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ABSTRACT: Processing agricultural wastes into densified materi-
als to partially substitute wooden product production is significant
for reducing the consumption of forest resources. This work
proposes the fabrication of high-strength rice husk (RH)-based
composite materials with poly(vinyl alcohol) (PVA) via
densification by hot pressing. RH was pretreated in hot-
compressed water (HCW) prior to pulverization and blending
with PVA or PVA/glycerol (GL). The incorporation of PVA
greatly improved the strength, toughness, and waterproofness of
the composite plate, which was discussed with the help of a variety
of composite characterizations. The tensile strength, flexural
strength, and toughness of a composite of HCW-treated RH,
PVA, and GL with a mass ratio of 80:20:2 were 42, 81 MPa, and
5.9 MJ/m3, respectively. The HCW treatment and blending with PVA and GL improved those properties of the hot-pressed original
RH plate by factors of 2.5, 2.3, and 6.7, respectively, and reduced the water uptake and swelling ratio in water by 57 and 53%,
respectively, despite the hydrophilic nature of PVA and GL. Altogether, this work outlines a valuable and sustainable approach to the
efficient utilization of agricultural wastes.

1. INTRODUCTION
Biomass-based materials have received much attention due to
their sustainability against a background of increasingly serious
environmental issues. Common agricultural waste, lignocellu-
losic biomass, is often regrettably incinerated or landfilled,
resulting in not only underuse of this resource but also
environmental problems.1,2 Recently, the fabrication of boards
based on nonwoody biomass has attracted increased interest,
such as rice straw,3 wheat straw,4,5 corn stalk,6 bamboo,7 and
hemp shiv boards.8 These materials can partially replace wood-
based boards. Rice husk (RH), which is a byproduct of rice
milling, has received specific attention owing to its abundance,
around 120 million tons of which is produced annually.9

However, in view of the poor mutual adhesion of RH, the
strength and water resistance of densified RH materials are not
satisfactory, hindering its practical applications.10,11

Current industries often employ formaldehyde-based resin
as a binder to improve the mechanical performance of
lignocellulosic boards, but this has been criticized because
such materials easily release toxic formaldehyde, posing a risk
to human health.12 Consequently, different strategies have
been explored to fabricate composites with less or minimal
environmental impact.13 For instance, some biodegradable
binders are often incorporated into biomass composite to
improve strength, such as soybean protein,14 starch,15 and

polylactic acid.16 Although such binders promote the strength
of the composites, maintaining their biodegradable property, it
is necessary to improve their resistance to water and humidity.
In addition, functional biomass-based composites with general-
purpose polymers, including recycled high-density poly-
ethylene (HDPE),17,18 polypropylene (PP),19,20 and poly(vinyl
chloride) (PVC),21 not only have relatively high strength but
also contribute to the recycling of plastics. However, such
composites also encounter poor compatibility between the
biomass and polymer matrix as well as extremely difficult
biodegradation. Additional modification of biomass, or
polymer resin, is, therefore, necessary to improve the affinity
between these materials. Some mechanical and chemical
pretreatments of biomass were studied previously.22,23 The
present authors investigated hot-compressed water (HCW)
treatment of RH and demonstrated its effectiveness in
enhancing the mechanical strength of densified RH fabricated
by pulverization and hot pressing in sequence. The HCW
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greatly improved the pulverizability of RH, inducing the
appearance of a fibrous self-reinforcement material and
optimizing the ratio of the reinforcement material (≈cellulose
and silica) to the matrix (≈lignin + hemicellulose).24 Based on
previous investigations, it was believed that an appropriate type
of biodegradable polymer could act as a binder in enhancing
the above-mentioned mechanical properties of the densified
RH.
Poly(vinyl alcohol) (PVA) is a relatively cheap, biodegrad-

able thermoplastic polymer with high chemical resistance,
showing great potential in industrial applications.25,26 PVA is
also a water-soluble polymer rich in hydroxyl groups, which
can offer strong physical cross-links via hydrogen bonds with
oxygen-containing functional groups of cellulose, lignin, and
even silica in the resulting composite, enhancing its mechanical
strength.27 PVA has a Hildebrand solubility parameter much
closer to cellulose and lignin than other general-purpose
plastics, which is conducive to the miscibility of PVA and
biomass matrix in processing.28,29 For example, rubberwood
particleboard bonded with a mixture of modified starch and
PVA has greater mechanical strength and higher dimensional
stability than that with starch alone.30 Wu et al. prepared a
composite through hydrogen-bond cross-linking between lotus
fibers and PVA. The cross-links improved the mechanical
strength.31 In addition, Zhang et al. reported increases in the
tensile strength, toughness, and thermal stability of a type of
PVA film by adding lignin nanoparticles, which were dispersed
in the PVA matrix being hydrogen-bonded to the matrix.32

