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Abstract
A technique of chemical treatment combined with hot pressing is used to fabricate a high-performance
structural material based on maize straw. The chemical structures and compositions of the densi�ed
maize straw are determined by ATR-FTIR, XRD, and TGA. The tensile strength and elongation at break of
the densi�ed straw can reach as high as 598.6MPa and 6.2%, which are approximately 9.3 times and 2.2
times higher than that of the natural straw, respectively. Furthermore, chemical treatment and hot
pressing are essential steps for preparing the densi�ed straw. The chemical treatment using a mixed
alkali solution can remove the fractional lignin and hemicellulose but preserve most of the cellulose, thus
enhancing the degree of crystallinity and the heating resistance of the densi�ed straw. The SEM results
prove that densi�cation by hot pressing is committed to fabricating a structure material with high-
performance from maize straw, which has eliminated the defects and reinforced the mechanical
properties of the densi�ed straw. At the molecular level, the hydrogen bonds between the aligned cellulose
�bers have bridged the neighboring cellulose �bers, reinforcing the mechanical properties of the densi�ed
straw. After compositing the densi�ed straw with a biodegradable poly (propylene carbonate), the
mechanical properties of the composite are considerably improved, predicting a huge application
prospect in automobile, construction, furniture, and even airplane �elds.

1. Introduction
The development of sustainable materials is extremely important to meet the growing global demand for
energy-saving materials and reduce negative environmental consequences.(Benítez et al. 2017)
Simultaneously, the industrial community is also looking for lightweight integrated with high strength and
toughness materials.(Ritchie 2011) Maize is one of the most important crops in the world.(X. Wang et al.
2021) A huge number of maize straws as crop residue is yielded every year, accompanying the great
needs of maize. Although maize straws have been partly utilized(Croce et al. 2016) in biochar application,
many maize straws are still wasted in burned(Xu et al. 2021) and mulched. The burned maize straws lead
to environmental pollution and eventually cause a signi�cant waste of natural resources. Thus, how to
entirely utilize maize straw as a sustainable material is not only a scienti�c problem but also a societal
issue. Up to now, maize straw has been used in the areas of chemical (S. Chen et al. 2018; Lopez-Hidalgo
et al. 2021; Ma et al. 2018) and biological engineering(Xiao Han et al. 2018; Pan et al. 2016), energy(Du et
al. 2020; Zabed et al. 2016), composite materials(Tarres et al. 2020), and so on. For example, forage,
fertilizer, bioethanol, furaldehyde et al. can be produced from maize straws. In this study, we focus on
solving the issue of maize straw for a lightweight and sustainable material through a process of waste-
to-energy.

Maize straw composited with polymers is a general method for biochar application. Some researchers
had reported that the composite materials were fabricated from polyethylene(Tarres et al. 2020) and
polypropylene(Delgado-Aguilar et al. 2018) reinforced with maize straw. In general, maize straws as a
�ller, its strength, and modulus determine the mechanical properties of the resulting composite(Ku et al.
2011; Pickering et al. 2016). Therefore, enhancing the strength and modulus of maize straw is quite
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important for fabricating high-performance polymer/maize straw composite. The mechanical
performance of biomass materials such as natural wood and bamboo can be enhanced by pre-treatment
with chemicals (G. Chen et al. 2020; Frey et al. 2018; Kabir et al. 2012; Mi et al. 2020; Y. Y. Wang et al.
2021), steam(Fang et al. 2011), heat(Fang et al. 2011; Poletto et al. 2014), bleaching and
caramelization(Sharma et al. 2015), or by �lling with resin followed by densi�cation(Kalali et al. 2019).
Recently, Hu and his coworkers(Song et al. 2018) reported a simple and effective strategy via chemical
treatment followed by hot-pressing to directly transform bulk natural wood into a high-performance
material with a more than tenfold increase in strength, toughness, and ballistic resistance. A similar
method was also used to enhance the performance of bamboo(Li et al. 2020). The tensile strength and
modulus for the densi�ed bamboo could reach as high as 1GPa and 75GPa, respectively. As the main
biomass material, the mechanical performance of the maize straw is expected to be enhanced using the
technique of chemical treatment combined with hot-pressing.

Poly (propylene carbonate) (PPC) is a kind of aliphatic polycarbonate synthesized from propylene oxide
and carbon dioxide(Y. Chen et al. 2013; Wang E 2020). PPC is one of the most promising environment-
friendly and degradable synthetic polymeric material that has been widely applied in the �elds of �lm,
barrier, and biomedical materials(Muthuraj et al. 2018; Qin et al. 2015). In order to enhance its thermal
and mechanical properties, PPC has been composited with carbon �ber(W. Wang et al. 2020),
wood(Nörnberg et al. 2014), SiC nanowires(Qu et al. 2020), and micro-�brillated cellulose(Qi et al. 2014).
Previously, chlorinated PPC (CPPC) was used to improve the mechanical properties of PPC/straw �our
composites(Bin 2017). The tensile strength was increased by 38% when the mass ratio of straw �our and
CPPC was 30% and 1.8%, respectively. Hence, further improving the mechanical properties of PPC/maize
straw composites and increasing the ratio of maize straw in composites for cost savings are the two
signi�cant issues in the application of the PPC industry.

In this study, a lightweight integrated with superstrength, high modulus, and toughness densi�ed maize
straw was fabricated via chemical treatment combined with hot pressing. Different treatments, including
chemical treatment, cold and hot pressing, and chemical treatment combined with hot pressing, were
individually evaluated. The chemical structures and compositions of the densi�ed maize straw were
determined by ATR-FTIR, XRD, and TGA. Combined with the analysis of surface microstructures by SEM,
the reinforced mechanism of the densi�ed maize straw was further discussed and proposed a
mechanism of the compaction of voids in vertical and the alignment of cellulose micro�brils in
horizontal. Moreover, the densi�ed maize straw was applied to improve the mechanical properties of
PPC/densi�ed maize straw composites.

