignin catalyzed by HBr in phenol solvents under microwave
radiation with moderate temperature at 90 °C (Figure 12). The reaction mixture was
directly used to developed phenolic foam without further separation and purification.
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Compared with the control samples, the compressive strength and thermal insulation of
processing lignin-based foams were increased by 150 and 26%, respectively [88]. The
results of this study provide a high value-added application of lignin in the preparation of
thermal insulation materials.

3.2 Lignin-derived phenolic compounds as monomers

Current studies have shown that there are three monolignols exists in plants: coniferyl
alcohol, p-coumaryl alcohol, and sinapyl alcohol. Monolignols are functional phenolic
substances that can be used in aromatic polymer systems such as lignin [4]. A variety of
phenolic monomers similar in structure to monolignols, including vanillin, cresols,
guaiacols, and other lignin derived phenolic compounds provided by lignin pyrolysis,
supports the prospect of tunable properties by simply selecting monomers to meet
specific requirements [89]. With this in mind, this section will include several lignin-
derived phenolic compounds (vanilline, cinnamic acid, p-coumaric acid, and ferulic
acid) as monomers in polymer synthesis.

3.2.1 Vanilline derived polymers

Vanillin is currently the most readily available pure monoaromatic phenol produced
on an industrial scale with lignin, which means that it is renewable and does not
compete with food sources [90]. Approximately 20,000 t of vanillin are yielded every
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Figure12: Schematicdiagram of one-pot depolymerization, demethylation, and phenolation of lignin
for phenolic foam preparation [88].
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year, of which 15% comes from lignin [91]. Therefore, vanillin has the potential to
become a key renewable aromatic building block.

Vanillin has many advantages. For example, it is a safe aromatic compound with two
reactive functions that can be chemically modified. Therefore, vanillin can be regarded
as a bifunctional compound, which is promising in the preparation of thermoplastic
polymers.

In recent, Holmberg and coworkers [92] reported a general scheme for the synthesis
of renewable homopolymers and block copolymers by the functionality of vanillin and
reversible addition-fragmentation chain transfer polymerization.

The vanillin-based homopolymers showed glass conversion temperatures of 120 °C
and degradation temperature over 300 °C, suggesting that these and similar polymers
could be suitable substitutes for petroleum materials. In addition, using controlled
techniques of polymerization, a vanillin-based homopolymer was chain-extended with
lauryl methacrylate to prepare nanostructured block copolymers (Figure 13). The
results showed that these elastomer copolymers can self-assemble in a poly(lauryl
methacrylate) matrix with the form of a body-centered cubic array of vanillin-based
nanospheres [92]. This work described a blueprint for controlling the polymerization of
vanillin and its subsequent chain extension with a variety of comonomers, enabling
the redesign and generation of novel modulated block copolymers.

Vanillin manufactures a variety of polymers, especially high-performance ther-
mosetting materials such as epoxy resins [93] or polyphenoxylamines [94]. However,
these studies mainly focus on the renewable nature of the resources and rarely address
thermosets issues such as recycle trouble and flammability, etc.

Wang and coworkers prepared a novel Schiff base precursor from a rich and lignin
derivative, vanillin, and produce malleable thermosetting materials combining high-
performance, ultra-fast reprocessing, excellent monomer recovery, arbitrary permanent
shape changes and excellent fire resistance (Figure 14) [95]. The Schiff base covalent
adaptable networks showed high glass transition temperatures of about 178 °C, tensile
strength of about 69 MPa, tensile modulus of about 1925 MPa. Meanwhile, the low
activation energy of the bond exchange of 49-81 k] mol™ (reprocessed in 2-10 min at
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Figure 13: Schematic diagram of renewable homopolymers and block copolymers through the RAFT
polymerization of vanillin [92].
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180 °C) resulted in high malleability. These Schiff base covalent adaptive networks
provide a good example for promoting the development of thermosetting polymer
materials for nature biomass resources [95].