However, to the best of our knowledge, PVA has been barely
used as a binder in agricultural waste to fabricate green
densified materials.
In this work, PVA was incorporated into HCW-treated and

pulverized RH to fabricate densified plates through hot-press
molding, as schematically illustrated in Figure 1. The
pretreatment of RH, if it improves compatibility with PVA,
is significant. It was expected that the HCW treatment
loosened the association among cellulose, hemicellulose, lignin,
and silica of RH, inducing more frequent bonding to PVA as
well as enhancing moldability.22,33 The HCW-treated RH and
PVA were mixed homogeneously by a wet method with water
and dried and molded into plates by hot pressing. The addition
of a small amount of glycerol (GL) facilitated the
incorporation of PVA into the RH matrix.34 The effects of
PVA addition on the mechanical properties and waterproof-
ness of the plate were examined and discussed.

2. EXPERIMENTAL SECTION
2.1. Materials. RH was supplied from a farm in Ishinomaki,

Miyagi Prefecture, Japan. It was pulverized into sizes of 0.85−2
mm and used as the feedstock. PVA (Mowiol 20−98, Mw
∼125,000) was sourced from Sigma-Aldrich. Sodium hydrox-
ide, glycerol, and 95% sulfuric acid were from Fujifilm Wako
Pure Chemical Corporation and used without further
purification.
2.2. HCW Treatment of RH. The HCW treatment of RH

was described in detail in our previous paper.24 Briefly, 25 g of
RH was charged into a percolator and was extracted with
HCW at 160 °C and 5 MPa for 2 h, flowing at a rate of 30 mL/
min. After quenching, the collected solid was washed with
deionized water (electroconductivity; 18.2 MΩ) and dried in
air and then under vacuum at 50 °C for 24 h. The HCW-
treated RH prepared in this way is referred to as RHW. As a
reference, RH was also subjected to a batch-wise treatment in
an aqueous solution of 1 M NaOH at a solid/liquid ratio of 1/
20 at 25 °C for 2 h. The treated solids were washed with
deionized water and dried in the same way as above. This
alkali-treated RH is termed RHA.
2.3. Preparation of RH-Based Composites. RH, RHW,

and RHA were ground to sizes smaller than 38 μm (equivalent
to 400 mesh). The prescribed amount of PVA or PVA/GL
mixture (mass ratio; 10/1) was dissolved in 40 mL of
deionized water at 93 °C. The obtained solution was
suspended with RH, RHW, or RHA at a solid/liquid ratio of
1/10, and the suspension was stirred for 2 h at 30 °C. It was
then spread on a glass-made dish, dried at 50 °C, and ground
into powders. The compositions of RH and composites are
summarized in Table 1.
2.4. Hot-Press Molding. The powder of each material

shown in Table 1, which contained 10−15 wt % moisture, was
loaded into a cylindrical or rectangular mold and hot-pressed

Figure 1. Schematic illustration of experimental processes for preparing the densified RH composite plate.

Table 1. Mass Fractions of RH, RHW, PVA, and GL in
Blending

sample ground RH (wt %) PVA (wt %) GL (wt %)

RH 100
RH/PVA20 80 20
RHA/PVA20 80 20
RHW/PVA20 80 20
RHW/PVA20/GL2 80 20 2
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to prepare a circular plate (dimension; Φ 14 mm × ca. 4.4 mm
height) or a rectangular one (35 mm long × 10 mm width ×
ca. 3.5 mm thickness), respectively. The temperature,
mechanical pressure, and time for the hot-press molding
were 200 °C, 250 MPa (cylindrical mold) or 112 MPa
(rectangular mold), and 8 min, respectively. After cooling, the
plates were demolded and stored at an ambient temperature
and in air with a relative humidity of 50% until the moisture
content became steady at an equilibrium moisture content.
2.5. Characterization. 2.5.1. Physicochemical Property