2. Experiment

2.1 Materials and chemicals.
The raw (natural maize straw peel) was peeled from maize straws by hands taken from the southern
suburb of Changchun City, Jilin Province, China. Poly (propylene carbonate) (PPC) was obtained from
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Taizhou Bangfeng Plastic Co., Ltd. (Wenling, Zhejiang, China). Sodium hydroxide (NaOH, AR) and sodium
sul�te (Na2SO3, AR) were obtained from Beijing Chemical Co., China.

2.2 Sample preparation
Densi�ed maize straw:

In the beginning, the natural maize straw was treated by a mixed solution (2.5mol/L NaOH and 0.4mol/L
Na2SO3) at 80°C for 0.5h to partially remove hemicellulose and partly lignin. Next, it was cleaned by
ultrasonic for 15mins and then immersed into the deionized water for 2h to remove the residual lye as
much as possible. After air-drying for a week, the samples were compressed under the pressure of 8MPa
at 100°C for 0.5h to make it densi�cation. The densi�ed maize straw was obtained.

Compressed maize straw

The compressed maize straw was obtained directly by hot pressing under the pressure of 8MPa at 100°C
for 0.5h.

Modi�ed maize straw

The modi�ed maize straw was obtained with the chemical pre-treatment but without hot pressing.

PPC/maize straw composite:

At �rst, the densi�ed maize straw was cut up into approximately 5mm-long fragments along the growth
direction of the aligned vascular �bers. Then, the straw fragments were smashed into powder by a grinder
to separate the vascular �bers. The mixture of PPC/densi�ed maize straw was prepared as a certain
mass ratio of 60/40. Next, the prepared mixture of PPC/densi�ed maize straw was blended in a torque
rheometer (XSS-300, Shanghai Kechuang Rubber Plastic Mechanical Equipment Co., Ltd, China) at 50rpm
for 7min. At last, after compression molding under pressure of 8MPa at 100°C for 0.5h, the PPC/densi�ed
maize straw composite board (120mm⋅100mm⋅2mm) was obtained. By this method, PPC/natural maize
straw composites, PPC/modi�ed maize straw composites, and PPC/compressed maize straw
composites were fabricated, respectively. It is noted that the composite boards were all cut into strips
(50mm⋅10mm⋅2mm) for mechanical tests.

2.3 Mechanical test
Tensile test

During testing, the samples were clamped at both ends and stretched along the longitudinal direction of
samples till the sample fractured with a constant test speed of 5mm/min at room temperature. Due to the
limitation of the raw material, the length, width, and thickness of the test samples of natural, modi�ed,
compressed, and densi�ed maize straw were 100mm, ≈3mm, and ≈ 0.3mm, respectively. The size of the
test samples of neat PPC and PPC/natural maize straw composites, PPC/modi�ed maize straw
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composites, PPC/compressed maize straw composites, PPC/densi�ed maize straw composites was
50mm⋅10mm⋅2mm. All tests were conducted on the Instron 1121 Material Testing Machine, according to
GB/T 1040.2–2006 (China national standard).

Three points bending test

The size of the test samples of PPC/natural maize straw composites, PPC/modi�ed maize straw
composites, PPC/compressed maize straw composites, and PPC/densi�ed maize straw composites was
50mm⋅10mm⋅2mm. The span between the two bottom rollers was 20mm, and the speed of the top roller
pressing down was 2mm/min. All tests were performed on the Instron 1121 Material Testing Machine,
according to GB/T9341-2000 (China national standard).

2.4 Scanning electron microscope (SEM)
Cross-section of the natural and densi�ed maize straw

The natural maize straw and densi�ed maize straw were �rst placed in liquid nitrogen for 30 mins. After
fracturing the samples quickly, the test samples of natural and densi�ed maize straw were obtained.
Then, the microstructure of the cross-section of natural and densi�ed maize straw with spraying gold
were observed through a Field Emission Scanning Electron Microscope (FEG ESEM) (XL30, FEI
COMPANY) at an acceleration voltage of 5kV.

Side face of the natural and densi�ed maize straw

The test samples were directly peeled from the natural and densi�ed maize straw by hands. Then, the
side face of the natural and densi�ed maize straw with spraying gold could be observed.

The surface of the natural and densi�ed maize straw

The waxy layer of the natural maize straw must be removed before observing the surface of the natural
maize straw. However, due to the waxy layer had been removed, the surface of densi�ed maize straw with
spraying gold could be observed directly.

2.5 X-ray Diffraction (XRD)
Before the test, the natural and densi�ed maize straw were grinded into powder. The XRD curve was
obtained by a Wide-angle X-ray Diffractometer (D8 ADVANCE, BRUKER Co., Germany) (operating voltage
at 40kV, current at 40mA, CuKα, λ = 0.154nm) and the scanning angle was from 5° to 40°.

2.6 Attenuated Total Re�ectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR)
Before the test, the natural and densi�ed maize straw were �rst grinded into powder. The powder was
compressed into a sheet at room temperature. Then, the test samples of natural and densi�ed maize
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straw were obtained. All tests were performed using a Fourier transform infrared spectrometer (BRUKER,
ALPHA, PLATINUM-ATR) from 500cm− 1 to 4000cm− 1 at a spectral resolution of 4cm− 1 with a total of 32
scans.

2.7 Thermogravimetric Analysis (TGA) and Derivative
Thermogravimetry (DTG)
The tests were performed on a thermal analysis instrument (TA Instruments Q50, USA) from room
temperature to 600°C at a rate of 10 K·min− 1 under a nitrogen atmosphere. Then, the statistics of TGA
and DTG could be obtained directly.