In addition, Zhang et al. [96] reported a novel biobased triepoxy (TEP) was
synthesized based on vanillin and guaiacol as raw materials and cured with an
anhydride as curing agent.

The cured TEP has the similar modulus, tensile strength, and thermal stability as
bisphenol A epoxy resin. Moreover, under the catalytic action of Zn**, the cured TEP
possessed dynamic trans-esterification reaction, which brought the sample stress
relaxation and permitted reparability to the samples [96].

3.2.2 Cinnamic acid derived polymers

Resins made from compounds with more robust structures such as aromatic rings are
more thermostable and preferable than more flexible compounds (like aliphatic
chains) [4]. Lignin is used in many resin formulations, but its limited solubility is often
a problem in the development and processing of new materials [97, 98]. Monolignols or
lignin-derived phenolic compounds precursors contain the same desirable aromatic
structure, and there is no problem of solubility of lignin macromolecule [4].

Kim and coworkers reacted cinnamic acid with a series of epoxy resins to produce a
biobased cross-linked resin [99]. Then, the functional epoxy resin is cured with photo
curing to make it have better thermostability and optical properties. Xin and coworkers
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Figure 14: (a) Preparation scheme of the malleable Schiff base covalent adaptable networks; (b)
Reprocess of Schiff base covalent adaptable networks at different times at 180 °C under 15 MPa
pressure; (c) Outstanding qualities of the malleable thermosets based on lignin derivative vanillin [95].

198




20 = F.Qietal

[100] functionalized cinnamic acid by two synthetic steps (allylation then epoxidation)
to form a double functional epoxide monomer. Then, this epoxy monomer was cross-
linked with maleic anhydride derivatives as curing agents to produce a series of resins
(Figure 15). The curing behaviors of the resins were alike to those of petroleum-based
resins. Fache and coworkers [91] prepared epoxide resins from aromatic monomers
mixture generated from the degradation process of lignin to vanillin. The mixtures
(vanillin, p-hydroxybenzaldehyde, syringic acid, and syringaldehyde) suffered from
Dakin oxidation to produced di-phenolic compounds. The obtained compound then
reacts with epichlorohydrin to form the relevant epoxy compound [91].

3.2.3 p-coumaric acid derived polymers

Modified monolignols or precursors are more widely used in the literature because they
produce monomer with good thermal stability.

Kaneko and his colleagues synthesized a biopolymer made by melt condensation of
p-coumaric acid with sodium acetate and acetic acid. This is the first example of a liquid
crystal polymer made from a single natural monomer, as shown in Figure 16 [101]. The
polymer was prepared by photoinitiated cycloaddition in a liquid crystalline state and
proved to have excellent cell compatibility [101]. Kaneko subsequently produced a
biodegradable hyper-branched copolymer from the polymerization of 3,4-dihydrocinic
cinnamate and p-coumaric acid [102]. The resulting material has a sufficiently high T, to
be processed, photoreactivity in liquid crystalline state, and readily degrades by
hydrolysis. Matsusaki et al. copolymerized p-coumaric acid with lactic acid with and
without solvent [103]. Although the content of p-coumaric acid in copolymers is much
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Figure 15: Synthesis scheme of cinnamic acid-derived epoxy [100].
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lower than that of lactic acid, the obtained copolymers have good photoreactivity, high
solubility, and biodegradability. Spiliopoulos and coworkers synthesized copolymer
from p-hydroxy benzaldehyde and p-coumaric acid with thionyl chloride as catalyst
under the condition of alkali [104]. The results showed that although copolymers are
amorphous, once crosslinked, T, of the resultant polyesters showed a significant
increase.