Measurement. Materials before or after hot pressing were
characterized as mentioned below. Fourier transform infrared
spectroscopy (FTIR) spectra were acquired on a PerkinElmer
Spectrum-Two spectrometer with an attenuated total reflec-
tance accessory available over a wavenumber range of 500−
4000 cm−1. The specimens were dried prior to measurement.
Powder X-ray diffraction (XRD) patterns were taken within a
range of 5−50° on a Rigaku TTR-III applying Cu Kα
radiation. Thermogravimetric analysis (TGA) was carried out
on a Hitachi Hi-Tech Science model (STA7200) with a
heating rate of 5 °C/min and a peak temperature of 700 °C in
the flow of atmospheric air or nitrogen (purity > 99.9999 vol
%, flow rate = 300 mL/min). Differential scanning calorimetry
(DSC) was performed on a Netzsch 204 F1 model with a

heating rate of 10 °C/min over a temperature range of 30−250
°C. The chemical compositions of RH and RHW were
determined by a two-stage hydrolysis that was recommended
by the National Renewable Energy Laboratory (NREL).35 The
ash content was determined by a general combustion method
that involved mild but complete combustion in air at 575 °C
for 3 h.
Hot-pressed materials were also characterized by simple

combustion tests to evaluate fire resistance. A side of the
rectangular plate was exposed to flame from an alcohol lamp
for 30 s. The behavior of each specimen was video-recorded
(see the Supporting Information).
Fracture surfaces of hot-pressed materials (after strength

measurements) were observed by scanning electron micros-
copy (SEM) on a JEOL model of JSM-IT700HR, which was
equipped with an energy-dispersive X-ray spectrometer
(EDX). Another microscope (Keyence SEM VE-9800) was
used for observation at low magnifications.
2.5.2. Mechanical Tests. A Shimadzu EZ-L testing machine

was employed to measure the strength of circular or
rectangular plates of RH at a fixed crosshead speed of 2
mm/min according to the Japan Industrial Standard (JIS A
5908).36 Four to nine plate specimens were subjected to tests
for each material to achieve a reliable average.

Figure 2. Appearances of RH and RHW (a), chemical compositions of RH and RHW (b), and SEM micrographs of RH and RHW before (c, d)
and after (e, f) pulverization. SEM photographs of fibers of RHW (g) after blending with PVA (h) and with PVA/GL (i).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03286
ACS Omega 2022, 7, 27638−27648

27640

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03286/suppl_file/ao2c03286_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03286?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03286?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03286?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03286?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The overall tensile strength of circular plates was measured
by applying a diametrical compressive force until the fracture
of the specimen.37,38 Tensile strength (St) was obtained by St =
2F/(πdh),37 where F is the maximum applied force, d is the
diameter of the circular plate, and h is the thickness of the
circular plate. Here, the toughness can be evaluated by dividing
the fracture energy by the volume of the circular plate, while
the fracture energy was calculated by integrating the stress with
respect to strain.39,40 Three-point bending tests with a fixed
span of 32 mm were performed to determine the flexural
strength (Sf) of the rectangular plate. Sf = 3FL/(2bh2),

41 where
F is the maximum applied force, L is the length of the support
span, b is the plate width, and h is the plate thickness. The
flexural modulus was calculated from the slope of the linear
portion of the stress−strain curves.42
2.5.3. Water Uptake and Swelling. The water uptake

behavior of each material was investigated. The specimen
(circular plate) was dried at 105 °C for 24 h in an oven. Its
mass and thickness were measured. The plate was soaked in
ultrapure water at 25 °C for 24 h or longer up to 624 h,
according to JIS A 5908.36 At the end of the soaking period,
the plate was taken out of the water, and the mass and
thickness were measured immediately upon the quick removal
of surface water with tissue paper. Some materials were tested
in repeated soaking−drying cycles. Each cycle consisted of
soaking for 4 h at 25 °C and drying at 50 °C for 20 h as per the
American National Standard (ANSI/HPVA HP-1, 2004).43

The total carbon concentration (TOC) of the spent water was
measured with a TOC analyzer (Shimadzu TOC-VCPH).
The water uptake and thickness swelling ratio were

calculated by the following equations, respectively

= m m mwater uptake ( )/0 0

= d d dthickness swelling ratio ( )/0 0

m0 and m denote the mass of the plate before and after soaking,
respectively. d0 and d are the thicknesses of the plate, defined
in the same way as for m0 and m.