3. Results And Discussion
To fabricate a kind of high-performance biomass material based on natural maize straw, a chemical
treatment technology combined with hot pressing is used to obtain densi�ed maize straw. The chemical
treatment by a mixed alkali solution is used to remove the hemicellulose and lignin, called deligni�cation.
The hot pressing at a certain condition, called densi�cation, is applied to increase the number of loading
�ber per unit volume and eliminate internal defects of the sample. The scheme of processing approach to
transforming the natural maize straw into the densi�ed maize straw is presented in Scheme 1. The
natural, chemical modi�ed, compressed without chemical treatment, and compressed with chemical
treatment maize straw can be simpli�ed as natural straw (NS), modi�ed straw (MS), compressed straw
(CS), and densi�ed straw (DS), respectively.

3.1 The lightweight densi�ed straw with superstrength and
high modulus and toughness
The mechanical performance of the natural, modi�ed, compressed, and densi�ed straw is shown in
Fig. 1. For better comparison, the tensile strength-strain curve was selected instead of the typical stress-
strain curve (Fig. S1) due to the different cross-sectional areas of the tested samples. The tensile strength
of the four samples in Fig. 1a is proportional to the strain, which means the stress and the strain are
linearly related before fracture. Correspondingly, the tensile strength and elongation at break of the
densi�ed straw are enhanced simultaneously (Fig. 1b and 1c). Notably, the tensile strength and
elongation at break of the densi�ed straw have reached 598.6MPa and 6.2%, which is approximately 9.3
times and 2.2 times higher than that of the natural straw, respectively. The superstrength and the great
elongation at break of the densi�ed straw is the highlight of this study and can be comparable with the
work of the densi�ed wood and bamboo. Other researchers have reported that the tensile strength of the
densi�ed wood (≈ 549MPa) and the densi�ed bamboo (≈ 770MPa) are both dramatically enhanced
relative to the tensile strength of the natural wood (≈ 47MPa) and the natural bamboo (≈ 298MPa),
respectively(Li et al. 2020; Song et al. 2018). However, the elongation at break of the densi�ed wood (≈ 
1.3%) and densi�ed bamboo (≈ 1.8%) in those studies have no obvious changes after treatment. These
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discussions suggest that the tensile strength and elongation at break of the nature maize straw can be
simultaneously and tremendously improved by the chemical treatment combined with hot pressing.

In addition, Young’s modulus of the densi�ed straw has reached to 16.6GPa that is about 5.9 times higher
than that of the natural straw (Fig. 1d). The speci�c strength of the densi�ed straw has reached to
434MPa⋅g− 1⋅cm3 that is almost 3.0 times higher than that of the natural straw (Fig. 1e), and the density
of the densi�ed straw has increased about two times after hot pressing (Fig. 1f). Therefore, the
mechanical properties of densi�ed straw with high-performance can compete with the mechanical
properties of aluminum alloy. Generally, aluminum alloy is widely used in various �elds due to the
lightweight and high speci�c strength. In comparison, four different industrial aluminum alloys are used
to evaluate the superiority of the densi�ed straw. Astonishingly, the tensile strength of the densi�ed straw
(598.6MPa) is completely higher than that of 5052-H112 (175MPa), 6061-T6 (290MPa), 2024-T3
(440MPa), and even the aircraft-grade aluminum alloy 7075-T6 (540MPa). For lightweight, the speci�c
strength of the densi�ed straw (434MPa⋅g− 1⋅cm3) is also higher than that of 5052-H112 (64MPa⋅g− 

1⋅cm3), 6061-T6 (106MPa⋅g− 1⋅cm3), 2024-T3 (156MPa⋅g− 1⋅cm3), and even 7075-T6 (191MPa⋅g− 1⋅cm3).
Moreover, the pictures of the bending of the natural and densi�ed straws are shown in Fig. 2. Clearly, the
natural straw can be easily broken in a relatively small bending angle (Fig. 2b), while the densi�ed straw
can be bend into a circle but not broken (Fig. 2d). This phenomenon suggests that the densi�ed straw still
possesses excellent bending toughness after chemical treatment followed by hot pressing.

Above all, a lightweight and sustainable densi�ed straw with excellent mechanical properties is
fabricated by chemical treatment combined with hot pressing. The tensile strength and speci�c strength
of the densi�ed straw are even higher than those of the commercial aluminum alloys, predicting a
promising application as a lightweight material in the �elds of automobile, construction, furniture, and
even airplane.

3.2 Effect of different processing methods on tensile
strength and modulus.
The high-performance densi�ed straw in this work was fabricated by chemical treatment combined with
hot pressing. Figure 3 shows the tensile strength and modulus of chemical treatment, cold pressing, hot
pressing, and chemical treatment combined with hot pressing on natural straw. As a comparison, the
performance of natural straw as a control experiment. The properties of natural straw are largely
improved after different treatments that signi�cantly affect the properties of tensile strength and Young’s
modulus. Obviously, chemical treatment combined with hot pressing has the greatest tensile strength and
modulus, while none of the separate methods, such as chemical treatment, cold pressing, and hot
pressing, can achieve best. These results give us a clear conclusion that the technique of chemical
treatment and hot pressing are essential steps for preparing the densi�ed straw.

