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Water-Induced Self-Assembly and In Situ
Mineralization within Plant Phenolic Glycol-
Gel toward Ultrastrong and Multifunctional
Thermal Insulating Aerogels
Qi Fan, Rongxian Ou,* Xiaolong Hao, Qianyun Deng, Zhenzhen Liu, Lichao Sun, Chaoqun Zhang,
Chuigen Guo, Xiaojing Bai, and Qingwen Wang*

Cite This: ACS Nano 2022, 16, 9062−9076 Read Online
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ABSTRACT: 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−1) 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−1 K−1 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.
KEYWORDS: plant phenolic polymers, nanocomposite aerogels, self-assembly, mineralization, multifunctionality

Maintaining a pleasant building interior temperature
accounts for more than 12% of global energy
consumption,1,2 which contributes to a significant

portion of the negative environmental consequences,3 such as
the greenhouse effect. Circumventing these impacts requires
the development of ecofriendly and energy-efficient insulated
alternatives.4,5 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,2,6,7 symbolizes an essential component of
the technology change required to create a sustainable energy-
saving society.8−10 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

polymer insulation materials,9 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.11−13 Over the past several
years, extensive efforts have mainly focused on the exploitation
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of advanced silica-mineralized polysaccharides aerogels, such as
cellulose/silica aerogels,13−16 pectin/silica aerogels,17 and
chitosan/silica aerogels.18 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.11,19,20 Nevertheless, these nanocomposite
aerogels are mechanically weak (dimensional instability) and
inferior to rigid plastic foams.7,21 Moreover, the mechanical
properties and thermal insulation capacity of these materials
are susceptible to relative humidity and temperature,13,22

which prevents them from meeting the stringent requirements
of direct exposure to the external or harsh environments.7,10 In
addition, once a fire occurs, the low charring capability of
polysaccharides will cause these hybrid aerogels to severely
shrink and collapse.7,23 This will pose a significant fire threat to
life and property when they are used as thermal insulators of
buildings.2,24

Lignin, the main component of plant biomass, appears as a
plausible candidate to reverse the above unfavorable
situation.25,26 Due to its stable aromatic structure, lignin
demonstrates various attractive properties,25,27 including high

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−1) and MTES (340 mg mL−1) 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.
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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.28,29 Additionally, lignin is removed from
lignocellulose in the chemical pulping or biorefining
processes,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.30 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,31 which can be easily converted into superior
micro/nano-structures or domains.32−34 Importantly, lignin
macromolecules contains abundant phenolic hydroxyl
groups,29 which can provide coordination sites for silicic acid
and catalyze its polycondensation process.35,36 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,37,38 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,39,40

and (ii) the complex intra- and intermolecular noncovalent
interactions of lignin,39 especially π-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.40,41

In nature, silica-producing marine microorganisms such as
diatoms can efficiently stabilize the high concentrations of
silicic acid before silica morphogenesis occurs.42 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.43,44

Recent research studies have demonstrated that bioinspired/
biomimetic certain polymers, as direct analogues of bio-
molecules, such as polyamines,45 zwitterionic polymers,46 and
polyether polyols,47 can also stabilize silicic acid via balancing
the noncovalent interactions.47 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

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 π-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 1a, 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-(β-aminoethyl)-γ-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 1c), 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.39,48 The reason for this is 2-fold: on the one hand,
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ethylene glycol can efficiently dissolve lignin (Figure S3);49 on
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

occurrence of coprecipitation. When the EHL/MTES glycol-
gel with an original homogeneous phase was soaked in water
(Figure 1e), 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-

Figure 2. Morphology and structural characteristics of the LigSi aerogels. (a) Schematic diagrams of tunable micromorphology of the LigSi
from continuous vesicle structure to nanoparticle aggregates by changing the mass ratio of siloxane. (b) SEM images of the control and LigSi
samples with different degrees of mineralization. (c) Photo of the tailored LigSi aerogels with different sizes and shapes (scale bar, 2 cm),
and LigSi-3 can be easily machined into a sleeve, which can be supported by a bamboo fiber. (d) Reconstructed 3D micro-CT images of the
representative LigSi-3. False colors were applied to highlight the total extracted macropore. (e,f) SEM images of the fracture surface of the
LigSi-3. (g,h) HRTEM and elemental mapping images show the nanostructure and the homogeneous distribution of the silica domain (red
Si).
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tion. Therefore, the phase separation of EHL/MTES glycol-gel
evolved over time until an elaborate hierarchical structure
developed and matured (Figure 1e). 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 S1. For comparison, a cross-linked lignin
aerogel without siloxane was also synthesized as a control
sample. Comparing with thriving polysaccharide/silica compo-
site aerogels,15,17,21,50 the LigSi displays added and even
advanced features of outstanding mechanical robustness, fire

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

Figure 3. Mechanical properties. (a) Compressive stress−strain curves of typical LigSi materials. (b) Young’s moduli of the LigSi aerogels.
(c) Dynamic compressive performance at frequency from 0.3 to 100 Hz. (d) Intuitive representation of the mechanical property.
Photographs of LigSi-3 aerogel with a density of 0.19 g m−3 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.
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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 S5), 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 2e,f). As will be
demonstrated later, the formation of these multilevel micro-
nanoporous structures was expected to endow the materials
with low thermal conductivity.51,52 In addition, the structure of
LigSi is different from the traditional thin-necked “pearl-
necklace-type” network structure of inorganic aerogels.17 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 S10) 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 S10),53 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).

Hydroxyl (−OH) groups of the lignin macromolecules can
provide reactive and anchoring sites for silicification. According
to the solid-state 29Si NMR spectra of LigSi-3 (Figure S12),
the Si peaks that completely overlap at −66 and −58 ppm were
due to the R−Si(−OSi)3 and R−Si(−OSi)2O− formed by the
hydrolysis and condensation of the silica precursors.13,53 The
presence of the signal at −58 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 S1c). 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), 13C 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.54 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.17 Although the density
of LigSi (0.18−0.23 g cm−3) 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−1) and specific modulus (376.32 kN
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m kg−1) 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

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.

Figure 4. Fire-retardant properties and self-cleaning (superhydrophobic) performance. (a) Photographs of the high-temperature flame
resistance behavior. (b) TGA curves and their derivatives of the LigSi-3, respectively, measured in air and nitrogen. (c,d) HRR and TSR
plots of the LigSi-3 and control sample. (e,f) SEM images of the char/SiO2 network and SiO2 network produced from burnt LigSi-3. (g)
FTIR curves. (h) Schematic illustration showing the fire-retardant mechanism of the self-formed dual-barrier. (i) Photograph of the
hydrophobicity of the LigSi-3 to different liquid stains. (j) Static contact angle of the different liquid on the surface of LigSi-3. (k) Laser
optical 3D surface image and depth profile of the LigSi-3. (l) Photographs showing the intrinsic superhydrophobicity and the static contact
angles of the different surfaces by mechanical cutting. (m) Photographs of liquid repellency to impinging water droplet. (n) Photos of self-
cleaning performance.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c00755
ACS Nano 2022, 16, 9062−9076

9068

70

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00755/suppl_file/nn2c00755_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


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

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

Figure 5. Thermal insulation and optical properties. (a) Setup for evaluating the thermal insulation property of samples. (b) Picture and IR
images of LigSi-3, NW, PF, and EPF on a 100 °C hot stage, and (c) TST-time curves of the samples. (d) Schematic illustration of the heat
transfer process of the LigSi-3. (e) Thermal conductivity of LigSi-3 and commercial PF as a function of temperature at constant absolute
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. (l) Temperature profiles for the samples in part
k.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c00755
ACS Nano 2022, 16, 9062−9076

9069

71

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00755/suppl_file/nn2c00755_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00755/suppl_file/nn2c00755_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00755/suppl_file/nn2c00755_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00755?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


clearly shorter self-extinguishment after burning of 127 s,
leading to ultralow peak values of HRR of 158.2 kW/m2 and a
SRR of 0.027 m2/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
S16). 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−1 (benzene ring), 1100−1000 cm−1 (ν[Si−O−Si]), 800
cm−1 (δ[Si−O]), and 450 cm−1 (ρ[Si−O]) indicating the
formation of a hybrid char/SiO2 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−1 (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/SiO2 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-3 (Figure 4h). The high
carbon content (about 45%)55 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°,