The brittleness of the resulting p-coumaric acid derived polyester materials can be
reduced by introducing other functionalities. Thi and his colleagues [105] reported
report a way to synthesize a macromonomer by coupling 3,4-diacetoxycinnamoyl
chloride with low molecular weight poly(i-lactic acid). The macro-monomer was
polymerized with sodium acetate without solvents to form branched, polydispersion,
and high-molecular-weight polyester [106]. The mechanical and thermal characteris-
tics of polymers were superior than those of poly(L-lactic acid), and the degradation
rate is accelerated with the addition of acetylated coumaric acid. Nagata and coworkers
[107] prepared a macromonomer through capping both adipoyl dichloride with
hydroxyl functionalized p-coumaric acid to generate a novel dichloride macro-
monomer, as shown in Figure 17. The macro-monomer was further condensed with
1,6-hexanediol to prepare a high molecular weight copolyester resin.

3.2.4 Ferulic acid derived polymers

Ferulic acid can be achieved through hydrolysis of lignin based on alkalis or enzymes
[108]. With an annual output of ~318 tons, it is one of the available phenolic molecular
compound from lignin, second only to vanillin [109].
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Figure 16: Projected cycloaddition of poly (p-coumaric acid) in a liquid crystalline state (220 °C) [101].
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Figure 17: Scheme of p-coumaric acid dimer-based polyester from either aliphatic diols or
polyethylene glycol [107].
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Oulame and coworkers [110] prepared ferulic acid-based dimers via
polycondensation of aliphatic diols with ferulic acid of different chain lengths or
isosorbide. Then, the obtained diol was polymerized with 1,6-hexamethylene diisocya-
nate or 1,4-tolulene diisocyanate to produce a series of polyurethanes (Figure 18). These
polyurethanes can be prepared with or without solvents, and showed high thermosta-
bility and controllable T,. Although the molecular weight of these products is generally
low, they support the concept of polyurethane material being synthesized from mono-
lignol or its precursors. Chen and coworkers [111] recently synthesized polyurethane
based on a dimeric cresol-based monomer. After dimerization, cresol reacts with
epichlorohydrin to form a double epoxide, and then with CO, to produce a corresponding
bis(cyclic carbonate) monomer. Then, the double functional monomer was reacted with
hexamethylenediamine or isophoronediamine to generate polyurethane with excellent
thermostability.

Polyphenoxyamine is a special phenolic resin, in which hexane heterocycles are
synthesized via condensation of a phenol and an amine in the presence of formalde-
hyde [112]. The curing temperature and the physical properties of the polymer can be
controlled according to the substitution of amine or phenol. Comi and his colleagues
[113] synthesized a series of benzoxazines via the condensation of carboxylic acid
(ferulic and coumaric acid) with formaldehyde and 1,3,5-triphenylhexahydro-
1,3,5-triazine. These monomers require a curing temperature higher than their ther-
mostable temperature, leading to decomposition instead of polymerization. Therefore,
adding boron trifluoride as a ring opening catalyst can reduce curing temperature and
form a variety of polymeric products, as shown in Figure 19. These products have
proven to be thermostable and comparable to petroleum-based products [4].
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Figure 18: Scheme of the eight poly(ester-urethane) from ferulic acid-based diols [110].
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Figure 19: Synthetic scheme of p-coumaric acid and ferulic acid-based benzoxazines [113].

4 Lignin-based polymer composites

Polymer composites are materials achieved through strengthening polymer matrix with
appropriate fibers/particle materials and can be defined in different ways [114-117]. The
properties of the matrix vary from a synthetic to natural polymer depending on the
application [118]. In most applications, matrices are obtained from synthetic polymers,
more recently, biopolymers have been used as matrix materials [116]. Generally
speaking, reinforcement materials are fibers or synthetic inlays, such as carbon, glass,
and so on, or natural hemp, flax, coconut trees, bagasse, and so on. In recent years, the
lignin-based polymer composites have drawn much attention in the research field at
home and abroad [119, 120]. Lignin is being vigorously used as a low-cost, ecofriendly
reinforcement material for the fabrication of high-performance composite materials
[121, 122]. In the next section, the study of lignin-based polymer composites is described.

4.1 Lignin-based thermoplastic polymer composites

The ongoing lignin valorization studies, if successful, could make sustainable
bio-manufacturing initiatives a reality. Thermoplastic plastics from lignin can be either
lignin polymer alloys or functional (modified) lignin, or lignin copolymers.