3.3 The compositions and structural characterizations of
natural and densi�ed straws.
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Since the densi�ed straw had superior mechanical performance compared to the natural straw, the
compositions and structures of the densi�ed straw were characterized. Figure 4a shows the ATR-FTIR
spectra of the natural and densi�ed straws. The absorption peaks at around 1507cm− 1 and 1604cm− 1

are attributed to the aromatic ring vibrations of the lignin, and the absorption peak at around 1238cm− 1 is
attributed to the C-O-C stretching of aromatic ether linkages of the lignin(Poletto et al. 2014; Rehman et al.
2013). These three peaks at around 1238cm− 1, 1507cm− 1, and 1604cm− 1 of the densi�ed straw become
weak, which is attributed to the partial removal of lignin after chemical treatment. Besides, the peak at
1732cm− 1 of the densi�ed straw is almost disappeared, which is due to the disappearance of C = O
linkage in hemicellulose, suggesting that the hemicellulose in the natural straw is nearly removed after
chemical treatment. The peak of cellulose at 1420cm− 1 is still reserved in the densi�ed straw, and the
hydroxy groups and hydrogen bonds at 3320 cm− 1 are also preserved in the densi�ed straw. The natural
straw is mainly composed of abundant cellulose, hemicellulose, and lignin.(He et al. 2020; Kambli et al.
2017; Sirviö et al. 2017) Theoretically, lye can dissolve lignin and hemicellulose but not cellulose. Thus,
the partial lignin and hemicellulose of the natural straw can be easily removed by a mixed alkali
solution(Song et al. 2018). Finally, the cellulose can be mostly reserved in the densi�ed straw.

Moreover, the XRD pattern is used to check the crystalline cellulose of the natural and densi�ed straws in
Fig. 4b. Cellulose contains crystalline and amorphous phases connected with intra- and inter-molecular
hydrogen bonds, whereas hemicellulose and lignin are amorphous.(Nishiyama et al. 2002; Poletto et al.
2014; Reddy et al. 2005; Rehman et al. 2013; Szczęśniak et al. 2020; J. Wang et al. 2021; Ye et al. 2020)
Thus, the most preserved cellulose in the densi�ed straw plays a vital role in mechanical properties,
especially for the crystalline cellulose. (Benítez et al. 2017) The Segal method is selected to calculate the
degree of crystallinity of the natural and densi�ed straws, which assumes that the peak intensity I200 is
contributed by the crystalline cellulose and amorphous regions, while the peak intensity IAM is entirely
contributed by the amorphous regions. (Poletto et al. 2014; Rehman et al. 2013; Thygesen et al. 2005; Q.
Wang et al. 2013) Thus, the degree of crystallinity of the cellulose can be calculated as followed.

The calculated degree of crystallinity of the cellulose in the natural and densi�ed straw is 48.6% and
62.3%, respectively. Clearly, the degree of crystallinity of the densi�ed straw is greater than that of the
natural straw.

For studying the heating resistance, the TGA and DTG of the natural, modi�ed, compressed, and densi�ed
straws are shown in Fig. 4c and 4d. The reported degradation temperature of cellulose (315–400°C),
hemicellulose (220–315°C), and lignin (150–900°C) are different.(Yang et al. 2007) In Fig. 4c, the initial
degradation temperatures of the modi�ed (314.7°C) and the densi�ed (308.0°C) straws are higher than
those of the natural (287.9°C) and the compressed (288.0°C) straws. Besides, the temperatures of the
maximum degradation rate of the modi�ed and densi�ed straws are also obviously higher than those of
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the natural and compressed straws (Fig. 4d). Thus, chemical treatment using lye but not hot pressing to
the natural straw can improve the heating resistance of the modi�ed and the densi�ed straws because of
the removal of the partial lignin and hemicellulose and the reservation of the cellulose. In summary, the
structures and compositions of the densi�ed straw suggest that the chemical treatment using a mixed
alkali solution can remove the fractional lignin and hemicellulose but preserve most of the cellulose, thus
enhancing the degree of crystallinity and the heating resistance of the densi�ed straw.

3.4 The microstructures of the natural and densi�ed straws
The appearance of the natural straw and densi�ed straw is shown in Fig. 5a and 5b, respectively. For
studying the microstructures of the natural and densi�ed straws, the SEM images of the natural and
densi�ed straws in three different directions are shown in Fig. 5c-5n. In the direction of cross-section (TW
plane), plenty of holes exist on the cross-section of the natural straw (Fig. 5c and 5d). However, the holes
in the cross-section of the densi�ed straw (Fig. 5e) are collapsed, and the cell walls are tightly intertwined
with each other, leading to the formation of the complete densi�ed structures (Fig. 5f) in the enlarged
image of the densi�ed straw. In the side face, the obvious layer structure and the interstices between
layers are presented in images of the natural straw (Fig. 5g and 5h). However, the images of the densi�ed
straw show a different view. The interstices among the layers in Fig. 5i become unobservable, and lots of
micro�brils are pulled out from the bulk during peeling (Fig. 5j). These morphological changes form a
pretty densi�ed and hard-to-peel structure in the side face of the densi�ed straw. Thus, the densi�cation
of structures in the cross-section and the side face is the main reason for enhancing density and
improving the tensile strength. As mentioned above in Fig. 1, the density of the densi�ed straw increases
from 0.43 to 1.38 g cm− 3, and the tensile strength is tremendously improved more than ninefold. On the
surface perpendicular to the pressure direction, sharply aligned fabric structures are found in the images
of the densi�ed straw (Fig. 5m and 5n) compared to the loose and disordered �bers in the images of the
natural straw (Fig. 5k and 5i). The aligned cellulose �bers are also contributed to the densi�ed packing,
hence improving the mechanical properties of the densi�ed straw in a different direction (Fig. S2).
Therefore, microstructural densi�cation is the critical factor to fabricate a structure material with high-
performance from maize straw. On the one hand, a densi�ed microstructure helps increase the number of
the loading �bers per unit volume and thus obtain a highly compressed material. On the other hand, the
processing of densi�cation is an elimination of defects that makes the densi�ed straw more perfect.

