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Introduction

Wood has been widely used for thousands of years,
mainly in the fields of construction, furniture, interior
decoration, and as a fuel source [1]. In the past ten
years, through physical, chemical, or combined
modification methods to optimize the structure and
composition of wood, the function of wood has been
extended to applications beyond the above-men-
tioned fields, including transparent wood [2, 3],
structural material [4], supercapacitors [5], solar
steam generation devices [6], sensors [7-9], aniso-
tropic conductors [10], and anisotropic microfluidic
frameworks [11]. In addition, many efforts have also
focused on the production of wood textiles from
wood, such as the preparation of natural cellulose
nanofibers by dry-spinning [12-14], wet-spinning
[15, 16], wet-extrusion [12], etc. Compared with the
process of preparing textile fibers from raw cotton,
these methods are also cumbersome and labor-con-
suming, which usually include the separation of cel-
lulose nanofibers or cellulose nanocrystals from
wood through chemical or enzymatic treatment along
with mechanical post-treatment [17-19], and then
assembling these components into bulk materials
[20, 21]. The whole process involves a wide range of
chemical treatment methods, such as decomposition,

synthesis, extraction, and dissolution, resulting in
high raw material costs, high chemical consumption,
and serious environmental pollution.

In the past century, synthetic fibers have changed
people’s lives, giving textiles various special perfor-
mances [22]. However, the shortage of petrochemical
resources has greatly restricted the development of
the textile industry, which has prompted the research
community to focus on some renewable resources. As
the most abundant biopolymer on earth, cellulose is
widely found in trees, crop waste, and other biomass,
and fibers containing cellulose have great sustain-
ability potential and excellent functional properties
[23]. Hu et al. [24]. Demonstrated for the first time a
simple top-down method to make macroscopic wood
fibers for textile applications, which included the use
of sodium chlorite to directly remove lignin from
natural wood, followed by twisting and arranging
cellulose nanofibers. As a common delignification
treatment, the mixture of sodium chlorite and acetic
acid can easily remove most of the lignin in the wood.
However, hypochlorite is expensive, and it is easy to
produce a large amount of chlorinated toxic com-
pounds during the experiment, and at the same time
make the mechanical properties of the delignified
wood worse. In this context, a low-cost, scalable,
simple and effective manufacturing method is ideal,
but it also poses a challenge to the design.
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In this work, we demonstrated a method based on
deep eutectic solvent (DES) to treat natural wood for
the preparation of antibacterial and hydrophobic
wood fibers. DES is a low-temperature eutectic mix-
ture composed of hydrogen bond acceptors (such as
quaternary ammonium salts) and hydrogen bond
donors (such as carboxylic acids, polyols) in a certain
molar ratio; its synthesis requires simple mixing and
stirring of the components, no other purification
treatment is required [25-27]. Compared with the
common treatment methods that use sodium sulfite
or sodium chlorite to remove wood lignin/hemicel-
lulose, the treatment process of DES is more gentle,
and it is inexpensive, environmentally friendly, and
will not produce toxic gases in the experiment. At the
same time, it can effectively soften the wood and
make the wood obtain good flexibility [28]. In the
specific experimental process, a highly flexible wood
film was first obtained through DES delignification,
and then through a physical cutting and twisting
process, wood textile fibers with oriented cellulose
nanofibers were directly obtained from the treated
wood (Fig. 1). Finally, only one step of chemical
treatment was required (details please refer to the
experimental part) to obtain hydrophobic and
antibacterial wood textile fibers.

Due to DES treatment, hemicellulose and lignin
were partly removed from the natural wood to obtain
a porous structure and excellent flexibility. The sub-
sequent physical cutting and twisting process caused
the micro-channels in the treated wood to be
squeezed and completely removed by twisting,
thereby forming a dense yet aligned structure with
good mechanical strength and tensile resilience. Dif-
fer from natural wood, which is brittle in nature, the

DES

Nature wood

Treated wood film
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resultant wood textile fibers were very flexible and
bendable because of its twisted structure. In addition,
wood textile fibers also exhibited excellent dyeing
properties, which are essential for textile applica-
tions. After treated with hydrophobic and antibacte-
rial, the wood fiber can maintain its shape without
damaging after being continuously stirred in water
for 1 h, which proved its good washing resistance.
Meanwhile, wood fiber also had good antibacterial
properties, in which the antibacterial rate against two
common pathogenic bacteria (including Escherichia
coli and Staphylococcus aureus) was over 98% [29, 30].
This top-down method to manufacture neatly arran-
ged wood textile fibers is not only simple and scal-
able but also low in cost, which represents the future
development direction of wood textile fiber products.