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 4l). 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 5a),
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),19,57 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 5c 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
5c). The temperature difference (ΔT) 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 50 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 (λtotal) of an aerogel in
the air can be expressed as follows:58
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λ λ λ λ λ= + + +total conv solid air rad (1)

where λconv represents thermal convection; λsolid and λair are the
thermal conductivities of the solid and gas phases, respectively;
and λrad is the contribution of thermal radiation. The λconv
should be insignificant, given that the micro/nanopore sizes
are well below the onset size (1 mm) of natural convection.59

The λrad is also neglected since silica is an efficient infrared
reflector.60 The reduction in the λsolid 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−3).7,61 As shown in Figure
S20, the thermal conductivity of LigSi-3 at room temperature
is about 40 mW m−1 K−1, 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

reduces the λsolid conduction (Figure 5d).52 The existence of
abundant mesoporous is another crucial reason for the low
λtotal 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 (N2, O2) in the atmosphere.62 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 λair value. Moreover, the thermal
conductivity of LigSi-3 was found to be lower than those of
most other commercial thermal-insulating materials (Figure
S21),3,57,63,64 and similar to those of expanded polystyrene
(EPS), PF, and Basotect (35−45 mW m−1 K−1).24 In addition,
the thermal diffusivity of LigSi was 0.11−0.16 mm2 s−1 (Figure
S20), which is significantly lower than those reported for PU
foams (0.4−0.5 mm2 s−1).65

The temperature dependence of the thermal conductivity of
LigSi-3 was further compared with that of a commercial PF

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 ΔT 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) 5-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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material (Figure 5e). For the LigSi-3 aerogel, the thermal
conductivity increased from 37.4 to 45.9 mW m−1 K−1 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 5e).66

Generally, the thermal insulation properties of traditional
aerogels, such as SiO2 aerogels, polysaccharide aerogels, and
phenolic resin aerogels, would gradually degenerate resulting
from the high moisture absorption (easy deliquescence).3

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 5f). This result is mainly originating from the
intrinsic superhydrophobic properties of LigSi-3, which can
push the water out from the surface (see Movie S5), 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−1 K−1 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 S22). 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, 5%), visible
light (400−780 nm, 46%), and infrared (IR, >780 nm, 49%).67

IR radiation in the region of 780−2500 nm is classified as near-
infrared (NIR) radiation and is the main portion of solar
energy that heats the Earth’s surface.8 It has been
demonstrated that the development of thermal insulating
materials with high NIR reflectance can minimize the heat gain
from sunlight.19

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 5g). 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.8,19 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 5g), 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 5h).19,68

The porous structure with a wide size distribution of the LigSi
aerogel enhanced the reflectance of the solar spectrum due to
strong Mie scattering.69 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

reflection.70 In addition, the Si−O molecular structure of the
LigSi allows for a small amount of absorption in the solar
spectra,60 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 5 mm (input power 0.55 W mm−2) 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 5k, 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 5l),
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 μm was deposited on the LigSi-3 surface. Given the
excellent Joule heating performance of carbon-based materi-
als,13,71 the E-T and T-I behaviors of the thermal device were
further investigated. As illustrated in Figure 6c, 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, 5 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
(∼25 °C) with an absolute temperature difference (ΔT) 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 ΔT from 10
to 130 °C was achieved at a low-level working voltage within
the safety limits (20 V). This significant ΔT value is much
higher than those of previously reported aerogels,13,72 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
5-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−1) and specific compression strength (75.79
kN m kg−1), 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/SiO2 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/TiO2 and lignin/Fe3O4,
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 H2O, 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

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 (−55 °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 S1.

Morphology Characterization. SEM was performed with a field
emission scanning electron microanalyzer (FE-SEM Hitachi S4800)
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 O2/Ar2 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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A B S T R A C T   

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 

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 

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 × 10 mm × 0.5 mm (L × T ×
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., ltd., China. PUR (TECH
NOMELT 270/7S) and EVA (TECHNOMELT KS3561) hot-melt adhesives 
were supplied by Henkel (China) Investment Co., ltd. 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 

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. 

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

Type Melting 
point 
(◦C) 

Set 
temperature 
(◦C) 

Cold pressing 
time 
(s) 

Cold pressing 
pressure 
(bar) 

TPU- 
1a 

75≃80 90 ± 2 8  1.5 

TPU- 
2b 

90 ~ 95 110 ± 2 8  1.5 

TPU- 
3b 

95 ~ 105 115 ± 2 8  1.5 

TPU- 
4b 

115 ~ 120 130 ± 2 8  1.5 

TPU- 
5b 

120 ~ 125 135 ± 2 8  1.5 

PUR 120 ~ 140 130 ± 2 8  1.5 
EVA 92 ~ 102 110 ± 2 8  1.5  

a nominal thickness of 0.03 mm, 0.06 mm, 0.10 mm, 0.13 mm, 0.16 mm; 
b nominal thickness of 0.10 mm. 
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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 × 10 × 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− 1. 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) 

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. 3c, 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 

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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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. 

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 

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. 

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. 
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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 

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 

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 
technology 

Pressing technology Tensile 
strength 
/MPa 

Time/ 
s 

Pressure/ 
MPa 

6.5 mm 
Bamboo 
strip 
[42] 

polyurethane Cold 
pressing 

10,800  1.0 106.26 ±
7.00 

6.5 mm 
Bamboo 
strip 
[42] 

polyurethane Cold 
pressing 

10,800  1.2 122.85 ±
20.56 

6.5 mm 
Bamboo 
strip 
[42] 

polyurethane Cold 
pressing 

10,800  1.5 67.30 ±
16.28 

2.0 mm 
Poplar 
veneer 
[43] 

urea 
formaldehyde 
resin 

120 ◦C Hot 
pressing 

360  0.65 38.74 ±
7.25 

5.0 mm 
Birch 
veneer 
[44] 

polyvinyl 
acetate 

Cold 
pressing 

86,400  0.5 84.28 ±
10.37 

This 
work 

TPU-1 Cold 
pressing 

8  0.15 197.91  
± 3.39 

This 
work 

PUR Cold 
pressing 

8  0.15 180.07  
± 4.59 

This 
work 

EVA Cold 
pressing 

8  0.15 89.32 ± 
5.87  
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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 

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 

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.  
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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 

best comprehensive performance of damp-heat aging resistance and 
secondary repeated bonding properties. 
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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 MgCl2. 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 2 m × 170 mm × 20 mm (L × T × R), 
the density of wood used for impregnation was about 0.45 g/cm3, 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 × 20 mm × 20 
mm for physical properties tests, 180 mm × 10 mm × 10 mm for 
bending strength and modulus of elasticity (MOE) tests, 50 mm × 50 

mm × 20 mm for hardness test, 300 mm × 20 mm × 20 mm for impact 
strength test and 30 mm × 20 mm × 20 mm (L × T × 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. MgCl2⋅6H2O of analytical 
grade, purity of 98 %, was purchased from Zeshen Co., Ltd. in Anhui 
Province. 

2.2. Impregnation of wood 

According to previous literatures, MgCl2 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 MgCl2 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 
Table1. 

To avoid the acidic MgCl2 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 % MgCl2 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., 
ltd). The viscosity of the impregnating solutions was measured using the 
rheometer, where the shear rate ranged from 0.1 to 100 s− 1 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/cm3 (Green 
density:0.45 g/cm3) 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 × 20 mm × 20 mm (L × T × R) provided 
with 12 parallel replicates in each group. ASE and LR were calculated 

Table 1 
Experimental formulation of impregnated resin.  

Samples Alkaline lignin (wt.%) DM resins (wt.%) MgCl2 (wt.%) 

Ctrl / / / 
MgCl2 / / 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  
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according to equation (2) and (3). 

WPG(%) =
W2 − W1

W1
× 100 (1) 

Where W1 is the oven-dry mass before impregnation and W2 is the 
oven-dry mass after impregnation. 

ASE(%) =
SC − St

Sc
(2) 

Where SC is the swelling expansion of unmodified wood and St is the 
volume swelling of modified wood. 

LR(%) =
W2 − W3

W2
× 100 (3) 

Where W2 is the oven-dry mass after impregnation and W3 is the 
oven-dry mass after leaching. 

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 × 10 mm × 10 mm (L × T × R), tested in a 

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. 
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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 × 20 mm × 20 mm (L × T × 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 × 20 mm × 20 mm (L × T × 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− 1 with 32 scans and a 
scanning range of 400–4000 cm− 1 (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 

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 × 10 mm × 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: 

Massloss(%) :=
W4 − W5

W4
× 100 (4) 

Where W4 is the oven-dry mass after impregnation and W5 is the 
oven-dry mass after 30 days of decay experiment. 