3.5 The in�uence of the pressure on the mechanical
properties.
Two steps with chemical treatment and hot pressing can achieve a high-performance structural material
based on maize straw. The step of chemical treatment provides an e�cient strategy to remove the partial
lignin and hemicellulose and preserve the most cellulose, enhancing the crystalline degree and the
alignment of the cellulose �bers of the densi�ed straw. The other step, hot pressing, is a technique to
perform densi�cation. The in�uence of the pressure on the mechanical properties of the densi�ed straw
is investigated in Fig. 6. The tensile strength (Fig. 6a) and Young’s modulus (Fig. 6c) of the densi�ed
straw have the greatest values with the pressure of 8MPa. When the pressure is lower than 8MPa, it is
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insu�cient to densify and achieve high-performance; while the pressure is higher than 8MPa, the
densi�ed and aligned structures probably are slightly destroyed, leading to a bit of decline in strength and
modulus. Besides, the elongation at break of the densi�ed straw in Fig. 6b �rst increases with pressure
and then essentially levels off from 6MPa. Hence, for balancing the energy-saving and the mechanical
property, 8MPa is the optimum pressure when the temperature is 100°C for 0.5h during hot pressing.

3.6 The reinforced mechanism of the densi�ed straw.
Generally, amorphous hemicellulose and lignin are directly linked to the cellulose micro�brils.(Berglund et
al. 2020; Szczęśniak et al. 2020) The scheme of the surface microstructures of the natural straw is
shown in Fig. 7a, and the SEM image is below. The microstructures of the natural straw are loose, and
lots of small hemicelluloses and lignin patches are linked to the cellulose �bers. After chemical treatment,
the patches on the surface of the natural straw are drastically diminished via the removal of the
hemicellulose and lignin (Fig. 7b). Lastly, after hot pressing, the densi�ed straw shows a rather compact
and ordered microstructure (Fig. 7c and SEM image is below). The surface �bers of the densi�ed straw
are recognizable and crosswise arranged, and nearly no mixture of hemicellulose and lignin is found in
the SEM image. These results also verify that the two steps combined with chemical treatment and hot
pressing have eliminated the defects and reinforced the mechanical properties of the densi�ed straw.
Furthermore, the hydrogen bonds between the aligned cellulose �bers (Fig. 7d and 7e) have bridged the
neighboring cellulose �bers(Xiaoshuai Han et al. 2019), which is the reinforced mechanism of the
densi�ed straw at the molecular level for constructing a structure densi�ed straw with superstrength, high
modulus, and extraordinary elongation at break.

3.7 The Composites of PPC and the densi�ed straw.
As aforementioned, the densi�ed straw has been constructed as a structural material with high-
performance in tensile and speci�c strength, modulus, and elongation at a break. Here, the densi�ed
straw is used as a �ller to reinforce the mechanical properties of the biodegradable PPC and cut costs.
The technological process of the PPC and the densi�ed straw composite is shown in Fig. 8a, and the
mechanical properties of different samples are presented in Fig. 8b-8e. Taking PPC/densi�ed straw
(PPC/DS, 60/40wt%) composite as an example, the densi�ed straw is �rst blended with PPC in a mixer.
After compressing molding, the PPC/DS composite is obtained. The mechanical properties of the
PPC/DS composite are improved compared with the sample of the neat PPC and other composites
samples. Speci�cally, the tensile strength and Young’s modulus of the PPC/DS composite is 31.9MPa
(Fig. 8b) and 1812MPa (Fig. 8d), which is about 157.3% and 124.8% higher than that of the neat PPC,
respectively. Moreover, the speci�c strength and the density of the PPC/DS composite is considerably
improved. The densi�ed straw can be used as a reinforced �ller with PPC to fabricate a high-performance
whole biodegradable composite.

4. Conclusions
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In this work, a lightweight densi�ed maize straw with superstrength, high modulus, and toughness based
on maize straw peel is successfully fabricated by chemical treatment combined with hot pressing. The
tensile strength (598.6MPa) and elongation at break (6.3%) of the densi�ed straw are simultaneously
enhanced about 9.3 times and 2.2 times than those of natural maize straw, respectively. The Young’s
modulus (16.6GPa) of the densi�ed straw is about 5.9 times than that of the natural straw. The tensile
strength and speci�c strength (434MPa g-1 cm3) of the densi�ed straw are even higher than those of the
commercial aluminum alloys. The chemical treatment and hot pressing are essential steps for preparing
the densi�ed straw and improving the mechanical properties. The chemical treatment using a mixed
alkali solution can remove the fractional lignin and hemicellulose but preserve most of the cellulose, thus
enhancing the degree of crystallinity and the heating resistance of the densi�ed straw. The densi�cation
by hot pressing is committed to fabricating a structure material with high-performance from maize straw,
which has eliminated the defects and reinforced the mechanical properties of the densi�ed straw. The
microstructural densi�cation in the cross-section and the side face is the main reason for enhancing
density and improving the tensile strength. At the molecular level, the hydrogen bonds between the
aligned cellulose �bers have bridged the neighboring cellulose �bers, reinforcing the mechanical
properties of the densi�ed straw and constructing a structural material with superstrength, high modulus,
and extraordinary elongation at break. Lastly, the densi�ed straw is successfully used to composite with
PPC for constructing a whole biodegrade material. The mechanical properties of the composite have
been reinforced that predicts a huge prospect in automobile, construction, furniture, and even airplane
�elds. ASSOCIATED CONTENT The stress-strain curve (Fig. S1), the tensile strength, elongation at break,
and Young’s modulus perpendicular to the growth direction of the natural and densi�ed straw (Fig. S2)
are shown in SUPPORTING INFORMATION.