Results and discussion

Wood is one of the most abundant resources on earth
and is widely used in different industries. The lig-
nocellulosic component gives natural wood materials
a unique three-dimensional porous structure,
including vertically arranged micro-channels and
oriented cellulose nanofibers, which allows us to
prepare wood textile fibers by cutting and twisting
oriented cellulose nanofibers [31]. The preparation of
wood textile fiber first needs to cut the trunk along
the growth direction of the tree to obtain the wood
film. However, the natural wood film is hard and
fragile in nature, and it is difficult to separate into the
wood fiber bundles. After being treated with the DES,
the wood film became soft and easy to cut. As shown
in Fig. 2a and ¢, the natural wood film was easy to

Cut+Twist

Wood textile fiber

Figure 1 Graphic illustration of wood textile fibers made from natural wood.
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Figure 2 Comparison of flexibility and other characteristics of the
natural wood and treated wood. a The natural wood film breaks
upon bending. b SEM image of natural wood at cross sections.
¢ The treated wood film becomes highly flexible upon bending.
d Cross-sectional SEM image of the treated wood to show the

break when being bent and the treated wood film will
not break even when it was severely folded and
twisted. In order to further understand the structural
characteristics of the natural wood and treated wood,
the scanning electron microscopy (SEM) measure-
ments was taken to compare the changes in wood cell
structure before and after chemical treatment. As
shown in Fig. 2b and d, the cell cavity of natural
wood was small and the cell wall was thick, while the
cell cavity of the treated wood was larger, and the cell
wall became thinner. Meanwhile, there were pores in
the corner area of the treated wood cell, but the nat-
ural wood cells did not show this phenomenon
(Figure S1, 52).

In addition to the microstructure, we also per-
formed various measurements, including Fourier

transform infrared spectroscopy (FT-IR), X-ray
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porous structures. e and f) Composition evolutions of the natural
wood upon chemical treatment: e FT-IR spectra and f content
evolutions of cellulose, hemicellulose, and lignin. Error bars
indicate standard deviations for three sets of data points.

diffraction (XRD), and high-performance liquid
chromatography (HPLC) to study the evolution of
the chemical composition of the wood film before and
after chemical treatment. As known to all, the cell
wall of wood is mainly composed of cellulose,
hemicellulose, and lignin, in which the three main
components are intertwined to form a strong and
rigid cell wall structure [32]. Cellulose is a crystalline
fibril with long and slender glucose chains. Hemi-
cellulose is an amorphous heteropolysaccharide,
while lignin is a polyphenol-based substance that fills
the space between cellulose and hemicellulose and
acts as a binder for cell walls [33]. The FI-IR spec-
trum of the wood film before and after the chemical
treatment showed that the intensity of the charac-
teristic absorption peak, representing the groups
related to hemicellulose and lignin decreased or even

@ Springer



15126

disappeared (Fig. 2e) [34, 35]. The determination of
cellulose, hemicellulose, and lignin content further
proved this point. Figure 2f shows that hemicellulose
and lignin were partially removed during the chem-
ical treatment. On the other hand, through chemical
treatment, the cellulose crystal structure showed a
negligible change, which was confirmed by the
almost identical XRD patterns of the two samples
(Figure S3). Due to the removal of partly cellulose,
lignin, and hemicellulose, the total weight loss of the
natural wood film was 21.9% (Figure 54).