Fig. 2. The micrographs of the cross sections of the unmodified wood samples (a1) and the impregnated modified wood samples (b1, c1, d1), the micrographs and EDS 
of radical section of the unmodified (a2, a3) and the impregnated modified wood samples (b2, b3, c2, c3, d2, d3). 

Y. Peng et al.                                                                                                                                                                                                                                    

109



Construction and Building Materials 368 (2023) 130354

5

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 MgCl2 modified wood samples was less than 0, indicating 
that MgCl2 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 

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. 2a1 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. 2c3). 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 

Fig. 3. Bending strength (a) and MOE (b) of the unmodified and the impregnated modified wood samples.  
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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 MgCl2[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. 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. 

Fig. 6. FTIR spectra of the raw material of DM resins, AL and mixtures of 12 %AL + 30 %DM cured by MgCl2, respectively (a); unmodified wood, wood modified 
with 12 %AL + 30 %DM,30 %DM, and 12 %AL, respectively(b). 
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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. 

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. 

Fig. 7. The wood photographs after white-rot and brown-rot decay experiments of wood samples (a), (b).  
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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 MgCl2 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/m2, 16 % 
AL + 30 %DM reached 48 KJ/m2, 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 MgCl2. 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− 1 was disappeared, and the characteristic band at 
1474 cm− 1 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− 1 also widened with the increase 
of methoxy content in AL. As shown in Fig. 6b, the band intensity at 
1600 cm− 1 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 cm− 1, 
which was covered and shifted to 1467 cm− 1 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− 1 to 
1708 cm− 1, because the O––CN bond shifted after impregnating wood 
with DM resins[42]. Furthermore, the characteristic absorption band of 
C–O–C shifted from 1049 cm− 1 to 1034 cm− 1, indicating that wood 
cells cross-linked with DM resins or DM resins self-polymerized to form 

an ether bond[37]. More importantly, the methylene characteristic 
bands of 12 %AL + 30 %DM were found at 772 cm− 1 and 818 cm− 1, 
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. 7a1, 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 or12%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 

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).  
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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. 10a1, a2 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 mycelia 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 

mycelia left of cell wall and the structures were still intact (Figs. 9 and 
10c1 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 MgCl2 as the catalyst. A two- 

Fig. 9. The micrographs of the cross sections of the unmodified wood samples (a1) and the impregnated modified wood samples (b1, c1, d1), radical section of the 
unmodified (a2) and the impregnated modified wood samples (b2, c2, d2) after white-rot decay. 
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step impregnation was adopted to avoid the acidic MgCl2 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 

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. 

CRediT authorship contribution statement 

Yuxin Peng: Writing – review & editing. Qi Fan: Writing – review & 
editing. Rongxian Ou: . Xiaolong Hao: . Chuigen Guo: . Zhenzhen 
Liu: . Tao Liu: . Lichao Sun: . Qingwen Wang: . 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

Fig. 10. The micrographs of the cross sections of the unmodified wood samples (a1) and the impregnated modified wood samples (b1, c1, d1), radical section of the 
unmodified (a2) and the impregnated modified wood samples (b2, c2, d2) after brown-rot decay. 

Y. Peng et al.                                                                                                                                                                                                                                    

115



Construction and Building Materials 368 (2023) 130354

11

the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was financially supported by the Research and Develop
ment Program in Key Areas of Guangdong Province 
(2020B0202010008), the Guangdong Basic and Applied Basic Research 
Foundation (2021A1515011014), the National Natural Science Foun
dation of China (32001264, 52103110), the China Postdoctoral Science 
Foundation (2021M701258) and the Project of Key Disciplines of 
Forestry Engineering of Bureau of Education of Guangzhou 
Municipality. 

References 

[1] Y. Dong, Y. Yan, Y. Zhang, S. Zhang, J. Li, Combined treatment for conversion of 
fast-growing poplar wood to magnetic wood with high dimensional stability[J], 
Wood Science and Technology 50 (3) (2016) 503–517. 

[2] Y. Qin, Y. Dong, J. Li, Effect of Modification with Melamine–Urea–Formaldehyde 
Resin on the Properties of Eucalyptus and Poplar[J], Journal of Wood Chemistry 
and Technology 39 (5) (2019) 360–371. 

[3] H. Yang, M. Gao, J. Wang, H. Mu, D. Qi, Fast Preparation of High-Performance 
Wood Materials Assisted by Ultrasonic and Vacuum Impregnation[J], Forests 12 
(5) (2021) 567. 

[4] J. Wang, Y. Yao, Y. Huang, Y. Ma, J. Xi, X. Wang, H. Li, Z. Yang, Effects of the 
combination of compression and impregnation with phenolic resin on the 
dimensional stability in the multiscale wood structure of Chinese fir[J], 
Construction and Building Materials 327 (2022) 126960. 

[5] J. Li, A. Zhang, S. Zhang, et al., High-performance imitation precious wood from 
low-cost poplar wood via high-rate permeability of phenolic resins[J], Journal of 
Vinyl and Additive Technology 39 (7) (2018) 2431–2440. 

[6] F. Jiang, T. Li, Y. Li, Y. Zhang, A. Gong, J. Dai, E. Hitz, W. Luo, L. Hu, Wood-Based 
Nanotechnologies toward Sustainability[J], Advanced Materials 30 (1) (2018) 
1703453. 

[7] Y. Xie, Q. Fu, Q. Wang, Z. Xiao, H. Militz, Effects of chemical modification on the 
mechanical properties of wood[J]Einfluss chemischer Modifikation auf die 
mechanischen Eigenschaften von Holz, European Journal of Wood and Wood 
Products 71 (4) (2013) 401–416. 

[8] B. Xu, K. Yu, H. Wu, et al., Mechanical properties and engineering application 
potential of the densified poplar[J], Wood Material Science and Engineering 3 
(2021) 1–9. 

[9] K. Yue, J. Wu, L. Xu, Z. Tang, Z. Chen, W. Liu, L.u. Wang, Use impregnation and 
densification to improve mechanical properties and combustion performance of 
Chinese fir[J], Construction and Building Materials 241 (2020) 118101. 

[10] C.-F. Lin, O. Karlsson, J. Martinka, P. Rantuch, E. Garskaite, G.I. Mantanis, 
D. Jones, D. Sandberg, Approaching Highly Leaching-Resistant Fire-Retardant 
Wood by In Situ Polymerization with Melamine Formaldehyde Resin[J], ACS 
Omega 6 (19) (2021) 12733–12745. 

[11] S. Rabe, P. Klack, H. Bahr, B. Schartel, Assessing the fire behavior of woods 
modified by N-methylol crosslinking, thermal treatment, and acetylation[J], Fire 
and Materials 44 (4) (2020) 530–539. 

[12] M. Liu, F. Guo, H. Wang, W. Ren, M. Cao, Y. Yu, Highly Stable Wood Material with 
Low Resin Consumption via Vapor Phase Furfurylation in Cell Walls[J], ACS 
Sustainable Chemistry & Engineering 8 (37) (2020) 13924–13933. 

[13] F.C. Dirna, I. Rahayu, L.H. Zaini, W. Darmawan, E. Prihatini, Improvement of Fast- 
Growing Wood Species Characteristics by MEG and Nano SiO2 Impregnation[J], 
Journal of the Korean Wood Science and Technology 48 (1) (2020) 41–49. 

[14] D. Wang, Q. Ling, Y. Nie, Y. Zhang, W. Zhang, H. Wang, F. Sun, In-Situ Cross- 
Linking of Waterborne Epoxy Resin Inside Wood for Enhancing Its Dimensional 
Stability, Thermal Stability, and Decay Resistance[J], Acs Applied Polymer 
Materials 3 (12) (2021) 6265–6273. 

[15] R. Martha, M. Mubarok, I. Batubara, I.S. Rahayu, L. Setiono, W. Darmawan, F. 
O. Akong, B. George, C. Gérardin, P. Gérardin, Effect of glycerol-maleic anhydride 
treatment on technological properties of short rotation teak wood[J], Wood 
Science and Technology 55 (6) (2021) 1795–1819. 

[16] R. Martha, M. Mubarok, I. Batubara, I.S. Rahayu, L. Setiono, W. Darmawan, F. 
O. Akong, B. George, C. Gérardin, P. Gérardin, Effect of furfurylation treatment on 
technological properties of short rotation teak wood [J], Journal of Materials 
Research and Technology 12 (2021) 1689–1699. 