Declarations
Corresponding Author

*Email: wjiang@ciac.ac.cn (W. Jiang); jjin@ciac.ac.cn (J. Jin)

Declarations

Authors’ contributions J. Ge conceived and designed the experiments under the guidance of W. Jiang and
J. Jin. J. Ge and Y. Gao conducted experimental characterizations. F. Li provided the analysis and
discussion for data. The manuscript was written through the contributions of all authors. All authors have
given approval to the �nal version of the manuscript.

Funding This work is �nancially supported by Jilin Provincial Science and Technology Development
Program (20190302090GX and 20200501005GX).

Con�ict of interest The authors declare no competing �nancial interest.



Page 12/23

Ethics approval This article does not contain any studies with human paricipants or animals performed
by any of the authors.

Consent for publication Consent to publication was obtained from all individual participants included in
the study.

References
Benítez, A. J., & Walther, A. (2017) Cellulose nano�bril nanopapers and bioinspired nanocomposites: a
review to understand the mechanical property space. J Mater Chem A, 5(31), 16003-16024

Berglund, J., Mikkelsen, D., Flanagan, B. M., Dhital, S., Gaunitz, S., Henriksson, G., Lindstrom, M. E.,
Yakubov, G. E., Gidley, M. J., & Vilaplana, F. (2020) Wood hemicelluloses exert distinct biomechanical
contributions to cellulose �brillar networks. Nat Commun, 11(1), 4692

Bin, Lichen Haoyang; Cui Xihua; Jiang Wei; Chen (2017) Preparation and Properties of the Poly (propylene
carbonate) /Straw Flour Composites Compatibilized with Chlorided Poly(propylene carbonate). Chin J
Appl Chem, 37(7), 744-748

Chen, Gegu, Chen, Chaoji, Pei, Yong, He, Shuaiming, Liu, Yang, Jiang, Bo, Jiao, Miaolun, Gan, Wentao, Liu,
Dapeng, Yang, Bao, & Hu, Liangbing (2020) A strong, �ame-retardant, and thermally insulating wood
laminate. Chem Eng J, 383

Chen, S., Xu, Z., Li, X., Yu, J., Cai, M., & Jin, M. (2018) Integrated bioethanol production from mixtures of
corn and corn stover. Bioresour Technol, 258, 18-25

Chen, Ye, Ye, Ran, Li, Xiuming, & Wang, Junyu (2013) Preparation and characterization of extruded
thermoplastic zein–poly(propylene carbonate) �lm. Ind Crops Prod, 49, 81-87

Croce, S., Wei, Q., D'Imporzano, G., Dong, R., & Adani, F. (2016) Anaerobic digestion of straw and corn
stover: The effect of biological process optimization and pre-treatment on total bio-methane yield and
energy performance. Biotechnol Adv, 34(8), 1289-1304

Delgado-Aguilar, M., Vilaseca, F., Tarrés, Q., Julián, F., Mutjé, P., & Espinach, F. X. (2018) Extending the
value chain of corn agriculture by evaluating technical feasibility and the quality of the interphase of
chemo-thermomechanical �ber from corn stover reinforced polypropylene biocomposites. Composites
Part B, 137, 16-22

Du, C., Li, Y., Zong, H., Yuan, T., Yuan, W., & Jiang, Y. (2020) Production of bioethanol and xylitol from non-
detoxi�ed corn cob via a two-stage fermentation strategy. Bioresour Technol, 310, 123427

Fang, Chang-Hua, Mariotti, Nicolas, Cloutier, Alain, Koubaa, Ahmed, & Blanchet, Pierre (2011)
Densi�cation of wood veneers by compression combined with heat and steam. Eur J Wood Wood Prod,
70(1-3), 155-163



Page 13/23

Frey, M., Widner, D., Segmehl, J. S., Casdorff, K., Keplinger, T., & Burgert, I. (2018) Deligni�ed and Densi�ed
Cellulose Bulk Materials with Excellent Tensile Properties for Sustainable Engineering. ACS Appl Mater
Interfaces, 10(5), 5030-5037

Han, Xiao, Xu, Cong, Dungait, Jennifer A. J., Bol, Roland, Wang, Xiaojie, Wu, Wenliang, & Meng, Fanqiao
(2018) Straw incorporation increases crop yield and soil organic carbon sequestration but varies under
different natural conditions and farming practices in China: a system analysis. Biogeosciences, 15(7),
1933-1946

Han, Xiaoshuai, Ye, Yuhang, Lam, Frank, Pu, Junwen, & Jiang, Feng (2019) Hydrogen-bonding-induced
assembly of aligned cellulose nano�bers into ultrastrong and tough bulk materials. J Mater Chem A,
7(47), 27023-27031

He, Liang, Yang, Shibo, Chen, Dong, Peng, Lincai, Liu, Yuxin, Guan, Qingqing, & Li, Jing (2020)
Hemicellulose transportation from different tissues of corn stalk to alkaline hydrogen peroxide solution.
Cellulose, 27(8), 4255-4269

Kabir, M. M., Wang, H., Lau, K. T., & Cardona, F. (2012) Chemical treatments on plant-based natural �bre
reinforced polymer composites: An overview. Composites Part B, 43(7), 2883-2892

Kalali, Ehsan Naderi, Hu, Yixin, Wang, Xin, Song, Lei, & Xing, Weiyi (2019) Highly-aligned cellulose �bers
reinforced epoxy composites derived from bulk natural bamboo. Ind Crops Prod, 129, 434-439