J Mater Sci (2021) 56:15122-15133

Due to the partial removal of the hemicellulose and
lignin, the wood film obtained a softer and looser
structure, so that it could be easily separated into the
cellulose fiber bundles, and then the wood fiber
bundles were also easily twisted into wood textile
fibers (Fig. 3a and b). The diameter of wood textile
fibers could be adjusted by controlling the thickness
and twist of the wood fiber bundles. The density of
wood textile fibers was calculated based on their
weight and size. The density of wood textile fiber was
0.79 g/cm®, while the density of DES-treated wood

Treated wood film

Microchannel direction

l Cut + Twist

Figure 3 Fabrication process and microstructures characterization
of wood textile fibers. a Digital image of a wood film. b Digital
image of the wood textile fibers, which were prepared by cut and
twisting from the wood film. ¢ Cross-sectional SEM image of a
typical wood textile fiber. The wood textile fiber possesses a
circular shape and dense structures. d High-magnification SEM
image of the wood textile fiber cross section to show the dense
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structures. e High-magnification SEM image of the wood textile
fiber cross section to show the filaments formed by the rupture of
wood cell walls. f Lateral surface SEM image of a typical wood
textile fiber. g High-magnification SEM image of the wood textile
fiber lateral surface. h High-magnification SEM image of the
nanofibers lateral surface.
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was only 0.35 g/cm®. The treated wood retained the
porous structure of natural wood and became more
porous due to the removal of lignin (Figure 52). After
twisting, the porous channels of the wood collapsed,
forming many filaments (Fig. 3e and h), which were
tightly intertwined to become wood textile fibers. As
shown in Figs. 2c and d, the cross section of the wood
textile fiber was circular and had a relatively dense
structure, which was essential to improve its
mechanical strength. Meanwhile, the spiral pattern
on the surface of the wood fiber was visible (Fig. 3f),
and the twist angle of the wood fiber was about 25 °

(Fig. 3g).
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Figure 4a shows a wood fiber with a length of
about 13 cm. As in previous studies [24], it has
excellent weaved properties such as curled, folded,
knotted, and twisted (Fig. 4b and e). These results
proved the excellent flexibility of wood textile fibers,
and the knotting showed high torsion resistance,
which was important for the application of fiber
materials in textiles. We also conducted a compara-
tive study on the effect of the twisting process on the
flexibility of fibers. As shown in Fig. 4f and g, when
the treated wood strip was folded, it would be bro-
ken, and the broken points were sharp, indicating
that there were strong binding force between fibers.
In contrast, the twisting process weakened the
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Figure 4 Flexibility and mechanical properties of wood textile
fibers. a Digital image of an as-prepared wood textile fiber with a
length of about 13 cm. b—e Digital images to show the wood
textile fibers can be curled, folded, knotted, and twisted. All these
images demonstrate the excellent flexibility of the wood textile
fibers. f Digital image of a broken treated wood strip. g SEM
image of the breaking point of the broken treated wood strip.

Cycle number

h Digital image of a folded wood textile fiber. i SEM image of the
folding point of the folded wood textile fiber. j Representative
stress—strain curves of natural wood, treated wood, and wood
textile fibers. k Tensile strength and elongation at break of natural
wood, treated wood, and wood textile fiber. 1 Resilience of the
wood textile fiber at different cycle numbers measured with
constant strain.
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interaction between adjacent fibers, leading to their
separation and rearrangement, resulting in more
deformation space under the action of external forces
[24]. Therefore, wood textile fibers exhibited the
excellent flexibility (Fig. 4h and i).

The mechanical properties of wood textile fibers
were further evaluated through mechanical tensile
tests, and it was found that they showed higher
tensile strength (102.3 MPa) and greater elongation at
break (13.6%), which were much higher than natural
wood (58 MPa and 2.8%) and treated wood (78 MPa
and 3.2%) as shown in Fig. 4j and k, respectively. The
fractured surfaces of the treated wood and wood
fibers were carefully examined after the tensile test to
explain the significant improvement in the mechani-
cal properties of wood fibers. It is found that the
fracture surface of the treated wood was broken and
twisted (Figure S5), and the loosely assembled cel-
lulose fibers in the thin cell walls were easily pulled
out under tension, resulting in lower mechanical
strength. In contrast, the fracture surface of wood
textile fibers was more regular and flat and had a
denser structure (Figure S6). During the stretching
process, a large number of nanofibers that have lost
their cells were pulled out from the collapsed cell
wall, which consumed more energy, resulting in
higher mechanical tensile strength. In addition, since
moderate elasticity was essential for the application
of fiber materials in textiles, we conducted mechani-
cal measurements to further evaluate the elasticity of
wood textile fibers. In the case of constant strain,
wood textile fibers have resilience of about 56% in the
initial cycle (Fig. 41), and in the subsequent cycles,
the resilience showed a very small drop, demon-
strating satisfactory stability. The resilience calcula-
tion formula was shown in Formula S1 (supporting
information).