[17] L. Emmerich, S. Bollmus, H. Militz, Wood modification with DMDHEU (1.3- 
dimethylol-4.5-dihydroxyethyleneurea) – State of the art, recent research activities 
and future perspectives[J], Wood Material Science and Engineering 14 (1) (2017) 
3–18. 

[18] R. Kurt, E.D. Tomak, The effect of DMDHEU modification on physical and 
biological properties of parallel strand lumbers[J], Construction and Building 
Materials 195 (2019) 497–504. 
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[34] A. Dieste, A. Krause, C. Mai, G. Sèbe, S. Grelier, H. Militz, Modification of Fagus 
sylvatica L. with 1,3-dimethylol-4,5-dihydroxy ethylene urea (DMDHEU). Part 2: 
Pore size distribution determined by differential scanning calorimetry[J], 
Holzforschung 63 (1) (2009) 89–93. 

[35] L. Emmerich, M. Altgen, L. Rautkari, H. Militz, Sorption behavior and hydroxyl 
accessibility of wood treated with different cyclic N-methylol compounds[J], 
Journal of Materials Science 55 (35) (2020) 16561–16575. 

[36] T. Jiang, H. Gao, J. Sun, Y. Xie, X. Li, Impact of DMDHEU Resin Treatment on the 
Mechanical Properties of Poplar[J], Polymers and Polymer Composites 22 (8) 
(2014) 669–674. 

[37] J. Yuan, Y. Hu, L. Li, et al., The Mechanical Strength Change of Wood Modified 
with DMDHEU[J], Bioresources 8 (2013) 1076–1088. 

[38] W. Li, L. Chen, Y. Li, X. Li, Bamboo modification with 1,3-dimethylol-4,5-dihy
droxyethyleneurea (DMDHEU) catalyzed by maleic anhydride[J], Journal of Wood 
Chemistry and Technology 40 (2) (2020) 126–135. 

[39] A. Dieste, A. Krause, S. Bollmus, H. Militz, Physical and mechanical properties of 
plywood produced with 1.3-dimethylol-4.5-dihydroxyethyleneurea (DMDHEU)- 
modified veneers of Betula sp. and Fagus sylvatica[J]Physikalische und 
mechanische Eigenschaften von Sperrholz aus mit 1.3-Dimethylol-4.5-Dihydrox
yethyleneurea (DMDHEU) modifizierten Birken- und Buchenfurnieren, Holz als 
Roh- und Werkstoff 66 (4) (2008) 281–287. 

[40] Krause A, Jones D, Zee M, et al. Interlace treatment-wood modification with N- 
methylol compounds[J]. Proceedings of the First European Conference 
Modification,2003,1(1): 317-327. 

[41] Y. Dong, K. Wang, J. Li, S. Zhang, S.Q. Shi, Environmentally Benign Wood 
Modifications: A Review[J], ACS Sustainable Chemistry & Engineering 8 (9) 
(2020) 3532–3540. 

[42] M. Cai, Z. Fu, Y. Cai, Z. Li, C. Xu, C. Xu, S. Li, Effect of Impregnation with 
Maltodextrin and 1,3-Dimethylol-4,5-Dihydroxyethyleneurea on Poplar Wood[J], 
Forests 9 (11) (2018) 676. 

[43] M. Liu, Q. Yi, J. Li, E. Ma, R.u. Liu, Synergistic effect of montmorillonite/lignin on 
improvement of water resistance and dimensional stability of Populus cathayana 
[J], Industrial Crops and Products 141 (2019) 111747. 

[44] H. Zhou, J. Li, E.J.P. Ma, et al., Multiscale Modification of Populus cathayana by 
Alkali Lignin Combined with Heat Treatment[J], Polymers 10 (11) (2018) 1240. 

[45] Y. Xie, A. Krause, H. Militz, C. Mai, Weathering of uncoated and coated wood 
treated with methylated 1,3-dimethylol-4,5-dihydroxyethyleneurea (mDMDHEU) 
[J]Bewitterung von unbeschichtetem und beschichtetem Holz behandelt mit 
methyliertem 1,3-Dimethylol-4,5-dihydroxyethylenharnstoff (mDMDHEU), Holz 
als Roh- und Werkstoff 66 (6) (2008) 455–464. 

Y. Peng et al.                                                                                                                                                                                                                                    

116

http://refhub.elsevier.com/S0950-0618(23)00065-X/h0005
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0005
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0005
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0010
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0010
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0010
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0015
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0015
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0015
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0020
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0020
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0020
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0020
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0025
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0025
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0025
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0030
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0030
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0030
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0035
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0035
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0035
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0035
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0040
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0040
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0040
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0045
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0045
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0045
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0050
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0050
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0050
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0050
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0055
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0055
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0055
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0060
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0060
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0060
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0065
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0065
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0065
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0070
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0070
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0070
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0070
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0075
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0075
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0075
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0075
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0080
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0080
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0080
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0080
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0085
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0085
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0085
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0085
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0090
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0090
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0090
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0095
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0095
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0095
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0095
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0095
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0100
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0100
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0100
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0105
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0105
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0110
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0110
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0110
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0115
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0115
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0115
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0115
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0120
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0120
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0125
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0125
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0125
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0130
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0130
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0130
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0130
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0165
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0165
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0165
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0170
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0170
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0170
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0170
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0175
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0175
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0175
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0180
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0180
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0180
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0185
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0185
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0190
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0190
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0190
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0195
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0195
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0195
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0195
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0195
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0195
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0205
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0205
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0205
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0210
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0210
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0210
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0215
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0215
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0215
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0220
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0220
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0225
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0225
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0225
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0225
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0225


Construction and Building Materials 368 (2023) 130354

12

[46] R. Yasuda, K. Minat, M. Norimoto, Chemical modification of wood by non- 
formaldehyde cross-linking reagents[J], Wood Science and Technology 29 (4) 
(1995) 243–251. 

[47] L. Emmerich, C. Brischke, S. Bollmus, H. Militz, Dynamic strength properties and 
structural integrity of wood modified with cyclic N-methylol and N-methyl 
compounds[J], Holzforschung 75 (10) (2021) 932–944. 

[48] H. Ren, L. Zhu, Comparison of the structural characterization of lignophenols and 
alkaline lignins before and after methylolation[J], Wood Science and Technology 
52 (4) (2018) 1133–1151. 

[49] X. Bi, Y. Zhang, P. Li, Y. Wu, G. Yuan, Y. Zuo, Building bridging structures and 
crystallization reinforcement in sodium silicate-modified poplar by dimethylol 
dihydroxyethylene urea[J], Wood Science and Technology 56 (5) (2022) 
1487–1508. 

[50] A.-D. Muna, Nathir,, et al., Green Approach to Corrosion Inhibition of Mild Steel by 
Lignin Sulfonate in Acidic Media[J], Journal of Iron and Steel Research 
International 23 (7) (2016) 11. 

[51] M.A. Nada A-a, M. El-Sakhawy, S.M. Kamel, Infra-red spectroscopic study of lignins 
[J], Polymer Degradation and Stability 60 (2) (1998) 247–251. 

Y. Peng et al.                                                                                                                                                                                                                                    

117

http://refhub.elsevier.com/S0950-0618(23)00065-X/h0230
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0230
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0230
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0235
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0235
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0235
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0240
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0240
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0240
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0245
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0245
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0245
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0245
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0250
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0250
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0250
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0255
http://refhub.elsevier.com/S0950-0618(23)00065-X/h0255


118



119



120



121



122



123



124



125



126



127



128



129



130



131



132



133



134



135



Industrial Crops & Products 214 (2024) 118583

Available online 22 April 2024
0926-6690/© 2024 Elsevier B.V. All rights reserved.

Handling-friendly, waterproof, and mildew-resistant all-bio-based soybean 
protein adhesives with high-bonding performance via bio-inspired 
hydrophobic-enhanced crosslinking network 
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A B S T R A C T   

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 

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 (–NH2) 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. 

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 

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) 3–5γ, hydrophobic tryptophan moiety and catechol moiety of Dopa are highlighted in light blue and pink, respectively. c) 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 13C 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. 

