
Materials and Design 172 (2019) 107763

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Mechanical property enhancement of self-bonded natural fiber material
via controlling cell wall plasticity and structure
Quanliang Wang a, Shengling Xiao a,⁎, Sheldon Q. Shi b, Liping Cai b

a College of Engineering and Technology, Northeast Forestry University, Harbin 150040, China
b Department of Mechanical and Energy Engineering, University of North Texas, Denton, TX 76203, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• High-performance self-bonded natural
fiber material was developed using
pulp fibers that were made from hard-
wood wastes

• Mechanical property was enhanced
through comprehensive treatments on
fiber cell wall plasticity and structures

• Establishment of functions among me-
chanical strength, lignin content, hemi-
cellulose content and mat moisture
content

• Comparison with plastic and wood
confirmed the mechanical strength su-
periority of self-bonded natural fiber
material
⁎ Corresponding author.
E-mail address: shenglingxiao@126.com (S. Xiao).

https://doi.org/10.1016/j.matdes.2019.107763
0264-1275/© 2019 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 February 2019
Received in revised form 25 March 2019
Accepted 25 March 2019
Available online 26 March 2019
Self-bonded natural fibermaterial (SNFM) is a promising alternative for plastic andwoodowing to its abundant raw
material resources and low environmental impact. In this study, a high-performance SNFM was developed by the
comprehensive treatments for the plasticity and structure of fiber cell walls. The cell wall structure was treated by
a progressive chemical etching process for selectively removing surface lignin, internal lignin andhemicelluloses, re-
spectively. The cell wall plasticity was tuned by controlling the fiber moisture content during compressionmolding
process. The results showed that the increase in fiber plasticity improved the tensile strength from 38.0 to 83.5MPa
and the flexural strength from 31.2 to 73.3 MPa. The selective removal of surface lignin increased the flexural
strength from101.3 to 122.1MPa. The functional relationships amongmechanical strength, lignin content, hemicel-
lulose content and moisture content were established. The self-bonded mechanism for natural fiber materials was
also discussed. The SNFM products showed excellent mechanical performance (tensile strength: 21.5–83.5 MPa;
flexural strength: 31.2–127.3 MPa), which was superior to that of natural wood (46.5–55.6 MPa; 70.7–92.4 MPa)
and plastic (15.9–51.0 MPa; 21.7–73.0 MPa) (e.g., HDPE, PP, PVC, and ABS).
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© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

High-performance self-bonded natural fiber material (SNFM) is a
new kind of cellulosic fiber material, which is characterized by the
usage of high lignin content of natural fibers as the start material,
and exhibits excellent mechanical properties differed from traditional
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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molded pulp materials by the self-bonding [1]. SNFM is considered as a
promising alternative to other structural materials (e.g., plastic and
naturalwood) in building and related applications due to its advantages
of eco-friendliness, cost-effectiveness, and scalability [2]. Natural fiber
materials can be fabricated from the abundant and low-cost agricultural
and forestry crops, such as straws, corn stalk, kenaf, and wood waste
[3–5]. However, large amounts of crop straws and wood wastes are
abandoned every year due to their low costs for current applications.
Thus, it is of great significance to produce eco-friendly and high-
performance SNFM products using these types of feedstock. Compared
to traditional natural fiber-based composites (e.g., glued fiberboard
and fiber-reinforced composites) with complexity in industrial produc-
tion, hazards to human health, and non-recyclability [6], the SNFM
products can produce excellent mechanical performance through a fac-
ile compression molding process, and present eco-friendly, harmless
and recyclable characteristics [7].