Kambli, Nishant D., Mageshwaran, V., Patil, Prashant G., Saxena, Sujata, & Deshmukh, Rajendra R. (2017)
Synthesis and characterization of microcrystalline cellulose powder from corn husk �bres using bio-
chemical route. Cellulose, 24(12), 5355-5369

Ku, H., Wang, H., Pattarachaiyakoop, N., & Trada, M. (2011) A review on the tensile properties of natural
�ber reinforced polymer composites. Composites Part B, 42(4), 856-873

Li, Zhihan, Chen, Chaoji, Mi, Ruiyu, Gan, Wentao, Dai, Jiaqi, Jiao, Miaolun, Xie, Hua, Yao, Yonggang, Xiao,
Shaoliang, & Hu, Liangbing (2020) A Strong, Tough, and Scalable Structural Material from Fast‐Growing
Bamboo. Adv Mater, 32(10)

Lopez-Hidalgo, Angel Mario, Magaña, Gabriela, Rodriguez, Felicia, De Leon-Rodriguez, Antonio, &
Sanchez, Arturo (2021) Co-production of ethanol-hydrogen by genetically engineered Escherichia coli in
sustainable biore�neries for lignocellulosic ethanol production. Chem Eng J, 406

Ma, Kedong, He, Mingxiong, You, Huiyan, Pan, Liwei, Wang, Zichao, Wang, Yanwei, Hu, Guoquan, Cui,
Yubo, & Maeda, Toshinari (2018) Improvement of (R,R)-2,3-butanediol production from corn stover
hydrolysate by cell recycling continuous fermentation. Chem Eng J, 332, 361-369

Mi, R., Chen, C., Keplinger, T., Pei, Y., He, S., Liu, D., Li, J., Dai, J., Hitz, E., Yang, B., Burgert, I., & Hu, L. (2020)
Scalable aesthetic transparent wood for energy e�cient buildings. Nat Commun, 11(1), 3836



Page 14/23

Muthuraj, Rajendran, & Mekonnen, Tizazu (2018) Recent progress in carbon dioxide (CO2) as feedstock
for sustainable materials development: Co-polymers and polymer blends. Polymer, 145, 348-373

Nishiyama, Y., Langan, P., & Chanzy, H. (2002) Crystal structure and hydrogen-bonding system in cellulose
1 beta from synchrotron X-ray and neutron �ber diffraction. J Am Chem Soc, 124(31), 9074-9082

Nörnberg, Benjamin, Borchardt, Endres, Luinstra, Gerrit A., & Fromm, Jörg (2014) Wood plastic composites
from poly(propylene carbonate) and poplar wood �our – Mechanical, thermal and morphological
properties. Eur Polym J, 51, 167-176

Pan, Guan-Yu, Ma, Yu-Long, Ma, Xiao-Xia, Sun, Yong-Gang, Lv, Jun-Min, & Zhang, Jian-Li (2016) Catalytic
hydrogenation of corn stalk into polyol over Ni–W/MCM-41 catalyst. Chem Eng J, 299, 386-392

Pickering, K. L., Efendy, M. G. Aruan, & Le, T. M. (2016) A review of recent developments in natural �bre
composites and their mechanical performance. Composites Part A, 83, 98-112

Poletto, M., Ornaghi, H. L., & Zattera, A. J. (2014) Native Cellulose: Structure, Characterization and
Thermal Properties. Materials (Basel), 7(9), 6105-6119

Qi, Xiaodong, Yang, Guanghui, Jing, Mengfan, Fu, Qiang, & Chiu, Fang-Chyou (2014) Micro�brillated
cellulose-reinforced bio-based poly(propylene carbonate) with dual shape memory and self-healing
properties. J Mater Chem A, 2(47), 20393-20401

Qin, Yusheng, Sheng, Xingfeng, Liu, Shunjie, Ren, Guanjie, Wang, Xianhong, & Wang, Fosong (2015)
Recent advances in carbon dioxide based copolymers. J CO2 Util, 11, 3-9

Qu, Hao, Yin, Liangliang, Ye, Yunsheng, Li, Xiongwei, Liu, Jingwei, Feng, Yuezhan, Chang, Chen, Zhou,
Xingping, Tsai, Fangchang, & Xie, Xiaolin (2020) Bio-inspired stem-like composites based on highly
aligned SiC nanowires. Chem Eng J, 389

Reddy, Narendra, & Yang, Yiqi (2005) Structure and properties of high quality natural cellulose �bers from
cornstalks. Polymer, 46(15), 5494-5500

Rehman, Noor, de Miranda, Maria Inez G., Rosa, Simone M. L., Pimentel, Débora M., Nachtigall, Sônia M.
B., & Bica, Clara I. D. (2013) Cellulose and Nanocellulose from Maize Straw: An Insight on the Crystal
Properties. J Polym Environ

Ritchie, R. O. (2011) The con�icts between strength and toughness. Nat Mater, 10(11), 817-822

Sharma, Bhavna, Gatóo, Ana, & Ramage, Michael H. (2015) Effect of processing methods on the
mechanical properties of engineered bamboo. Constr Build Mater, 83, 95-101

Sirviö, Juho Antti, & Visanko, Miikka (2017) Anionic wood nano�bers produced from unbleached
mechanical pulp by highly e�cient chemical modi�cation. J Mater Chem A, 5(41), 21828-21835



Page 15/23

Song, J., Chen, C., Zhu, S., Zhu, M., Dai, J., Ray, U., Li, Y., Kuang, Y., Li, Y., Quispe, N., Yao, Y., Gong, A., Leiste,
U. H., Bruck, H. A., Zhu, J. Y., Vellore, A., Li, H., Minus, M. L., Jia, Z., Martini, A., Li, T., & Hu, L. (2018)
Processing bulk natural wood into a high-performance structural material. Nature, 554(7691), 224-228