Some researchers have developed lignin-enhanced thermoplastic composites. For
example, a single screw extruder was used to prepare poly(ethylene terephthalate)
(PET) composites reinforced with lignin [123]. The effects of lignin concentration on
melting behavior and thermal stability were explored in detail by thermogravimetric
analysis [123]. The results show that the content of lignin in the composites has great
influence on the thermal stability. Experiments in the air show that adding lignin to the
polymer composites is beneficial to forming protective surface shields, which has been
found to reduce the diffusion of oxygen to the polymer body. Compared with pure PET,
lignin in the composites also has a strong influence on the melt behavior of annealed
specimens, which promotes the crystallization process [123]. Barzegar [124] have
reported on the rheological behaviors and mechanical properties of lignin-reinforced
polystyrene composites. Different polystyrene/lignin composites were developed by
adding or not adding a linear triblock copolymer of styrene ethylbutylene styrene
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(SEBS). The results indicated that the additive amount of lignin in the composites has
significant impacts on the mechanical properties of the research system [124]. For
instance, the bending and torsion modulus increase with the increase of the lignin load
while its tensile properties decrease. The compatibilizer can remarkably improve the
bending and tensile modulus of lignin/PS composites in this study. The increase in
modulus is due to the improvement of interfacial adhesion between lignin and PS [124].

Both biomass and polymer industries are interested in developing low-cost lignin/
polymer composites with excellent mechanical properties. Nevertheless, because
lignin tends to accumulate in polymer matrix, macroscopical phase separation at
micron scale is usually obtained. The resulting lignin/polymer composites usually
exhibit significantly less strength and toughness than the neat polymers [125]. In order
to solve this problem, researchers have conducted works from different perspectives.

Among the synthetic biodegradable polymers, the poly(butylene adipate-co-
terephthalate) (PBAT) is an aliphatic-aromatic polyester with outstanding flexibility,
mechanical properties and biocompatibility, and is an ideal choice in the fields of
packaging film, agriculture, and medical devices [126]. However, the high cost and low
photostability of PBAT limit its widespread commercial use. Modified lignin derivatives
can improve the UV-blocking, mechanical properties, and thermostability of the com-
posites with PBAT as matrix [127]. Recently, Wang and coworkers have reported on a
novel biodegradable lignin- (30—50 wt%)based composites with excellent properties,
which are prepared by adding lignin into the PBAT matrix [127]. In order to improve the
compatibility of lignin and PBAT, lignin was modified by a green esterification method
under microwave assistance and without solvent [127] (Figure 20a and b). The charac-
teristic of modified lignin has fewer inter-unit linkages, higher molecular weight, lower
T, and improved hydrophobicity. In addition, the mechanical properties of the lignin/
PBAT composites have been enhanced controllably by adding maleic anhydride (MAH)
[127] (Figure 20c). The abtained lignin/PBAT composites have excellent UV resistance
and fracture elongation, even at 40% of lignin loading, improved by 500% compared
with that of unmodified specimens [127].