Natural fiber products can be self-bonded by the inter-fiber physical
contact and cross-linking, and the interfacial bonding between fiber
cell walls. Unlike papermaking and pulp molding that were bonded
via hydrogen bonding simply [8], SNFM can achieve the high-strength
self-bonding through a reasonable design from the level of fiber cell
walls. It was included the consideration in physical properties of
fibers (such as tensile strength, stiffness, and plasticity), and the self-
bonding design in the case of lignin distribution, microfibril exposure,
and hemicellulose content in cell walls [9,10]. Obviously, SNFM has
better component compatibility than fiber reinforced composites due
to the direct contact between natural fibers [11]. As the basic building
block in SNFM, the fiber cell wall plays an important role in determining
thematerial strength, which is dependent on the physical property and
chemical structure of fibers [12]. Thus, the rawmaterial and fiber prep-
aration process should be optimized for obtaining the targeted fibers.
The physical contact and chemical bonding between fibers are the key
factors that determine the self-bonded strength for high-performance
SNFM products, which could be controlled by the compression molding
parameters (e.g., fibermatmoisture content and hot-pressing tempera-
ture) [13,14].Meanwhile, the treatment on naturalfibers (such as lignin
etching and grafting of functional groups) can also affect the fiber prop-
erties and the self-bonding strength.

Many approaches have been reported on the mechanical property
enhancement for natural fiber-based materials, such as the additions
of adhesives and inorganic particles [15–18]. Shen et al. [19] reported
that the mechanical and fracture performance of ramie fiber-reinforced
composites could be improved by incorporating carbon nanotubes.
Loong and Cree [20] found that the bio-resin composite tensile strength,
stiffness and bond shear strength could be enhanced by the acetic
anhydride treated flax fibers. Dayo et al. [21] used waste hemp fibers to
reinforce the polybenzoxazine composites, and revealed that the tensile
strength, flexural and Young's modulus were significantly enhanced
after loading hemp fibers in the polymer matrices. Wang et al. [22]
reported that the grafting of nano-TiO2 onto flax fibers could increase
the interfacial shear strength to the fiber reinforced epoxy composites
and demonstrated that the formation of Si\\O\\Ti and C\\O\\Si bonds
and the presence of the nanoparticles contributed to the property
enhancements.However, these reinforcedmethodshave a fatal defect be-
cause the treated natural fibers in the composites are not recyclable,
which thus leads to the naturalfibermaterials becoming disposable prod-
ucts after the treatment with adhesives. For the traditional self-bonded
natural fiber materials, the mechanical properties are usually improved
simply by the mechanical pressurization or complete removal of lignin
[23,24], which is improper for producing high-performance SNFM prod-
ucts. Moreover, the high mechanical strength is the most important
performance for SNFM applied in building and related applications [25].
Therefore, it is necessary to develop new approaches for improving the
mechanical property of natural-fiber products.

Natural fibers (e.g., lignocellulosic fibers) exist in the form of tubular
cell wall, which has a complex nanocomposite structure [26]. The
cellulose microfibrils are arranged in a certain angle and manner, and
the hemicelluloses and lignin are bonded together and filled between
microfibrils in a disordered state [27,28]. The hemicelluloses are the
oligomeric mixture containing various monosaccharides, which adhere
to the microfibril surfaces [29]. Lignin has a structure skeleton
consisting of phenylpropane, working as the rigid support in the fiber
cell wall [24]. The softening point of lignin can be reduced under the
presence of moisture, which thus changes the thermal plasticity of
lignin [30]. Much work has been reported on the plasticity of isolated
lignin, but the plasticity of fiber cell walls for the application inmechan-
ical property reinforcement has not been reported yet. A complete
delignification treatment is usually adopted for enhancing mechanical
properties by the hydrogen bonding [31]. Obviously, the physical
property (e.g., plasticity) and chemical structure (e.g., lignin distribution
and hemicellulose content) of fiber cell wall are not considered for the
property enhancement.

In this work, it is aimed at the mechanical enhancement of SNFM
products in the plasticity and structures of fiber cell wall. The moisture
in fiber mat was used for the effective control on fiber plasticity during
compression molding process. The quantitative etching of lignin from
the cell wall surface into the core was performed by sodium chlorite
treatment. The selective etching of hemicelluloses was carried out by a
novel microwave-assisted formic acid (MAFA) treatment process. The
mechanical properties were measured using the tensile and bending
tests. The chemical changes of fibers during the plasticizing and etching
(i.e., surface lignin, internal lignin, and hemicelluloses) process were
characterized by the X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and scanning electron microscope (SEM).