The dyeability of textile fibers is important for its
practical application in the textiles, so the dyeing
experiments were also conducted. From the sche-
matic diagram of the preparation of the dyed wood
textile fiber in Fig. 5a, it could be seen that the orig-
inal wood textile fiber was white, and the dyed wood
textile fiber could be obtained by infiltrating it in the
dye for full dip dyeing. In addition, dyes could
penetrate into the treated wood films through the
open and porous structure, which has been con-
firmed in some recent studies [36, 37]. As shown in
Fig. 5b-h, some conventional dyes such as oil red O
and methylene blue were infiltrated into the treated
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wood films and then cut and twisted to obtain dyed
wood textile fibers. Figure 5e and h could prove that
dyeing did not affect the microscopic morphology of
wood textile fibers. The dyeing performance of wood
textile fiber is consistent with the research results of
Hu et al. [24]. The uniform and soft dyeing color of
wood textile fiber made it have great potential in
textiles for many purposes.

The waterproof stability of wood fiber is an
important factor in textile applications, and the
increasing awareness of safety and hygiene has made
the application demand for antibacterial functional
textiles continue to expand [38, 39]. However, it is
worth noting that wood textile fibers are made of
wood with the removal of some hemicellulose and
lignin, and cellulose is its main component. Ligno-
cellulosic is hydrophilic and easily absorbs water
during soaking, resulting in unsatisfactory water
stability during the stirring process [40]. Moreover,
lignocellulosic is easily attached to various microor-
ganisms and bacteria, resulting in mold or deterio-
ration [41]. Fortunately, through a simple
hydrophobic antibacterial treatment, adding a small
amount of nano-titanium dioxide to the hydrophobic
agent composed of hexadecyltrimethoxysilane and
methanol to make it evenly attached to the wood
textile fiber could significantly improve the water
resistance and antibacterial properties of wood textile
fibers (Fig. 6a). The results showed that after the
hydrophobic antibacterial treatment, the wood fiber
became more stable and retained its original shape
even after continuous stirring for 1 h, proving the
structural durability to water and mechanical stirring
(Fig. 6f-i). The shape of the original fiber was
destroyed after continuous stirring for 1h, and it
could not be completely restored even after drying
(Fig. 6b—e). Meanwhile, the treated wood fiber also
showed good antibacterial properties against two
common Escherichia coli and Staphylococcus aureus,
with an antibacterial rate of more than 95% (Fig. 6j).
The antibacterial test was carried out according to the
national standard GB/T 20,944.3-2008, and the
antibacterial activity photo was shown in Figure S7.
Through chemical treatment, the hydrophobic
antibacterial agent could be well attached to the
surface of the wood fiber, which was confirmed by
the energy-dispersive X-ray spectrum (Fig. 6k-m and
S8).
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Figure 5 Preparation of dyed wood textile fibers. a Preparation
schematic of the dyed wood textile fibers. b Digital image of a
treated wood film. ¢ Digital image of a treated wood film infiltrated
with oil red O. d Digital image of a dyed wood textile fiber
prepared by cutting and twisting the dyed wood film. e SEM

Conclusions

In summary, we have demonstrated an effective way
to produce wood textile fibers with excellent
mechanical properties, dyeable, hydrophobic, and
antibacterial properties through simple process.
Using natural wood as a starting material, a wood
film with high flexibility was obtained through DES
treatment. Here, the changes in the structure and
composition of wood before and after chemical
treatment were studied to reveal the basic mecha-
nism of the excellent flexibility of the treated wood.
Further cutting and twisting treatments could
directly obtain wood textile fibers from the treated
wood, which showed the satisfactory results in terms
of weaving properties, tensile properties, elastic
properties, and dyeability. After a simple
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image of the dyed wood textile fiber. f Digital image of a treated
wood film infiltrated with methylene blue. g Digital image of a
wood textile fiber loaded with methylene blue. h SEM image of
the wood textile fiber loaded with methylene blue.

hydrophobic antibacterial treatment, the wood textile
fiber could gain certain washing stability and
antibacterial properties. The above-mentioned char-
acteristics of the wood textile fiber produced by this
simple and top-down method represent the future
development direction of functional textiles.