Generally, lignin does not form a compatible mixture with acrylonitrile butadiene
styrene (ABS) thermoplastic matrix without being modified or with the assistance of the
compatibility agent. Instead of using chemical modification with high cost and high
energy consumption, Naskar and coworkers [126] have devised a simpler solution that
improves the ductility and strength of the material through self-assembly of lignin with
poly(ethylene oxide) (PEO) in ABS substrates induced by a hydrogen bonded inter-
action (Figure 21). In this study, a thermoplastic ABS polymer with ~30 wt% lignin was
prepared through adding 10 wt% PEO, which has similar properties to pure resin. The
ABS/lignin compositions containing PEO showed enhanced interface bonding of lignin
with the thermoplastic ABS matrix. And even further, the formula was reinforced with
short carbon fiber without pretreatment, exhibited outstanding mechanical properties
and is suitable for automotive use [126].
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The issue of the easy agglomeration of lignin in a polymer matrix can also be
improved recently by lignin nanoparticles (LNPs). Qiu et al. [128] have reported a
simple method for preparing nanostructured biomimetic polymer materials by
incorporating lignosulfonic acid (LA) into a biodegradable poly(vinyl alcohol) (PVA)
matrix in the form of interspersed nanoparticles. Amphiphilic LA was prepared from
sodium ligninsulfonate (LS) and then dispersed in water to form uniform nano-
particles. By mixing PVA with lignin solution, a biomimetic nanoparticle-separation
structure and a strong intermolecular sacrificial hydrogen bond were obtained. As
shown in Figure 22, this LNPs/PVA composite showed a maximum toughness of
(172 +5)J/g, as well as a strong tensile strength of 98.2 MPa and a large fracture strain
of 282%, which are much better than most engineering plastics. LA, which measures
several hundred nanometers in size, was thought to be secondary spherical particles
composed of loosely aggregated primary LA (several nanometers). The fragmentation
of the secondary spherical particles and the scattering of primary nanoparticles in the
PVA matrix lead to the dynamic fracture and reconstruction of the sacrificial
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Figure 21: (a) Schematic diagram of lignin-based ABS polymer composites and short carbon fiber
reinforced composites prepared from a blend improved with PEO; TEM micrographs of (b) neat ABS,
(c) ABS/lignin (70/30), and (d) ABS/lignin/PEO (70/27/3) blends [126].

hydrogen bonds that were densely confined in the interphase between LA granules
and PVA (Figure 23) [128]. This work is of great significance in the field of lignin-based
composites and nanolignin applications [125].

4.2 Lignin-based rubber composites

A variety of polymer composites were developed with rubber as matrix and lignin as
reinforcing agent or hard segment phase. Xiao and coworkers [129] have developed lignin
enhanced styrene-butadiene rubber (SBR)/lignin-LDH (layered double hydroxide)
composites using a melt blending method. In this research, layered dihydroxyl
compounds (lignin-LDH) were synthesized by in situ synthesis method. The results
showed that the mechanical properties of lignin-LDH/SBR were enhanced compared
with the LDH/SBR composite samples [129]. Jiang and coworkers [130] have prepared
nanocomposites by means of coprecipitation of lignin cationic polyelectrolyte
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complex and colloidal rubber latex. In this research, colloidal lignin-
poly(diallyldimethylammonium chloride) (PDADMAC) complexes (LPCs) was
prepared by self-assembly strategy. The homogenous distribution of LPCs in natural
colloidal rubber latex was determined by SEM and dynamic mechanical analysis
(DMA) analysis. The obtained nanocomposites showed improved thermal and
mechanical properties [130].

In above cases, however, lignin was simply used as an reinforcing filler and no
attempt is made to build advantageous interfacial interactions between the lignin and
the rubber matrix.

Recently, Brook and coworkers [131] have developed a strategy to efficiently modify
or disintegrate lignin with hydrosilanes of the Piers-Rubinsztajn (PR) reaction, which
was catalyzed by B(C¢F5)3 (BCF, tris(pentafluorophenyl)borane). This process results in
the conversion of phenol, aryl methoxy, and other ethers into silyl ethers or alkyl
groups (Figure 24a and b). As a result, the lignin surface becomes silicified, making it
more compatible with hydrophobic polymers. As a result, the lignin surfaces become
silicified, rendering it more compatible with hydrophobic polymers [131]. This makes
the raw softwood lignin as an enhanced filler or crosslinking additive for silicone
rubber in a one-pot process. The resulting lignin-silicone elastomer has remarkable
mechanical properties, even when filled with up to 40 wt% lignin. In addition, the
research has presented a summary of the chemistry used in blowing foams and the
ability to control the foam structures through changing treatment conditions and
formulations (Figure 24c). This preparation strategy of lignin-based composites
provides a new opportunities for better utilization of lignin involving silicone rubber
[131, 132].