2. Materials and methods

The original fibers (OrF) of poplar waste were prepared by a chemi-
thermomechanical pulping process in the laboratory. These fibers
presented a mean length of 694 μm with an aspect ratio of 46, which
were mainly composed of lignin (24.9%), hemicelluloses (15.7%), and
cellulose (59.4%). All reagents were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd., Beijing, China.

2.1. Enhancement of fiber plasticity by mat moisture

The lignin-rich fibers are difficult to be deformed plastically due to
the stubbornness of lignin, which limits the inter-fiber contact and
cross-linking during hot-pressing process. Thus, the moisture in fiber
mat was used as a cost-effective and clean resource for the fiber
plasticization.

25 g dry OrF was molded into a fiber mat in the ZT7-01 Shaper
(Xingping Zhongtong Test Equipment Ltd., China), following by a pre-
compression under 2 MPa at room temperature (rT) in 1 min. The wet
fiber mat (moisture content ≈ 90%) was placed in a microwave oven
(Midea, EG720KG3-NR1) to adjust the moisture content into certain
levels (e.g., 60%, 50%, 40%, 30%, 20%, and 10%). Finally, the fiber mats
with differentmoisture contentswere separately placed into the sample
bags in 24 h for water equilibrium.

2.2. Quantitative etching of lignin in fiber cell wall using sodium chlorite

Most cell wall surfaces of the original fibers were covered with
lignin, showing low activity for the inter-fiber bonding. Thus, the con-
trolled etching of lignin in fiber cell walls was performed using sodium
chlorite.

20 g dry OrF, 650 ml distilled water, 5 ml glacial acetic acid, and 6 g
sodium chlorite were placed in a 1000 ml conical flask, buckled with a
100 ml conical flask and kept at 75 °C by a water bath. The addition of
the chemicals (i.e., 5 ml glacial acetic acid and 6 g sodium chlorite)
and the 60 min thermosetting process were repeated at least
three times. The delignified fibers (DF) were designated with the
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delignification time in the lower case, i.e., DF15, DF60, DF120, DF160 and
DF240. DF0 represents the control sample, which was prepared without
sodium chlorate/acetic acid, i.e., 20 g dry original fibers and 650 ml
distilled water in the conical flask heating at 75 °C in 60 min.
2.3. Selective etching of hemicelluloses in fiber cell wall by microwave-
assisted formic acid (MAFA) extraction

The delignified fibers were mainly composed of hemicelluloses and
cellulose. Most hemicelluloses within the fibers limited the dissociation
of microfibrils, which adversely affected the inter-fiber bonding. Thus,
the selective etching of hemicelluloses was carried out by the MAFA
process.

4 g dry OrF and 120 ml formic acid aqueous solution (88% wt) were
placed in a 500ml flask and heated in themicrowave oven at 100 °C for
0.5 h, 1.5 h, and 4.0 h, respectively. The cellulose rich solid (CRS) was
separated in a filtering crucible. Then the additional 120 ml formic
acid solution (88%)wasmixedwith the separated CRS again and heated
in the microwave oven at 100 °C for 0.5 h, 1.5 h, and 4 h, respectively.
The CRS was further separated and mixed with 130 ml distilled water,
1.0 ml acetic acid (99.7%), and 1.5 g sodium chlorite (80%) in a 250 ml
flask. The liquid mixture was heated at 75 °C for 1 h for bleaching. In
the end, the hemicellulose-removed fibers (HF) were obtained after
the bleached CRSs, being fully washed to neutral, which were desig-
nated with the MAFA treatment time in the lower cases, i.e., HF1.0,
HF3.0 and HF8.0. HF0.0 meant the control samples, which was prepared
without formic acid process, i.e., the original fibers were directly
bleached for at least three times using sodium chlorite for the complete
removal of lignin.
2.4. Preparation of self-bonded natural fiber material

The original fiber mats controlled with different moisture contents
were hot-pressed under 12 MPa at 170 °C for 20 min. The hot-pressed
OrFs were designated as Pr-OrFs with the moisture content in the
lower case, i.e., Pr-OrF60%, Pr-OrF50%, Pr-OrF40%, Pr-OrF30%, Pr-OrF20%,
and Pr-OrF10%.