3. RESULTS AND DISCUSSION
3.1. Properties of RH and RHW. Figure 2a−f shows the

optical and SEM photographs of RH and RHW before and
after pulverization, together with their chemical compositions.
The HCW treatment removed the hemicellulose, lignin, and
ash (represented by silica) to degrees of removal of 66, 35, and
51%, respectively. This resulted in higher cellulose content in
RHW than in RH. The surface of RH was covered by silica-
rich bumps before pulverization. Such bumps seemed to be
partially broken by the HCW treatment. This was caused by
the removal of silica as well as hemicellulose and lignin. The
pulverization of RHW caused the formation of not only
particles with sizes smaller than 100 μm but also fibers with
length (average; ca. 180 μm) and diameter (average; ca. 12
μm), as shown in Figures 2f and S1. Such fibrous particles
hardly occurred during the pulverization of RH, while rod-
shaped particles appeared. It was believed that the appearance
of fibrous particles, in other words, macroscopic defibering,
resulted in the removal of hemicellulose and lignin that had
been associated with bundles of cellulose-rich fibers. The
alkaline treatment seemed to have significantly damaged the
fibers. As shown in Figure S2, fibrous particles were rarely
found in the pulverized RHA, which consisted mainly of

Figure 3. Mechanical properties of circular and rectangular plates. (a) Typical load−displacement curves for circular plates. (b) St and toughness of
circular plates. (c) Apparent densities of circular plates. (d) Typical flexural stress−strain curves for rectangular plates. (e) Sf and flexural modulus
of rectangular plates. (f) Comparison of Sf of RHW/PVA20 and RHW/PVA20/GL2 rectangular plates with that of reported materials.

3,19−21,47−49
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particles with sizes smaller than those of RH and RHW. Figure
2g−i shows the surface morphologies of RHW fibrous particles
before and after blending with PVA or PVA/GL. Fiber surfaces
were coated with PVA, although the coating was not
necessarily complete.
3.2. Mechanical Strength. The mechanical properties of

circular and rectangular plates of RH, RHW, and composites
were investigated. Figure 3 summarizes the results. Figure 3a
gives load−displacement relationships for circular plates. The
loads increase linearly or semilinearly with the displacement
until breakage and with similar slopes. The load at the
breakage corresponds to the St, as shown in Figure 3b. The
differences in the St among the materials were attributed
mainly to those in the displacement upon breakage, i.e., the
toughness.
It is clear that the plate strength was increased by the HCW

treatment because the HCW treatment loosened the inherent
recalcitrant structure of RH by removing the hemicellulose and
lignin almost completely and partially, respectively, thereby
inducing the occurrence of fibrous particles. The enrichment of
cellulose-rich fibrous particles could interlock and fold under
pressing and then enhance the strength by suppressing the
development of cracks.24 The remaining lignin acted as a
binder and also promoted the strength during hot pressing.
Afterward, the strength was further increased by blending with
PVA as well as PVA/GL. It was strongly suggested that
adhesion occurred between RHW and PVA via hydrogen
bonds and between RHW and lignin, which had similar
cohesive energies to PVA.44,45 It was also believed that
hydroxyl-rich PVA and GL acted as a binder and plasticizer in
PVA−RHW composites, respectively. These roles will be
discussed later.
The strength of the RH/PVA20 plate was greater than that

of RH alone but much smaller than that of RHW/PVA20. This
indicated that the HCW treatment had a positive effect on the
incorporation of PVA into the RH matrix and/or adhesion
between them. This was supported by SEM observation of the
fracture surfaces of plates, as described later.
As shown in Figure 3c, the measured density of the RHW/