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 × 400 × 1.5 mm3 (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 × 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 
strength 
/MPa 

Wet shear 
strength 
/MPa  

pH TA 
/wt 
% 

Furfural 
/wt% 

Temperature 
/◦C 

STF-1  4  20  20  160 2.22±0.19 1.27±0.13 
STF-2  4  15  25  170 2.48±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 2.09±0.07 1.57±0.19 
STF-5  5  20  15  170 2.52±0.09 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 2.26±0.14 1.15±0.16 
STF-9  6  20  25  180 1.89±0.08 1.28±0.18  
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Shear strength (MPa) =
Tension Force (N)

Bonding Area (mm2)
(1)  

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 p1 and 
the total area of the adhesive p0 were counted by Image J2x software, 
and the mildew growth rate was calculated according to Eq. (2): 

Mildew growth rate (%) =
p1
p0

× 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 × 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 13C 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–1 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–1 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 SPI. After the introduction of TA and furfural, the C––O and 
C–H bending vibrations at 1698 and 1528 cm–1 were shifted to 1664 and 
1534 cm–1, respectively, compared to the untreated SPI adhesive, which 
could potentially be attributed to the amide bond formed between the 

furfural-grafted molecules of SPI. The C–H bending vibration at 
1528 cm–1 was shifted to 1534 cm–1, which may be originated from the 
non-covalent interactions among SPI, TA and furfural. In addition, the 
characteristic benzene ring peak of 882 cm–1 for TA and the character
istic C––C stretching peak of 1640 cm–1 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 13C 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, α-carbon, 
β-carbon, and γ-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 A2B2C1D2 (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. 

Table 2 
The formulations of SPI, ST, SF, and STF-5 adhesives.  

Samples SPI/g Water/mL TA/wt% Furfural/wt% pH 

SPI  20  80  0  0  7 
ST  20  80  20  0  5 
SF  20  80  0  15  5 
STF-5  20  80  20  15  5  
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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 

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 

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. c) 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. 
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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 N2 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 

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 

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 

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 C1s, 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–1 for 
SPI were attributed to the freely bound –OH and –NH2. Upon intro
duction of TA, –OH and –NH2 of ST shifted from 3610, 3250 cm–1 to 
3500, 3290 cm–1, 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––O in amide II at 
1677 cm–1 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–1 of furfural in SF, and the 
weakened –NH2 feature peaked in SF compared to SPI. Furthermore, the 
characteristic peaks of –OH and –NH2 feature peaked in STF decreased, 
indicated that there may be a chemical reaction between TA, furfural 

and SPI. Besides, the –C–N– bond in STF at 1677 cm–1 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 α-helix and β-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 α-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◦ (β-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 

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. e) 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 C1s 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––O 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 C1s 
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 –NH2 and C–N (Xu et al., 2021). In the N1s spectra of STF-5, a 
decrease in the peak area of –NH2 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. 5c) 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 

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. 6c) (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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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 

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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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 

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.‘I-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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(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 × 100 × 13 mm (L × T ×

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 × 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 

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 (m2) was measured and 

the weight percent gain (WPG) induced by impregnation was calculated 
as follows: 

WPG(%) =
m2 − m1

m1
× 100% (1) 

where m1 and m2 are oven-dry masses of the sample before and after 
impregnation, respectively (g). 

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

Leachingratio(%) =
m2 − mx

m2 − m1
× 100% (2) 

Where, mx is oven-dry masses after 24 h immersion, m1 and m2 as in 
equation (1). 

Fig. 2. Synthetic route of APA via the reaction between phytic acid and urea.  

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

Wood 
samples 

WAR/APA resin Concentration of WAR/APA resin 
(wt.%) 

Acrylic resin 
(Phr.) 

APA 
(Phr.) 

C-W a 0 0 0 
USD-W b 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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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 × 100 × 10 mm (L × T × 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 × 100 × 10 mm (L × T × R) 

specimens were conducted according to ISO 4287:1997 on a contact 
stylus profilometer (Hommel-Etamic W5, Jenoptik, Germany). Average 
roughness (Ra) was used to characterize the surface characteristics. The 
final value of Ra 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− 1 until a displacement of 2.82 mm 
was reached. The maximum load was recorded and the surface hardness 
HW (N) was calculated as follows. 

HW = K × F (3) 

where Hw 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, Krüss GmbH, Hamburg, Ger

many) was used to measure the water contact angles (WCA) of the 
specimens after surface roughness measurements with a 2 μL 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 × 20 × 3 mm (L × T × 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 =

[
(Ts − Td)

(T0 − Td)

]

× 100% (4) 

where T0, Td, and Ts are the thicknesses of the oven-dried undensi
fied, densified, and recovered specimens in the radial direction, 
respectively. 

2.3.9. Thermogravimetric analysis 
The thermal decomposition of the modified wood was determined by 

thermogravimetric analysis (TGA) (TG 209 F1Libra TM analyzer, 
Netzsch, Germany). Specimens of approximately 8 mg were heated 
under N2 atmosphere with 20 ml min− 1 from 35 to 800 ◦C at 10 ◦C 
min− 1. 

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) Densitya(kg m− 3) Densityb (kg m− 3) EMC(%) Densityc (kg m− 3) t1 (mm) t2 (mm) 

C-W 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. 
Densitya (kg m− 3) and Densityb (kg m− 3): average density of the wood samples before and after unilaterally surface densification, respectively. 
Densityc (kg m− 3): the peak density of the densified layer. 
t1 (mm): thickness between surface and peak. 
t2 (mm): thickness of the effective dense layer with a density greater than 750 kg m− 3. 
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2.3.10. Limited oxygen index (LOI) 
Specimens with dimensions of 130 × 6.5 × 3 mm (L × T × 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 × 13 × 3 

mm (L × T × 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 × 100 × 10 mm (L × T × 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 × 15 × 10 mm (L × T × 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: 

a =
1000W

A
(5) 

where a is the impact bending strength (kJ/m2), W is the energy 
absorbed by the sample (J), and A is the cross-sectional area of the 
specimen (mm2). 

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− 3. 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 (t2) of the only unilaterally 
surface-densified wood (USD-W) samples were 882 kg m− 3, 0.21 mm, 
and 0.83 mm, respectively. Increasing the ratio of acrylic resin increased 
the peak density, t1, and t2 (Fig. 5a). The peak density, t1, and t2 of USD- 
RA-W5 (unilaterally surface-densified wood assisted with impregnating 
WAR/APA) all increased compared to USD-W (Table 2). 

It is worth noting that the t2 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-W5 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) C-W, (d) USD-W, 
and (e) USD-RA-W5. 

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 (Ra) 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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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 (Ra) values of samples. The un- 
densified control had the largest Ra (1.7 μm). As shown in Fig. 6d, we 
attributed this to the presence of open cell lumens. After densification, 
the Ra values of USD-W wood decreased to 1.3 μm. However, open cell 
lumens were still observed on the surface (Fig. 6e). The Ra value 
decreased after impregnating the APA doped acrylic resin. USD-RA-W1 
had the smoothest surface characteristics with Ra values of 0.9 μm. 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. 6c. 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. 6c). We also found hardness to be directly 
related to the peak density, t1, and t2. 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. 

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. 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. 

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 Td10% (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]. 

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-W5, 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.  

Table 3 
TGA analysis data of C-W and USD-RA-W.  

Sample Td10% (◦C) Tpeak (◦C) R800 (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  
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3.9. Fire-retardant mechanism 

We observed the morphology of USD-RA-W5 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 

Fig. 10. Digital photos of C-W, USD-W, and USD-RA-W during UL-94 test.  

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  

X. Zhang et al.                                                                                                                                                                                                                                   

158



Construction and Building Materials 398 (2023) 132470

10

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. 

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 m− 2). 
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 

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 (kW m− 2) THR (MJ m− 2) SPR (m2 s− 1) TSP(m2) 

C-W  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  
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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. 12. The morphologies of wood samples after cone tests.  