25 g treated fibers (DFs or HFs) were molded into a fiber mat in the
Shaper. The pre-compression was carried out under 2 MPa at rT for
1 min. The pre-compressed fiber mat was heated in the microwave
oven and controlled at a moisture content of 60%. After water equilib-
rium, the wet fiber mat was hot-pressed under 8 MPa for DFs and
4 MPa for HFs at 170 °C for 20 min. The hot-pressed samples were
designated as Pr-DF or Pr-HF with the same lower case nomenclature
as indicated above.
Fig. 1. Illustration of transitions of naturalfiber cellwall via controlling its (a) plasticity and
(b) structures.
2.5. Mechanical property tests of SNFM products

The density was measured in accordance with the ISO 534: 2011
standard. Specimens were placed at rT for 24 h before mechanical
tests. The average value of eight measurements in each sample group
was reported.

The tensile test was performed on a CMT5504 universal mechan-
ical testing machine (Shenzhen SANS Testing Machine Co., Ltd.,
China) according to ISO527-3: 2018. The specimen dimension was
12 × 150 × 0.6 mm3 (width × length × thickness). The gauge length
was pre-set in 100 mm, and the crosshead speed was pre-set at
2 mm min−1.

The bending test was carried out on the CMT5504 universal
mechanical testing machine in accordance with the procedure
described in ISO178: 2010 standard. The specimen dimension was
15 × 100 × 0.6 mm3 (width × length × thickness). Three-point bending
set-up was used with a span of 40 mm and a crosshead speed of
10 mmmin−1.
2.6. Chemical composition and X-ray photoelectron spectroscopy (XPS)
analysis

Thehemicelluloses and lignin contentwere determined according to
GB/T 745-2003 and GB/T 747-2003 standard, respectively. The cellulose
content of the delignified fibers was evaluated using Eq. (1).

Cellulose content% ¼ 1−H=Cð Þ � 100% ð1Þ

whereH is theweight of hemicelluloses in the delignified fibers, and C is
the weight of pulp fibers.

The composition on the fiber surface was determined by a K-Alpha
X-ray photoelectron spectrometer (Thermofisher Scienticfic Company,
USA). Before the XPS determination, SNFM samples were placed into
the Soxhlet and extracted for 8 h using acetone. After air-dried for
24 h, all samples were dried at 60 °C to a constant weight. According
to previous report [32], it can be considered that most extractives on
the fiber surface were removed after the acetone extraction.

2.7. X-ray diffraction (XRD) analysis

The crystal structure of cellulose in fibers was investigated using an
X-ray diffractometer (RigakuD/max 2200, Japan) ranging from5° to 40°
at 40 kV and 30mA. The crystallinity index (CrI) was calculated accord-
ing to Eq. (2) [33].

CrI% ¼ 1−Iam=I200ð Þ � 100% ð2Þ

where I200 is the intensity of the crystalline portion at around 2θ=22.8°
and Iam is the intensity of the amorphous portion at 2θ = 18°.

2.8. Microtopography analysis

The surface and cross-section morphologies of fiber cell walls were
observed by aQuanta-200 environmental scanning electronmicroscope
(FEI Company, USA) with an accelerating voltage of 12.5 kV and a mag-
nification of 500×, 1000× and 5000×. The cross-sectionswere prepared
by a Feather microtome blade.

3. Results and discussion

3.1. Transition process in the plasticity and structures of fiber cell wall for
SNFM preparation

The plasticity of fiber cell wall was altered by changing the mat
moisture content during the hot-pressing process (Fig. 1a). The lignin-
rich fibers were firstly molded into a fiber mat, then the fiber mat was
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controlled with different moisture contents before hot-pressing. The
fiber plasticity was increased due to the presence of water, especially
along with a decrease in the lignin softening point. It was contributed
to the deformation of fiber cell wall, thus increasing the inter-fiber con-
tact and bonding strength.