Recently, Naskar et al. [133] introduced a new method for synthesizing a novel
class of high-performance renewable thermoplastic elastomers from acrylonitrile
butadiene rubber (NBR) by introducing nanoscale dispersed lignin. The internal
morphology and properties of this material can be regulated by a temperature-
controlled mixture. The strategy is to replace the polystyrene fragments with lignin,
similar to that found in soft matrices, as shown in Figure 25a and b. To further
regulated lignin domain sizes, researchers selected NBR with 33, 41 and 51% acry-
lonitrile contents (namely NBR-41 and NBR-51, respectively) with Kraft softwood
lignin (methanol extracted low-molecular-weight fractions) at ratio of 50/50 (w/w).
Transmission electron microscopy (TEM) images of lignin/NBR-33 blends show the
size of 0.2-2 pum domains (Figure 25c). The stress—strain curves of this mixture
showed a typical behavior of reinforcement elastomers (Figure 25d). The tensile
strength of the blend increases to above 30 MPa. This strain hardening is usually
observed only in natural rubber because of the crystallization induced by strain (it’s
not common in nitrile rubber matrix). This new class of elastomers has great potential
for sustainable products in the biomass industry [133].
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4.3 Lignin-based thermosetting polymer composites

Developing thermosetting polymer composites using lignin as an additive is also
reported. For example, Khalil and coworkers [134] have prepared epoxy matrix-based
composites with empty fruit bunches as the reinforcement phase. In this study, lignin
extracted from the black liquor was used as the curing agent in different ratios 15, 20, 25,
and 30%, respectively. The results showed that the polymer composites with 25% lignin
as the curing agent showed better mechanical properties than the composite materials
prepared with commercial curing agent [134]. Doherty and coworkers [135] have devel-
oped lignin reinforced phenol-formaldehyde (PF) composites and applied them as
coating with bagasse fibers as another reinforcement phase. The wetting properties
showed that lignin and lignin-PF resin membranes are effective water-barrier coatings.
Nevertheless, the contact angles of the lignin-PF resin membranes were found to is
obviously smaller than that of commercial wax film. Lignin-based bio-oil was developed
by Stanzione and his colleagues [136] for the preparation of biobased vinyl ester resin. In
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Figure 25: (a) Morphologic diagram of styrene-butadiene-styrene block copolymer. (b) Schematic
diagram of lignin-based multiphase polymer in soft matrix. (c) TEM image of NBR-33/Kraft lignin
composite (50/50). (d) Stress-strain curves of tensile mechanical strength of reactive composites of
methanol extracted fraction of Kraft lignin and their corresponding TEM images [133].

this research, a lignin-based bio-oil mimic was prepared from methyl methacrylate and
applied as a low viscosity vinyl ester resin. The thermal mechanical properties and
thermostability of this thermoset were competitive with the commercially available
petroleum-based and vinyl ester-based thermoset polymers [136].

5 Conclusions and outlooks

In the past 10 years, the field of lignin-based polymeric materials and composites has
made great progress, and there is still room for innovation. In addition, it is important
to recognize the technology of chemically modified lignin into products with integrated
value without the use of expensive reagents or complex synthesis pathways. Indeed,
because of their benefits, lignin-based polymers are a new class of ecofriendly and
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low-cost material. Despite the many advantages of lignin, the great differences and
complexity of its structure have hampered the expansion from laboratory to industrial
use. In order to overcome this limitation, a great deal of research should be undertaken
to better understand the physics and chemistry of natural lignin. Advanced extraction
methods or pretreatment processes should also be developed for lignin purification.
Based on the current literature, compared with the traditional synthetic fiber reinforced
polymer composites, the application of nano- or microsized lignin reinforced polymers
still remain highly conceivable. As discussed in this chapter, in addition to the
development of polymeric composites, the mechanical, physical and physicochemical
properties of lignin and various polymer substrates can be utilized toward the
commercialization of low-cost and ecofriendly lignin-based materials for a variety of
applications.
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