PVA20 plate was clearly greater than the calculated value with
a general assumption of volume additivity. This was consistent
with not only the above-described good adhesion but also the
implication of penetration of a portion of softened PVA into
the RHW matrix. The effect of the PVA/RHW mass ratio on
the St was explored, of which results are reported in Figure S3.
Blending PVA at a mass fraction over 20 wt % caused a

decrease in strength. This was because the inherent strength of
the hot-pressed PVA was lower than that of RHW.
The St of the RHW/PVA20/GL2 plate, 42 MPa, was greater

than those of RHW and RH plates by factors of 1.4 and 2.5,
respectively. In addition, the toughness of the RHW/PVA20/
GL2 plate, 5.9 MJ/m3, was 6.7 times that of the RH plate. It
was believed that GL acted as a plasticizer in PVA, or
otherwise, PVA and RHW, enhancing adhesion between these
two materials.34,46 The effects of the GL content on St and
toughness were investigated. The result is shown in Figure S4.
Adding GL at a small fraction of up to 2−3 wt % to RHW/
PVA20 significantly improved both St and toughness, but
adding a greater fraction reduced them. The fraction of GL was
thus optimized and fixed at 2 wt %. It was also found that the
RHA/PVA20 plate had a smaller St than the RHW/PVA20
plate. This was probably because the alkaline treatment
resulted in the excess removal of lignin and silica as matrix
and reinforcing materials, respectively.
Flexural properties are significant because they are measures

for determining plate deflections and buckling loads in exterior
and interior applications.10 As shown in Figure 3d,e, the trend
of Sf followed that of St. The blending with PVA and PVA/GL
enhanced the Sf of the RHW plate (57 MPa) by up to 74 and
81 MPa, respectively. The RHW/PVA20/GL2 plate also
exhibited a superior strain upon breakage and flexural modulus
to those of the RH plate. This demonstrated improvements in
both toughness and stiffness. As seen in Figure 3f, the Sf of
RHW/PVA20 and RHW/PVA20/GL2 composites also
exceeds those of other types of composites such as medium-
density fiberboard (MDF) with 34 MPa and some
lignocellulose composites containing binders such as form-
aldehyde-based resins or blended with nonbiodegradable
plastics.
3.3. Physical and Chemical Properties. Figure 4 displays

SEM photographs of the fracture surfaces of circular plates.
The surface of the RH plate had voids and gaps between layers,
where stress concentration could occur in the lead-up to
breakage (Figure 4a). Exposure of smooth surfaces (indicated
by arrows in Figure 4b) is an indication of the poor bonding of
inherent silica-rich bumps to the matrix. The occurrence of
such voids, gaps, and bumps seemed to be suppressed by the
HCW treatment, but the surface showed signs of bumps
peeling from the matrix upon breakage, as shown in Figure 4c.
The above-mentioned observations were hardly made for
RHW/PVA20 (Figure 4d,e). Its fracture surface showed that
PVA coated RHW particles homogeneously, as indicated by

Figure 4. SEM images of fracture surfaces of circular plates: (a) RH, (b) RH/PVA20, (c) RHW, (d, e) RHW/PVA20, and (f) RHW/PVA20/GL2.
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the arrow, and then suppressed the local roughness of the
surface. The difference between RH/PVA20 and RHW/
PVA20 also demonstrated that the HCW treatment can
significantly promote the adhesion of PVA to the RH matrix.
The fracture surface of PHW/PVA20/GL2 was similar to that
of RHW/PVA20 but had fewer cracks (Figure 4f). This was
consistent with the effect of adding GL on the mechanical
properties of RHW/PVA20. According to local images of the
fracture surfaces of RHW and RHW/PVA20/GL2 (Figure S5),
the former had some spaces (gaps) between nonbonded
particles, while the latter had no such spaces. This was
consistent with the magnitude relations of St and toughness for
those two materials. SEM−energy-dispersive X-ray (SEM−
EDX) analysis confirmed the dispersion of silica particles with
sizes of up to 20 μm in the matrix (Figure S6), which positively
affected the strength of the composite.50 Fracture surfaces of
RHA/PVA20 had more voids, cracks, and local roughnesses
than RHW/PVA20. An SEM photograph is available in Figure
S2. It was expected that the alkaline treatment greatly
improved the adhesion between the matrix and PVA, but
such an improvement was supported by neither mechanical
properties nor fracture surfaces. The SEM−EDX analysis
hardly detected silica on the fracture surface, which was
expected from the removal of silica by alkaline treatment.
3.4. Physicochemical Characterizations of Hot-