The progressive structural change of fiber cell wall was achieved by
gradually etching the surface lignin, internal lignin, and hemicelluloses
(Fig. 1b). Most fiber surfaces were covered by lignin. The surface lignin
was firstly removed, and then the internal lignin within the cell wall
was etched during the delignification process. The removal of the sur-
face lignin changed the surface compositions and physical properties
of fibers, which thus dramatically affected the interfacial bonding
between fibers. The further etching of internal lignin in the fiber cell
wall produced an adverse effect on the stiffness of single fibers. After
the removal of residual lignin, the further etching of hemicelluloses
could enhance the separation and exposure of microfibrils, which was
conducive to the inter-fiber bonding, but accompanied by the destruc-
tion of the fiber cell wall structures.

3.2. Chemical composition and XPS analysis

The lignin, hemicellulose and cellulose contents of the pulp fibers
before (i.e., DF0) and after the etching treatment (i.e., DFs and HFs) are
shown in Fig. 2a. With the lignin etching time from 0 to 240 min, the
lignin content in fibers was decreased from 24.9% to nearly zero. Mean-
while, hemicellulose and cellulose contents were well maintained and
increased accordingly, respectively. As the MAFA treatment was ex-
tended from 0 to 8.0 h, the hemicellulose was decreased from 20.4% to
6.8%. The results demonstrated that the chemical etchings via sodium
chlorite and MAFA extraction could effectively control the structures
of fiber cell wall.

The lignin content on the fiber surface was investigated by the XPS
analysis (Fig. 2b–e). The increase in O/C values indicated the decreased
lignin concentration [24]. Interestingly, the O/C value exhibited a remark-
able decrease firstly before the expected increase. It can be reasoned
that the bulk lignin fragments from early stages of delignificationwas de-
posited on the fiber surface. As the delignification proceeded, the lignin
covered on the fiber surface was gradually dissolved and disappeared.
It can be confirmed by the same O/C value (i.e., 0.53) for the Pr-DF120
and Pr-DF240, and only the residual lignin was existed within the fiber
cell walls.

The high-resolution carbon C1s peak detected on the surface of Pr-DFs
was resolved into three (Fig. 2b, d and e) or four sub-peaks (Fig. 2c). The
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Fig. 2. Chemical composition of (a) treated fibers and C1s spect
binding energy of the carbon was shifted to higher values with the in-
crease in the number of oxygen atoms linked to carbon atoms, which
were assigned to C1: C\\C or C\\H; C2: C\\O; C3: C_O or O\\C\\O;
and C4: O\\C_O, respectively [34]. C4 was only appeared in Pr-DF60
with trace amount (0.7%), which indicated that the carboxylic group
was appeared in the starting stage of the delignification. Importantly,
the relative content of C1 representing the lignin content increased firstly
from 44.6 to 54.2%, and then remained unchanged at ca. 35% during the
further delignification. It was in agreement with the O/C results, and fur-
ther showed the staged lignin etching process formed the outer surface
firstly and then into the inside of fiber cell wall.

3.3. XRD analysis

The crystal structure and crystallinity and of treated fibers (i.e., DFs
andHFs) and SNFMproducts (i.e., Pr-OrFs, Pr-DFs, and Pr-HFs)were an-
alyzed by the X-ray diffraction technique. The XRD patterns are shown
in Fig. 3. All the samples present a same cellulose I crystal structure,
which is characterized by the peaks at around 2θ = 14.2°, 16.4°, and
22.4°, corresponding to (101), (101), and (200) planes, respectively
[35]. It was demonstrated that the cellulose crystal type in fibers was
not changed during the plasticizing and structural etching process.
However, the increase in the plasticity of fibers adversely affected the
crystallinity of Pr-OrFs, which was ascribed to the excessive softening
of fibers and the destruction of crystalline region for the highmat mois-
ture content during the compression molding process. As expected, the
crystallinity index of treated fibers was increased from 49.2% (DF0) to
76.0% (HF8.0) with the progressive removal of amorphous lignin and
hemicelluloses. Almost all the treatedfibers exhibited an increased crys-
tallinity after the hot-pressing treatment (Fig. 3c), which was attribut-
able to the partial co-crystallization of crystallites in adjacent fibrils
[36]. This also confirmed that the high-temperature compressionmold-
ing was an effective method for the enlargement in crystalline region
and the enhancement in dimensional stability for the SNFM products.