Fig. 13. Microstructure EDS mapping of the char residue for USD-RA-W5 after 500 s cone tests: (a) cross section, (b) tangential section, (c) EDS spectra, and (d) 
element mapping. 
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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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多层夹芯结构木塑复合材料阻燃与力学性能

郭雨佳1, 徐靖雯1, 陈文礼1, 樊奇* 1, 孙理超* 1,2, 王清文1,2
 

( 1. 华南农业大学　生物基材料与能源教育部重点实验室，广州 510642；2. 岭南现代农业科学与技术广东省实验室，广州 510642 )

摘    要 ：针对传统膨胀石墨阻燃木塑复合材料 (WPCs) 阻燃剂添加量高、力学性能变差的问题，本研究以杨

木木粉 (WF)、高密度聚乙烯 (HDPE)、膨胀石墨 (EG) 与纳米二氧化硅 (n-SiO2) 为主要原料，通过层积热压工

艺和结构优化设计制备了具有多层夹芯结构的阻燃增强木塑复合材料。采用锥形量热仪、垂直燃烧测试仪、

极限氧指数 (LOI) 仪和万能力学试验机分别探究了单层、双层和三层夹芯结构对木塑复合材料阻燃和力学性

能的影响。结果表明，相比于对照组 (WPC-0)，阻燃层中 EG 和增强层中 n-SiO2 的含量分别为 10% 和 5% 时，

双层和三层夹芯结构木塑复合材料的热释放速率和总热释放、烟释放速率和总烟释放均有显著降低，残余物

质量明显提升。其中三层夹芯结构木塑复合材料 (WPC-E3B) 的 LOI 值由 20.8% 提高至 30.6%，UL-94 达到 V-

0 级。此外，相较于 WPC-0，WPC-E3B 的冲击强度提升了 61.9%，拉伸与弯曲强度分别提高了 16.2% 和 13.4%。

关键词 ：木塑复合材料；可膨胀石墨；纳米二氧化硅；夹芯结构；阻燃性能；力学性能
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Flame retardant and mechanical properties of wood-plastic composites

with multi-layer sandwich structures

GUO Yujia1 , XU Jingwen1 , CHEN Wenli1 , FAN Qi*1 , SUN Lichao*1,2 , WANG Qingwen1,2

(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-SiO2)  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-SiO2 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：  wood-plastic  composites；expandable  graphite；nano-silica；sandwich  structure；flame  retardancy；

mechanical properties

近年来，木材工业已逐渐发展成为能源消耗

少、环境污染小的绿色低碳产业，在推进碳达峰、

碳中和的过程中发挥着重要作用。然而，由于森

林资源的匮乏加之国家天然林保护工程政策，我

国木材的供需矛盾日渐突出，木材对外依存度已

超过 50%[1-4]，开发制备高性能功能化的木塑复合

材料 (WPC) 对于缓解木材资源紧张具有重要意义。

WPC 是由木质纤维和热塑性塑料熔融共混经挤出、

热压或注塑成型而制得的一类环境友好型复合材

料。它既继承了木材的天然亲和感、质轻高强和

易于加工的优点，又克服了木材尺寸稳定性差、不

耐腐蚀、各向异性等缺陷，能够作为一种高经济

性复合材料并广泛应用于园林景观、包装物流、

家装及建筑等众多领域 [5-7]。

然而，以木质纤维、聚乙烯/聚丙烯为主要组

分制备的木塑复合材料极易燃烧，在实际使用中

必须进行阻燃处理。膨胀型阻燃剂 (IFR) 体系通

常由酸源、炭源和气源组成，且已被证实可以显

著提高 WPC 的阻燃性能 [8-11]。当 IFR 被加热或受

到高温燃烧时，炭源在酸源的催化作用下脱水成

炭，碳化物在气源分解的气体作用下生成一种包

裹在材料表面的较厚多孔膨胀炭层，用于隔绝热

传导和可燃性气体的扩散，从而抑制 WPC 燃烧[12]。

可膨胀石墨 (EG) 作为 IFR 中的代表，价格低廉，

无毒低烟，且膨胀倍率高，具有优异的阻燃效果。

Schartel 等 [13] 制备了以 EG 为阻燃剂的亚麻纤维/

聚丙烯复合材料，发现当 EG 添加量为 25% 时，

WPC 通过 UL94 V-1 级。王迪 [14] 采用 EG/聚磷酸

铵 (APP) 协效阻燃 EPS 基木塑复合材料，结果表

明，当 EG 与 APP 配比为 1∶1 时，复合材料阻燃

性能最好；当协同阻燃体系添加量在 10 份以上时，

WPC 可达 UL94 V-0 级。由此可见，EG 可作为一

种理想的添加型 IFR 用于 WPC 的阻燃处理。

但是，与大多数添加型阻燃剂一样，高含量

EG 的引入通常会使 WPC 的力学性能严重下降[15-17]。

因此，研究人员尝试从各种途径来改善复合材料

力学性能，尽可能将阻燃剂所带来的影响程度降

到最低。Huang 等[18] 通过自组装聚乙烯亚胺 (PEI)/

纤维素纳米晶体 (CNC)/APP 设计了一种支化交联

网络聚电解质复合物 (PEC)，证实 PEC 提供氢键

间的互相作用能够有效增强塑料基体与木质纤维、

阻燃剂之间的界面相容性，从而改善复合材料整

体的力学性能。申辉 [19] 采用硬脂酸钠对氢氧化镁

进行表面改性处理，并与 EG 复配共同制备阻燃

聚乙烯材料。结果表明，相较于未改性材料体系，

改性氢氧化镁与聚乙烯颗粒之间的相容性提高，

增强了加工过程中阻燃剂与基体材料之间的结合

性能。周海洋 [20] 探究了 SiO2 对 WPC 力学性能的

影响，结果表明，在粒子均匀分散的前提下，

0.5wt%~9wt% 的 SiO2 能够将复合材料的力学性能

提升 15%~30%；Buddi 等 [21] 探究了不同含量的纳

米二氧化硅 (n-SiO2) 对高密度聚乙烯 (HDPE) 基木

塑复合材料力学性能的影响，结果表明，n-SiO2

用量为 5wt% 时，对复合材料的增强效果最佳；

Sun 等 [22] 对比研究了 EG/APP 在 WPC 中分散分布

和分层分布对材料阻燃性能和力学性能的影响，

结果表明，分层分布的阻燃 WPC 能够更好地提升

材料的阻燃性能和弯曲强度。

基于上述研究结论，本文以 EG 为阻燃剂，n-

SiO2 为增强剂，制备了表层阻燃、芯层增强的多

层夹芯结构木塑复合材料，并探究不同的结构设

计对复合材料阻燃和力学性能的影响，研究结果

对开发高性能、功能型木塑复合材料，拓展木塑

复合材料的应用领域具有重要的现实意义。 

1    实验材料及方法 

1. 1    原材料

杨木纤维 (WF，约 40 目)，购于东莞鱼珠木材

市场；HDPE，型号 5000S，密度为 0.95 g/cm3，熔

融指数 0.09 g/10 min (190℃，2.16 kg)，购于中国

石化扬子石油化工有限公司；马来酸酐接枝聚乙

烯 (MAPE)，接枝率约为 1%，熔融指数 0.17 g/10 min

(190℃，2.16 kg)，购于广州市合诚化学有限公司；

润滑剂 530D，主要成分为硬脂酸钠，购于广州市

合诚化学有限公司；n-SiO2，粒径 15~20 nm，购

于巨利金属材料有限公司；EG，80 目，纯度 99%，

购于青岛腾盛达碳素机械有限公司。 

1. 2    单层木塑复合材料的制备

取杨木木粉置于 105℃ 的电热鼓风干燥箱
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(9140AS，嘉兴市中兴医疗仪器有限公司) 中干燥

24 h 以除去水分，与其他各组分按照原料配比

(表 1) 添加至高速搅拌机 (HRS-10 L，东莞市环鑫

机械有限公司 ) 中，在转速 100 r/min、温度 80℃

的条件下搅拌 10 min 充分混合。将混合好的物料

加至锥形双螺杆挤出机 (65/132，南京赛旺科技发

展有限公司 ) 进行熔融复合，机筒各区温度控制

在 160~175℃，机头温度控制在 160℃ 左右，螺杆

转速 100 r/min。挤出的物料经冷却粉碎后均匀平

铺于模具中，在平板硫化机 (6170-A-30T，东莞市

优特尔仪器科技有限公司 ) 中热压成型，具体工

艺 参 数 为 预 压 温 度 165℃， 压 力 2 MPa， 时 间

3 min；热压温度 165℃，压力 6 MPa，热压时间

5 min。热压后进行冷压定型。制备得到的#0、#1、

#2 和#3 分别作为单层木塑复合材料 WPC-0、WPC-

E1、WPC-EG 和 WPC-Si 直接参与后续相关性能表

征。同时，#3 作为芯层材料、#4 和#5 作为表层材

料，可进一步层积热压得到多层夹芯木塑复合材料。
 
 

表 1    单层木塑复合材料 (WPCs) 各组分配方

Table 1    Formulation for the preparation of single-layer wood-plastic composites (WPCs)
 

Sample HDPE/wt% WF/wt% EG/wt% n-SiO2/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-SiO2−Nano-silicon dioxide; MAPE−; 530D−;
 
 

1. 3    多层夹芯结构木塑复合材料的制备

多层夹芯结构木塑复合材料的具体制备过程

如图 1 所示。将 1.2 节得到单板#3、#4、#5 按照

表 2 的复合方式堆叠，放入平板硫化机中二次热

压以制备多层夹芯结构木塑复合材料。所有样品

的热压条件一致：预压温度 165℃，压力 2 MPa，

时间 3 min；热压温度 165℃，压力 6 MPa，热压

时间 5 min。热压后冷却至室温，得到的多层夹芯

木塑复合材料的厚度均为 4 mm。
 
 

#4/#5

#3

Hot pressing

WPC-E2

WPC-E3A

WPC-E3B

图 1    多层夹芯木塑复合材料的制备流程图

Fig. 1    Preparation process of multilayer sandwich WPCs
  

1. 4    性能测试方法

使用氧指数仪 (ZY6155A，东莞市中诺质检仪

器设备有限公司 ) 按照 GB/T 2406.1−2008 标准 [23]

测定复合材料样品的极限氧指数 (LOI)。试样尺寸

为 80 mm×10 mm×4 mm。

  
表 2    多层夹芯木塑复合材料的组成

Table 2    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)*2 represents  two  samples  of  #5 with  a
thickness of 0.5 mm.