Pressed RH, RHW, PVA, and Their Composites. Figure
5 presents the physical, chemical, and thermochemical
properties of the materials, which were evaluated by FTIR,
DSC, TGA, combustion tests, and XRD. Figure 5a compares
the FTIR spectra of different hot-pressed materials. The
absorption band over the range of 3000−3600 cm−1, assigned
to the O−H stretching vibration, is influenced by the strength
of hydrogen bonds between the −OH groups.51 The

absorption peaks for the hot-pressed PVA and RHW were
centered at 3290−3300 and 3340−3350 cm−1, respectively.
The peak centers for RHW/PVA20 and RHW/PVA20/GL2
were very close to that for RHW. These characteristics
suggested that the environment surrounding PVA was changed
by the blending, in other words, at least a portion of PVA
interacted with RHW via hydrogen bonds instead of strong
hydrogen bonds within PVA.52 For examining such an
interaction, the hot-pressed PVA and hot-pressed RHW were
pulverized and mixed manually at a mass ratio of 20:80
(referred to as the RHW/PVA20_mix), and the FTIR
spectrum of the mixture was measured and compared with
that of RHW/PVA20. As shown in Figure S7a, the absorption
peak of the RHW/PVA20 composite shifted slightly to the
higher wavenumber side (the region marked by a cycle showed
a greater difference), and then the migration of PVA into the
RHW matrix was confirmed.
Figure 5b compares the DCS profiles for the hot-pressed

PVA, RHW, and their composites. The PVA underwent an
endothermic peak centered at 225.0 °C, which was attributed
to melting. Such an endothermic peak appeared upon heating
of the composites but with smaller quantities of heat than
expected with an assumption of additivity of the heat quantity.
The peak temperatures for RHW/PVA20 and RHW/PVA20/
GL2, 222.5 and 219.5 °C, respectively, were lower than that for
PVA alone. This was explained by the fact that PVA was
confined in nanosized small spaces in the matrix or, otherwise,
dissolved into the matrix.53,54 A mixture of the hot-pressed
PVA and RHW (20:80 mass ratio), as a reference material, was
analyzed under the same conditions as those for the composite
(Figure S7b). It was then found that the quantities of heat
(given as the peak area) arising from the melting of PVA were
as small as 35 and 27% of that for the mixture, respectively, for

Figure 5. Physicochemical characterizations of hot-pressed PVA and prepared RHW-based composites. (a) FTIR spectra, (b) apparent specific
heat capacity measured by DSC, (c) rates of mass release upon heating in TGA, (d) video screenshots of ignition/combustion tests of wood, RH,
RHW, and RHW/PVA20 for 30 s (videos are in the Supporting Information), (e) XRD patterns, and (f) illustration of the interaction of PVA with
RHW components.
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RHW/PVA20 and RHW/PVA20/GL2. Such smaller quanti-
ties of heat were explained in the same way as above. It was
difficult to conclude whether dissolution or nanodispersion
occurred, but the PVA−RHW interaction via hydrogen bonds
was unquestionable.
The thermal stability of the hot-pressed materials was

investigated by TGA. The results are presented in Figure 5c.
The profile of the mass release rate from PVA consisted of
three peaks centered at 278, 333, and 420 °C. The first and
second peaks are assigned to the decomposition of the −OH
groups, while the third one is assigned to that of the main
chains.55 Both the first and second peaks were not detected for
the composites. This evidenced copyrolysis of PVA and RHW,
which occurred through their close contact or mixing at a
molecular level. It was also found that the temperature for the
maximum rate of mass release from RHW, Tmax, of 344 °C
shifted in the copresence of PVA and also PVA/GL to ca. 350
and 352 °C, respectively. These peaks arose mainly from the
pyrolysis of cellulose.56 In addition, Tmax of the hot-pressed
PVA/RHW, 348 °C, was lower than that of RHW/PVA20
(Figure S7c). Thus, the results indicated that the thermal
stabilities of not only PVA but also RHW were improved by
their interaction via hydrogen bonds, in particular, those
between PVA and cellulose.