3.4. SEM analysis

The morphological changes of fibers plasticized with different mat
moisture contents are shown in Fig. 4a–d. As the mat moisture content
increased, the fiber cell walls showed a significant improvement in soft-
ening degree during the hot-pressing process, which can be seen by the
more compact cell lumens, larger contact area between fibers, and
higher density value from 0.86 g cm−3 for Pr-OrF10% to 1.02 g cm−3
ra of (b) Pr-DF0, (c) Pr-DF60, (d) Pr-DF120 and (e) Pr-DF240.



Fig. 3. XRD spectra of (a) Pr-OrFs, (b) DFs/HFs, and (c) Pr-DFs/HFs.
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for Pr-OrF60%. It was worthy of noting that the high content of mat
moisture produced a positive effect on the interfacial bonding between
fibers by enhancing the lignin viscosity and hydrogen bonding during
the hot-pressing process.

The microstructures of fiber cell wall during the progressive etching
of lignin and hemicelluloses are shown in Fig. 4e–l. For the original
fibers, it was shown a smooth and stiff appearance without exposed
microfibrils due to the lignin-rich surface and presented a loose contact
between fibers in the cross section. After the lignin etching treatment
for 60 min, microfibrils began to be exposed on the fiber surfaces,
which acted as the binder in the enhancement of inter-fiber bonding.
The corresponding cross section (Fig. 4j) confirmed a dense contact be-
tween fibers, and presented a well fiber structure without significant
changes in the cell wall thickness compared to that of original fibers. It
was also indicated that most of the surface lignin was removed, but
the internal lignin remained well for the sample of Pr-DF60.

With the further etching of lignin to 240min,moremicrofibrils were
exposed on the fiber surface. However, it was still preserved a complete
cell wall structure, and the contact between fibers became much
more compact (Fig. 4k). According to the chemical composition and
XPS analysis, it was concluded that most chemicals used for lignin
etching was consumed in the degradation of lignin fragments shed in
Fig. 4. SEM images of (a, b) Pr-OrF10%, (c, d) Pr-OrF60%, (e, i) Pr-DF0, (f, j) Pr-DF60,
the stage of 60–120 min, and in the removal of residual lignin within
fiber cell wall during 120–240 min. However, the distinguishing struc-
tural destruction on fiber cell walls was found for the further hemicellu-
lose etching process (Fig. 4h). The broken structure of fibers allowed for
a close contact between fibers with great compactness (Fig. 4l) for
SNFMproducts. Obviously, the inter-fiber bondingwas enhanced. How-
ever, the single fiber strength was reduced, which could be detrimental
to the enhancement of material properties.

3.5. Effect of fiber plasticity on mechanical properties of SNFM products

Themechanical test results of the SNFMproducts formed at different
mat moisture contents are shown Fig. 5. The thickness and density
of SNFM specimens are given in Table 1. The mechanical strength of
Pr-OrFs was significantly enhanced by increasing the fiber plasticity
using mat moisture. Both tensile strength and flexural strength were
improved with the increase of the mat moisture content, and showed
a better linear goodness of fitting. As the moisture content was in-
creased from 10 to 60%, the tensile strength increased from 38.0 to
83.5 MPa (≈120% increment), and the flexural strength increased
from 31.2 to 73.3MPa (≈135% increment). Two reasonswere proposed
for the increase in mechanical properties: 1) the improvement of fiber
(g, k) Pr-DF240 and (h, l) Pr-HF8.0; (e-h) outer surface and (i-l) cross section.