 

使用水平垂直燃烧仪 (UL94-X，昆山莫帝斯科

燃烧技术仪器有限公司) 按照 GB/T 2408−2021 标

准 [24] 中的垂直燃烧试验进行复合材料样品阻燃等

级的评定。试样尺寸为 130 mm×10 mm×4 mm。

使用锥形量热仪 (CONE，型号 CCT，昆山莫

帝斯科燃烧技术仪器有限公司) 按照 ISO 5660-1 标

准[25] 进行燃烧测试，测试样品的平均热释放速率、

总热释放量、总产烟量与质量保留率等参数。试

样 尺 寸 为 100 mm×100 mm×4 mm， 热 流 辐 射

50 kW/m2。

CONE 燃烧后的炭层样品经喷金处理，采用

扫描电子显微镜 (EVO18，德国 Carl Zeiss 公司) 观

察试样的炭层微观形貌，加速电压为 10 kV。

采用高低温万能试验机 (AL-7000-MUT 20KN，

高特威尔检测仪器 (青岛) 有限公司)，参照 ASTM

D638−22 标准 [26] 进行拉伸测试。每组至少测试 6
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个试样，试样尺寸为 165 mm×13 mm×4 mm。

使用高低温万能试验机，参考 ASTM D790−

17 标准 [27] 进行三点弯曲测试。每组至少测试 6 个

试样，试样尺寸为 80 mm×12.7 mm×4 mm。

使用电子悬臂梁冲击试验机 (XJ-50G，承德市

金建检测仪器有限公司 )，参考  ASTM D256−23

标准 [28] 进行冲击强度测试。每组至少测试 6 个试

样，试样尺寸为 80 mm×12.7 mm×4 mm。 

2    结果与讨论 

2. 1    木塑复合材料的燃烧性能

不同结构的木塑复合材料锥形量热仪曲线与

燃烧数据分别如表 3 与图 2 所示。从表 3 和图 2(a)

能够看出，与 WPC-0 相比，WPC-Si 的点燃时间

(TTI)、总热释放量 (THR) 与总产烟量 (TSP) 均无

明显改善，因此本文暂不讨论 n-SiO2 协效阻燃的

情况。在体系中加入膨胀石墨后，所有样品均表

现出 10 s 以上的点火延迟，且两个热释放速率峰

值 (PHRR1、PHRR2) 均有所下降，证明 EG 对延

缓木塑复合材料明火的产生和燃烧强度均有积极

作用。相较于单层阻燃 WPC，双层和三层夹芯阻

燃样品对材料热释放的抑制能力更强。值得注意

的是，WPC-E3B 对第一热释放速率峰值有明显抑

制作用，PHRR1 较对照组样品下降了 85.3%；而

WPC-E2 对第二热释放速率峰值的抑制效果更显

著，PHRR2 较对照组样品下降了 61.5%。这是由

于 WPC-E3B 的表层结构中阻燃剂浓度更高，在接

触火源时能够更加迅速地形成膨胀炭层，在复合

材料燃烧前期保护芯层材料继续受热，并一定程

度隔绝氧气，短时间内控制火焰的燃烧及向复合

材料内部的传递。而 WPC-E2 的阻燃剂分布空间

更广，能够持续地产生新的膨胀炭层，从而长时

间的抑制材料的燃烧强度。由图 2(b) 可知，二者

600 s 内总热释放量比较接近，相较于 WPC-0 分别

下降了 39.8% 和 40.1%。

 
 

表 3    不同结构的木塑复合材料在锥形量热仪 (CONE) 试验所得燃烧数据

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

Sample TTI/s PHRR1/(kW·m−2) PHRR2/(kW·m−2) THR/(MJ·m−2) TSP/m2 MR/%
WPC-0 15 510.3 553.8 129.8 11.3 15.2
WPC-Si 16 419.6 415.3 119.1 11.9 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.

 

如图 2(c) 与图 2(d) 所示，相较于 EG 直接分

散在 WPC 中，分层结构阻燃的木塑复合材料能够

更好地发挥膨胀炭层吸附烟雾、隔绝可燃性气体

的凝聚相阻燃机制 [22]。经阻燃处理后的 4 组样品

中，除单层阻燃样品 WPC-E1，其余样品的产烟

量明显降低。双层和三层 WPC 的总产烟量分别

为 6.5 m2、7.4 m2 和 7.1 m2，相较于 WPC-0 分别降

低了 42.5%、34.5% 和 37.2%。同时，复合材料燃

烧后的残余物质量大幅提高，相较于未处理 WPC

的增幅分别为 248.7%、194.1.% 和 245.4%。进一步

证明多层结构具有更明显的抑烟和成炭优势。当

木塑复合材料接触到火源时，含有 EG 的表层材

料能够迅速膨胀生成连续、致密的炭层，附着在

芯层材料表面，同时进一步促进木塑复合材料本

身炭化，最大化发挥炭层吸附和屏蔽作用。
 

2. 2    木塑复合材料的氧指数与垂直燃烧性能

为进一步探究木塑复合材料的阻燃性能，对

5 组样品进行了垂直燃烧 (UL-94) 与极限氧指数

(LOI) 测试，测试结果如表 4 所示。在 UL-94 测试

中，所有样品均未发生熔滴现象，对照组样品

WPC-0 与单层阻燃样品 WPC-E1 的余焰时间均大

于 30 s，无法达到等级要求。而多层木塑复合材

料表现出明显优越性，WPC-E2 达到 V-1 级，具有

三层夹芯结构的样品 WPC-E3A 与 WPC-E3B 均达

到 UL-94 的 V-0 级。

由表 4 可知，当在木塑复合材料中加入阻燃

剂后，所有样品的 LOI 值均得到不同程度的提高。

相较于 WPC-E1，多层结构木塑复合材料提升为

难燃材料，这与 UL-94 的测试结果是一致的。值

得注意的是，三层阻燃样品相较于双层阻燃样品
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的极限氧指数进一步提高，其中 WPC-E3B 具有最

高的 LOI 值，相较于对照组样品提升了 47.1%，在

极限氧指数测试中表现出最佳的阻燃效果。

 
 

表 4    不同结构的 WPCs 的极限氧指数 (LOI) 与垂直燃烧等级

Table 4    Limiting oxygen index (LOI) and UL-94 rating of
WPCs with different structures

 

Sample Vertical flame test LOI/%
WPC-0 N-R 20.8
WPC-E1 N-R 25.7
WPC-E2 V-1 27.3
WPC-E3A V-0 29.1
WPC-E3B V-0 30.6

 

然而，由于测试方法的不同，UL-94 和 LOI

测试数据结果与 CONE 略有差异，主要原因是垂

直燃烧与 LOI 测试均为垂直的引燃方式，即火焰

与样品的断面接触，这使三层夹芯结构可以发挥

更大的阻燃优势，由于上、下表层受热后同时膨

胀成炭，抑制火焰向内蔓延，为芯层材料提供全

面的保护作用，避免了单侧火源引燃整个样品的

可能[29]。在两组三层夹芯结构阻燃 WPC 中，WPC-

E3B 由于单位面积内 EG 含量更高，能在接触火源

的瞬间形成更厚的膨胀炭层，更好地发挥屏蔽热

量与可燃气体的作用，进一步提高了夹芯结构的

阻燃效率。 

2. 3    木塑复合材料的残炭形貌

微观结构的不同通常会决定材料的物理性能，

如力学性能、热稳定性和燃烧性能等 [30]。因此，

燃烧后的微观形貌在很大程度上能够反映材料的

燃烧机制。不同结构的木塑复合材料在 CONE 试

验 后 的 数 码 照 片 与 SEM 图 像 如 图 3 所 示 。 由

图 3(a) 可见，对照组样品经 CONE 测试后仅剩少

量碎片状残炭，这是木粉和 HDPE 在高温下加热
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图 2    不同结构的 WPCs 在 CONE 试验 600 s 内燃烧参数曲线