Szczęśniak, Barbara, Phuriragpitikhon, Jenjira, Choma, Jerzy, & Jaroniec, Mietek (2020) Recent advances
in the development and applications of biomass-derived carbons with uniform porosity. J Mater Chem A

Tarres, Q., & Ardanuy, M. (2020) Evolution of Interfacial Shear Strength and Mean Intrinsic Single Strength
in Biobased Composites from Bio-Polyethylene and Thermo-Mechanical Pulp-Corn Stover Fibers.
Polymers (Basel), 12(6)

Thygesen, Anders, Oddershede, Jette, Lilholt, Hans, Thomsen, Anne Belinda, & Ståhl, Kenny (2005) On the
determination of crystallinity and cellulose content in plant �bres. Cellulose, 12(6), 563-576

Wang E, Cao H, Zhou Z, Wang X (2020) Biodegradable plastics from carbon dioxide: opportunities and
challenges. Sci Sin Chim, 50, 847–856

Wang, Jinwu, Wang, Lu, Gardner, Douglas J., Shaler, Stephen M., & Cai, Zhiyong (2021) Towards a
cellulose-based society: opportunities and challenges. Cellulose

Wang, Qiyang, Cai, Jie, Zhang, Lina, Xu, Min, Cheng, He, Han, Charles C., Kuga, Shigenori, Xiao, Jun, &
Xiao, Rui (2013) A bioplastic with high strength constructed from a cellulose hydrogel by changing the
aggregated structure. J Mater Chem A, 1(22)

Wang, Wei, Han, Changyu, Wang, Xianhong, Zhou, Guangbin, & Xu, Mingzhi (2020) Enhanced rheological
properties and heat resistance of poly (propylene carbonate) composites with carbon �ber. Composites
Communications, 21

Wang, X., Muller, C., Elliot, J., Mueller, N. D., Ciais, P., Jagermeyr, J., Gerber, J., Dumas, P., Wang, C., Yang, H.,
Li, L., Deryng, D., Folberth, C., Liu, W., Makowski, D., Olin, S., Pugh, T. A. M., Reddy, A., Schmid, E., Jeong, S.,
Zhou, F., & Piao, S. (2021) Global irrigation contribution to wheat and maize yield. Nat Commun, 12(1),
1235

Wang, Y. Y., Wang, X. Q., Li, Y. Q., Huang, P., Yang, B., Hu, N., & Fu, S. Y. (2021) High-Performance Bamboo
Steel Derived from Natural Bamboo. ACS Appl Mater Interfaces, 13(1), 1431-1440

Xu, Ting, Gao, Zhongshuai, Jia, Yuyu, Miao, Xiao, Zhu, Xiaotao, Lu, Jingwei, Wang, Bo, Song, Yuanming,
Ren, Guina, & Li, Xiangming (2021) Superhydrophobic corn straw as a versatile platform for oil/water
separation. Cellulose

Yang, Haiping, Yan, Rong, Chen, Hanping, Lee, Dong Ho, & Zheng, Chuguang (2007) Characteristics of
hemicellulose, cellulose and lignin pyrolysis. Fuel, 86(12-13), 1781-1788



Page 16/23

Ye, D., Rongpipi, S., Kiemle, S. N., Barnes, W. J., Chaves, A. M., Zhu, C., Norman, V. A., Liebman-Pelaez, A.,
Hexemer, A., Toney, M. F., Roberts, A. W., Anderson, C. T., Cosgrove, D. J., Gomez, E. W., & Gomez, E. D.
(2020) Preferred crystallographic orientation of cellulose in plant primary cell walls. Nat Commun, 11(1),
4720

Zabed, H., Faruq, G., Sahu, J. N., Boyce, A. N., & Ganesan, P. (2016) A comparative study on normal and
high sugary corn genotypes for evaluating enzyme consumption during dry-grind ethanol production.
Chem Eng J, 287, 691-703

Figures

Figure 1

The comparison of the tensile strength-strain curve (a), tensile strength (b), elongation at break (c),
Young’s modulus (d), speci�c strength (e), and density (f) of the natural, modi�ed, compressed, and
densi�ed straw.
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Figure 2

The bending of the natural (a-b) and densi�ed (c-d) straw strips.
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Figure 3

The tensile strength and Young’s modulus of different processing methods on natural straw.
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Figure 4

The ATR-FTIR spectra (a) and XRD pattern (b) of natural and densi�ed straw; the TGA (c) and DTG (d) of
natural, modi�ed, compressed, and densi�ed straws.
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Figure 5

The pictures of the natural straw (a) and densi�ed straw (b); the SEM pictures of the cross-section (in the
TW plane) of the natural straw (c, d) and densi�ed straw (e, f), the side face (in the TL plane) of the
natural straw (g, h) and densi�ed straw (i, j), the surface (in the LW plane) of the natural straw (k, l) and
densi�ed straw (m, n).
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Figure 6

The tensile strength (a), elongation at break (b), and Young’s modulus (c) of the samples under different
pressure at 100°C for 0.5h.

Figure 7

The changes of micro�ber arrangement of natural straw (a), modi�ed straw (b), and densi�ed straw (c)
during deligni�cation and densi�cation; the crystalline region and amorphous region of the cellulose
micro�brils (d) and hydrogen bonds between cellulose molecules (e).
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Figure 8

The process of fabricating the PPC/densi�ed straw composite (a); the comparison of the tensile strength
(b), elongation at break (c), Young’s modulus (d), and speci�c strength and density (e) of the neat PPC
and the composites of PPC/natural straw (PPC/NS), PPC/modi�ed straw (PPC/MS), PPC/compressed
straw (PPC/CS), and PPC/densi�ed straw (PPC/DS).
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