Fig. 5. Effect of mat moisture content on tensile and flexural strength of Pr-OrFs. Fig. 6. Effect of lignin content on flexural strength of Pr-DFs.
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plasticity increased the contact area and physical crosslinking between
fibers, 2) high content ofmatmoisture enhanced the interfacial bonding
by improving the lignin viscosity and hydrogen bonding.
3.6. Effect of fiber structures on flexural property of SNFM products during
lignin etching process

The flexural strength of SNFM products is the most important
mechanical performance in building and related applications, which
can be improved through the lignin etching treatment. Fig. 6 shows
the flexural strength of Pr-DFs fabricated by different lignin contents
of fibers. It was found that only a slight increase in the flexural strength
was presentedwith decreasing lignin content in the ranges of 0.0–11.5%
and 13.1–24.9%. However, a steep increment (20.8 MPa) occurred be-
tween 13.1% and 11.5% lignin contents. From the XPS and SEM analysis,
it can be explained that both the inter-fiber bonding and single fiber
stiffness worked as decisive roles in affecting the flexural strength
of SNFM. Compared to DF15 covered by large amount of lignin, DF60
showed that a delignified surface exposed with numerous hydroxyl
groups, which led to the rapid increase in the interfacial bonding
strength between fibers. Meanwhile, due to the well-maintained
stiffness of single fibers, the steep enhancement in flexural strength
was obtained. It was worthy of noting that the further removal of
residual lignin within fibers produced an adverse effect on the stiffness
of single fibers. Thus, the further enhancement in the inter-fiber bond-
ing was only accompanied with a small increase in flexural strength
between Pr-DF60 and Pr-DF240. Thus, quantitative etching of surface
Table 1
Thickness and density of SNFM products.

Specimens Thickness (mm) Density (g cm−3)

Pr-OrF10% 0.92 (0.05)a 0.86 (0.04)
Pr-OrF30% 0.80 (0.03) 0.96 (0.04)
Pr-OrF60% 0.74 (0.01) 1.02 (0.01)
Pr-DF0 0.75 (0.02) 0.99 (0.03)
Pr-DF15 0.72 (0.01) 1.03 (0.02)
Pr-DF60 0.72 (0.01) 1.05 (0.02)
Pr-DF120 0.69 (0.01) 1.06 (0.02)
Pr-DF240 0.68 (0.01) 1.06 (0.02)
Pr-HF0.0 0.36 (0.02) 0.91 (0.05)
Pr-HF3.0 0.36 (0.01) 0.97 (0.04)
Pr-HF8.0 0.30 (0.02) 0.97 (0.06)

Notes:
a Mean (standard deviation).
lignin was of great significance to balance the bending performance
and energy consumption.

3.7. Effect of fiber structures on tensile property of SNFM products during
lignin and hemicellulose etching process

A comparison of the tensile properties between Pr-DFs and Pr-HFs is
shown in Fig. 7. The lignin etching treatment had a positive effect on the
tensile strength of SNFM products, which was contrary to that of the
hemicellulose etching process. It was found that the lower lignin con-
tent and higher hemicellulose content allowed for a higher tensile
strength. As the lignin content decreased from 24.9% to nearly zero,
the tensile strength increased by 68% (up to 64.2 MPa). With the hemi-
cellulose content from 6.8% to 20.4%, the tensile strength increased by
267% (up to 79.0 MPa).

The changes in the tensile strength of SNFM can be summarized into
three stages during the progressive lignin and hemicellulose removal
process. Two linear functions (i.e., tensile strength vs. lignin content)
for Pr-DFs were curve-fitted with high correlations as shown in
Fig. 7a, exhibiting a slow change from 38.2 to 41.9 MPa (ca. 10% incre-
ment) between 24.9% and 13.1% lignin contents, and a rapid increase
from 41.9 to 64.2 MPa (ca. 53% increment) between 13.1% and 0.0%
lignin content. One linear function (i.e., tensile strength vs. hemicellu-
lose content) for Pr-HFs (Fig. 7b) was obtained, demonstrating a rapid
decrease with the decreasing hemicellulose content.

The self-bonded process can be explained that the inter-fiber bond-
ing strength worked as a decisive role in the tensile strength for the
high-performance SNFM products, but which was based on a well-
maintained fiber cell wall structure for the lignin etching process.
However, for the hemicellulose etching process, the tensile strength
was mainly determined by the strength of single fibers rather than the
inter-fiber bonding, which can be seen from the results (Figs. 4g–h
and 7b) that the destructions of fiber structure caused the decrease in
tensile strength, although the inter-fiber compactness was increased.