Fig. 2    Combustion data curves of WPCs with different structures in the CONE within 600 s
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产生的焦炭残渣 [31]。此时燃烧残余物质量最低，

SEM 图像中表现出光滑、疏松的残炭骨架结构和

多处孔洞，在燃烧过程中为热量、烟尘和氧气的

输送提供通道，因此表现出最高的释热量和产烟

量。而在图 3(b)~3(d) 中，加入 EG 的 3 组样品均

能观察到堆叠而成的“蠕虫状”膨胀炭层，大大

提高了样品的燃烧残余物质量。当含有 EG 的木

塑复合材料暴露于热源或燃烧时，石墨片层中硫

化物与碳原子发生氧化还原反应，释放出大量

CO2、SO2 与水蒸气，促进 WPC 脱水成炭 [32]。这

些气体不仅能够稀释体系及周围环境中的可燃性

气体浓度，还有助于石墨薄片迅速膨胀为原体积

的数百倍，从而在 WPC 的表层形成具有良好绝热、

隔氧作用的连续多孔炭层。由炭层的微观形貌可

以看出，EG 经热解膨化，生成的膨胀石墨体积大，

层状结构明显，链状结构清晰，表面裂纹少，具

有良好的密实性。包覆在 WPC 表面时，能够有效

抑制热源和氧气向内传播，从而延缓内部基材的

进一步燃烧和热降解。相较于 WPC-E2 和 WPC-

E3A，WPC-E3B 的数码照片中显示出应有的 EG 膨

胀高度，没有出现炭层塌陷崩溃的现象。放大至

500 倍时能够看到相互堆积的连续残炭结构，说

明炭层的致密性优于其他两组样品，对 WPC 的内

部结构起到了更好的保护作用。
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图 3    不同结构的 WPCs 在 CONE 试验后的宏观照片与 SEM 图像：(a) WPC-0；(b) WPC-E1；(c) WPC-E2；(d) WPC-E3B

Fig. 3    Macrophotographs and SEM images of WPCs with different structures after CONE test: (a) WPC-0; (b) WPC-E1; (c) WPC-E2; (d) WPC-E3B
 
 

2. 4    木塑复合材料的力学性能

图 4 为不同结构的木塑复合材料的力学性能。

由图 4(a) 可知，与 WPC-0 相比，所有木塑复合材

料的冲击强度均有不同程度的提高，其中多层结

构木塑复合材料的提升最为明显。这一方面是由

于分散在基体内部的刚性粒子和石墨薄片能够在

材料受到外力冲击、发生断裂时部分吸收能量；

另一方面是由于多层木塑复合材料不同性质的层

间能量耗散作用。其中，三层夹芯木塑复合材料

WPC-E3B 的冲击强度达 6.8 kJ/m2，相较于对照组

提升 61.9%。

如图 4(b)、图 4(c) 所示，WPC-Si 的拉伸和弯

曲性能均有明显提升，说明 n-SiO2 的加入可以有

效增强 WPCs 的力学性能，这也是木塑复合材料

经 EG 和 n-SiO2 复配处理后抗拉性能和抗弯性能

得以保持的原因：① n-SiO2 作为一种无机刚性粒

子，木质纤维和 HDPE 共混复合后，可以增大复

合体系的刚性，导致 WPCs 整体模量增大 [33]；②
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由于纳米粒子粒径小，比表面积大，能够有效填

补在木质纤维与 HDPE 的间隙中，并与 HDPE 分

子链充分吸附、键合，从而提高塑料基体承受载

荷的能力，对 WPCs 产生增强作用 [34]。三层夹芯

木塑复合材料 WPC-E3B 的拉伸强度和弯曲强度分

别到达 15.8 MPa 和 24.5 MPa，相较于对照组分别

提高 16.2% 和 13.4%。这是由于 WPC-E3B 的芯层

厚度最大，上下表层厚度最小，最大程度上保留

了 n-SiO2 对芯层材料的增强作用，从而提升复合

材料整体的力学性能。 

2. 5    三层夹芯 WPC 的阻燃增强机制

图 5 展示了三层夹芯木塑复合材料的阻燃增

强机制：① 相较于单层和双层阻燃 WPC，三层夹

芯 WPC 能够更好地发挥凝聚相阻燃机制：上下表

层中的膨胀石墨薄片在接触到热源的瞬间迅速膨

胀为原体积的数百倍，在 WPC 基材表面生成密实、

连续的多孔炭层，有效抑制烟尘和毒气释放的同

时，隔绝热量和可燃性气体的进入，给予内部芯

材更全面的保护作用。与同样具有三层夹芯结构

的 WPC-E3A 相比，WPC-E3B 表层中 EG 含浓度更

高，能够在更短的时间内膨胀成炭，进一步缩短

了基材持续受热和燃烧的时间，提高了表层阻燃

的效率。② 与单层 WPC 不同，三层夹芯结构给

予木塑复合材料更高抵御外界作用的能力，使其

表现出更好的力学性能。以冲击外力作用为例，

当入射力冲击 WPC-E3B 时，相对柔韧的上表层会

吸收部分作用力 [35]，穿过上表层的剩余作用力由

于界面结合作用在刚性的芯层材料中被进一步分

散，加载方向上仅有少部分作用力能够传递至下

表层，无法引起复合材料的完全断裂，从而对

WPC 提供了有效的保护作用。因此，这种三层夹

芯结构能够在大幅提高 WPCs 阻燃性能的同时，

最大程度上保证其力学强度，是一种提升复合材

料综合性能的有效方法。
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图 5    三层夹芯 WPCs 的阻燃增强机制

Fig. 5    Flame retardant enhancement mechanism of WPCs

with a triple layer sandwich structure
  

3    结 论
本文以膨胀石墨 (EG) 和纳米二氧化硅 (n-SiO2)

为阻燃剂和增强剂分别制备了单层、双层、三层

夹芯结构的木塑复合材料 (WPCs)，并探究了不同

结构设计以及配方对木塑复合材料阻燃和力学性

能的影响，证明多层夹芯结构对提升木塑复合材

料阻燃和力学性能均有明显效果，为高性能功能

化木塑复合材料的开发提供了重要的参考依据。

(1) 阻燃性能方面，加入 EG 后木塑复合材料

的燃烧强度和燃烧能力明显降低，阻燃性能显著

提升。其中，以 EG 阻燃木塑复合材料为表层，n-

SiO2 增强木塑复合材料为芯层的木塑复合材料具

有比单层木塑复合材料更好的阻燃表现，在锥形

量热仪测试中表现出更低的热释放速率峰值、总

热释放和总烟释放。在垂直燃烧 (UL-94) 和极限

氧指数 (LOI) 测试中，三层夹芯 WPC-E3B 表现出

最高等级，UL-94 达到 V-0 级，LOI 值达 30.6%。
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图 4    不同结构的 WPCs 的力学性能：(a) 冲击强度；(b) 拉伸强度与模量；(c) 弯曲强度与模量

Fig. 4    Mechanical properties of WPCs with different structures: (a) Impact strength; (b) Tensile strength and modulus; (c) Flexural strength and modulus
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(2) 燃烧后的宏观照片与扫描电镜结果显示，

三层夹芯结构表现出较单层、双层结构更加连续、

致密的炭层结构。这是由于三层夹芯结构能够更

好地发挥膨胀石墨的凝聚相阻燃机制，上下表层

中的 EG 在接触热源后迅速膨胀成炭，在 WPC 四

周形成具有良好绝热作用的致密炭层，防止内部

芯层进一步燃烧。

(3) 力学性能方面，以 EG 阻燃木塑复合材料

为表层，n-SiO2 增强木塑复合材料为芯层的木塑

复合材料力学性能均有明显提升，是由于 n-SiO2

的增强作用以及多层复合的合理结构设计有效弥

补了阻燃剂对复合材料力学性能的负面影响。其

中，三层夹芯结构 WPC-E3B 的冲击强度、拉伸强度

和弯曲强度分别为 6.8 kJ/m2、15.8 MPa 和 24.8 MPa，

较未阻燃增强处理的 WPC 分别提升 61.9%、16.2%

和 13.4%，证实了三层夹芯结构的优越性。
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