Experimental section
Materials and chemicals

Ashwood was used for the fabrication of wood textile
fibers, which was provided by Yihua Life Technology
Co., Ltd. (Shantou, China). The choline chloride and
lactic acid in the experiment were purchased from
Sinopharm Chemical Reagent Co., Ltd., China.

@ Springer
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Figure 6 Preparation technology of hydrophobic antibacterial
wood fiber and characterization of hydrophobicity and
antibacterial properties. a Schematic diagram of preparation from
wood textile fiber to hydrophobic and antibacterial fiber. b—
e Digital images of original fiber before and after stirring. f-

i Digital images of the hydrophobic and antibacterial fiber before

Hydrogen peroxide and nano-titanium dioxide were
provided by Shanghai Aladdin Biochemical Tech-
nology Co., Ltd., China; methanol was purchased
from Nanjing Chemical Reagent Co., Ltd., China; and
hexadecyltrimethoxysilane was obtained from
Shanghai Macklin Biochemical Co., Ltd., China. All of
the chemicals used were of analytical grade.
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After stirred Air-dried

and after stirring, which can better maintain the shape without
being damaged. j Antibacterial rate of natural wood, wood textile
fiber, and hydrophobic antibacterial fiber. k—m Energy-dispersive
X-ray spectroscopic maps showing the elemental distribution of Si
and Ti on the hydrophobic antibacterial fiber.

Treatment process for wood textile fiber

First, the wood film was immersed in DES. (Lactic
acid and choline chloride were mixed at a molar ratio
of 10:1 and heated at a high temperature of 90 °C for
5h.) The chemically treated wood was then
immersed in boiling deionized water several times to
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remove chemicals. Then the wood film was bleached
with the hydrogen peroxide solution and dried in the
air to form a wood film with a certain degree of
flexibility. Finally, the cellulose fiber bundles were
separated from the treated wood film by cutting and
twisted them to form wood textile fibers.

Hydrophobic antibacterial treatment
of wood textile fibers

By adding a small amount of nano-titanium dioxide
to the hydrophobic agent composed of hexade-
cyltrimethoxysilane and methanol, the wood textile
fiber could be hydrophobically and antibacterially
modified. Specifically, hexadecyltrimethoxysilane
and methanol were mixed in a ratio of 5:100, and
after thorough stirring, nano-titanium dioxide (mass
fraction of 0.85%) was added to form a hydrophobic
antibacterial agent. Subsequently, the wood textile
fiber was immersed in the solution, and ultrasonic
treatment was performed at the same time to make
the antibacterial and hydrophobic agent uniformly
adhere to the wood textile fiber. Finally, the treated
wood textile fiber was placed in a vacuum oven at
60 °C for 8 h to completely dry it.

Measurements and characterization

A FEI Quanta 200 scanning electron microscope
(SEM) equipped with an energy-dispersive X-ray
spectroscopic detector for mapping was used to
observe the morphology and structure of the sample
under an accelerating voltage of 30 kV. The Fourier
transform infrared spectrometer (VERTEX 80 V, from
Bruker Co., Ltd., Germany) was used to measure the
FT-IR spectrum. The cellulose, hemicellulose, and
lignin contents of the samples were tested by the
Laboratory Analytical Procedure (LAP) written by
the National Renewable Energy Laboratory (Deter-
mination of Structural Carbohydrates and Lignin in
Biomass) [42]. The lignin content was measured by
two-step sulfuric acid hydrolysis, and the sugar
content was analyzed by high-performance liquid
chromatography (HPLC). XRD was measured on a
Rigaku Ultima IV equipped with a curved detector
manufactured by Rigaku Americas Corp. The
mechanical performance of the samples was evalu-
ated using a universal testing machine (AG-IC
100KN, from SHIADAZU Co., Ltd., Japan).
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