3.8. Comparison of mechanical performances among SNFM products,
plastic and natural wood

A high-performance SNFM product was developed in this work as a
promising alternative to plastic and natural wood. The comparison of
mechanical strengths among SNFM products, plastic, and natural
wood is listed in Table 2. It can be seen that the tensile strength (TS)
and flexural strength (FS) of SNFM products can reach 83.5 MPa
and 127.3 MPa, respectively, which is much higher than plastics



Fig. 7. Effects of (a) lignin content on Pr-DFs and (b) hemicellulose content on Pr-HFs in tensile strength.
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(TS: 51.0 MPa; FS: 73.0 MPa) and natural wood (TS: 55.6 MPa;
FS: 92.4 MPa). Moreover, compared with plastics (TS: 15.9–51.0 MPa;
FS: 21.7–73.0 MPa) and natural wood (TS: 46.5–55.6 MPa;
FS: 70.7–92.4 MPa), the SNFM products exhibited a tunable me-
chanical performance in larger ranges of 21.5–83.5 MPa (TS) and
31.2–127.3 MPa (FS). Meanwhile, similar density is presented for the
SNFM products (0.86–1.06 g cm−3) and plastics (0.89–1.03 g cm−3)
except for natural wood. It was worthy of noting that the new-prepared
SNFM products also showed super higher mechanical strength than
traditional molded pulp products. Thus, the high-performance SNFM
products have great potential to replace plastic and natural wood for
applications in buildings and other fields.

4. Conclusions

We developed a high-performance self-bonded natural-fiber
material (SNFM), which showed much higher mechanical strength
than natural wood and plastics (e.g., HDPE, PP, PVC, and ABS). The me-
chanical property enhancement of SNFM was achieved by modifying
the plasticity and structures of fiber cell walls. The fiber plasticity can
be tuned by controlling the mat moisture content during compression
Table 2
Mechanical properties of SNFM products, plastics, and natural woods.

Samples Tensile strength
(MPa)

Flexural strength
(MPa)

Density
(g cm−3)

Data sources

SNFM 21.5–83.5 31.2–127.3 0.86–1.06 In this study
HDPEa 17.0 21.7 0.95 [37]

19.5 23.9 0.95 [38]
20.8 24.1 0.96 [39]

PPb 17.9 29.8 0.89 [40]
24.5–35.9 36.8–38.0 – [41,42]
30.0 50.8 0.91 [43]

PVCc 15.9 26.5 – [44]
38.6 67.1 – [45]
41.3–42.0 65.3–73.0 – [46–48]

ABSd 42.8 62.0 1.03 [49]
49.6 42.7 – [50]
51.0 61.5 – [51]

Poplar 55.6 ± 8.0 92.4 ± 10.2 – [52–54]
Cedar 46.5 ± 5.4 70.7 ± 10.2 0.5
TMPe 0.5–1.3 – 0.12–0.15 [8]

4.1–4.4 – 0.35 [55]
8.8–17.1 – 0.52–0.80 [13]

Notes:
a HDPE: high density polyethylene.
b PP: polypropylene.
c PVC: polyvinyl chloride.
d ABS: acrylonitrile butadiene styrene.
e TMP: traditional molded pulp products.
molding process. The cell wall structures can be etched by a progressive
chemical treatment, in which, the surface and internal lignin was re-
moved separately using sodium chlorite, and the hemicellulose was
etched by microwave-assisted formic acid extraction. The mechanical
properties of SNFM products were significantly improved (tensile
strength: from 38.0 to 83.5 MPa; flexural strength: from 31.2 to
73.3 MPa) by increasing the fiber plasticity. The selective surface lignin
removal dramatically increased the flexural strength from 101.3 to
122.1 MPa. Using the method of curve-fitting, linear functions between
mechanical strength and lignin content, hemicellulose content, andmat
moisture content were established with high correlations. The strength
of single fibers played a more important role than the inter-fiber bond-
ing in deciding the mechanical strength for the hemicellulose-etched
material, which was contrary to the situation for the delignified
products. It is of great significance to comprehensively understand the
self-bonded mechanism for natural fiber materials.
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