Figure 5d shows the results of combustion tests of RH,
RHW, and RHW/PVA20 together with hot-pressed wood (a
Japanese cedar) as a reference. RH seemed to have the
advantage of suppressed flammability over the woody biomass,
probably due to its lower organic matter content (i.e., higher
silica content).57 The flammability of RH was reduced by
HCW treatment (i.e., to RHW conversion) due to the
extensive removal of the hemicellulose and further reduced
by blending with PVA or PVA/GL. The degrees of mass
release from RH, RHW, RHW/PVA20, and RHW/PVA20/
GL2 under an air atmosphere were compared (Figure S8). The
mass release from RHW was smaller than that from RH at
lower temperatures of 200−310 °C. The difference in the mass
release (i.e., the degree of suppression of mass release) reached
10.6 wt %. The mass release from RHW/PVA20 was initially
slightly greater than that from RHW at 200−295 °C because
the composite contained 20 wt % of PVA, which was much
more volatile than RHW. Nevertheless, the mass release from
the composite up to 300−500 °C was smaller than that from
RHW with a maximum difference of 13.2 wt %. This also
demonstrated a greater suppressed flammability of RHW/
PVA20. Considering the nearly colorless flame from the
RHW/PVA20 composite in the combustion test, it was
speculated that combustible matter was less abundant in the

Figure 6. Measurement of waterproofness of different plate samples. (a) Water uptake and swelling ratio according to the thickness for soaking in
25 °C water for 24 h. (b) Time-dependent changes in water uptake for the long-term soaking of RHW/PVA20 and RHW/PVA20/GL2 plates at 25
°C (inset is the thickness swelling of wet plates at the end of soaking and sequentially dried plates at 50 °C). (c) St of RH, RHW/PVA20, and
RHW/PVA20/GL2 plates at different states (wet plate represents the plate that has not been dried after soaking). (d) Impact of water soaking−
drying cycle tests on St of plates of RH and composites.
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volatiles from the composite and also that hydrogen bonds
between RHW and PVA led to the formation of more water
and cross-links from dehydration condensation of the −OH
groups and, thereby, smaller amounts of oligomers and
monomers from RHW and PVA. It was also noticed that the
mass release profiles for RHW/PVA20 and RHW/PVA20/
GL2 were very similar (Figure S8c), which was expected given
the combustion characteristics of those two materials. The
suppressed flammability of the composite was associated with a
relevant feature, which was flame retardancy. This was
consistent with the above-described higher thermal stabilities
of RHW/PVA20 and RHW/PVA20/GL2 than both of their
components.
Figure 5e compares XRD patterns of hot-pressed PVA,

RHW, and their composites. Diffraction peaks at 16, 22, and
34.5° for RHW-based samples are assigned to (101̅), (002),
and (040) planes of crystalline cellulose I, respectively.58,59

Semicrystalline PVA shows diffraction peaks at 19.5−20° due
to the (101̅) and (101) planes and another one at 23° assigned
to the (200) plane.60 The (101̅)/(101) peak of PVA seemed to
be suppressed in the composite, and this was an indication of
the incorporation of a portion of PVA into the RHW matrix.
Then, the diffractogram of RHW/PVA20 was compared with
the 80:20 mixture of the hot-pressed/pulverized RHW and
PVA. Its diffractogram is available together with that of RHW/
PVA20 in Figure S7d. The suppression of PVA’s (101̅) and
(101) peaks was thus confirmed.
Figure 5a−e and some figures in the Supporting Information

revealed the interaction between RHW and PVA via hydrogen
bonds in their composite and also in RHW/PVA20/GL2,
which is illustrated in Figure 5f. The above-described analytical
results also showed that a portion of PVA was incorporated
into the RHW matrix, and the incorporation was promoted by
GL as a plasticizer. The interaction and adhesion between the
PVA and the RHW matrix promoted the mechanical
performance and thermal stability of their composite. It was
believed that the other portion of PVA was dispersed in the
RHW matrix having its own nanosized phases, which
interacted with RHW at their interfaces.
3.5. Water Uptake and Swelling. From a perspective of

fiberboard performance standards, it is desired to not only
maximize the mechanical strength of plates but also minimize
their water absorptivity. The water uptake and swelling ratio in
the thickness direction of the plates were initially evaluated, as
shown in Figure 6a. The results of soaking in water for 24 h
revealed that the RHW plate had similar water uptake (∼30%)
to the RH plate. When blended with PVA, RHW absorbed less
water, 14.4%, which was roughly half of that without the
blending. The thickness swelling also followed the same trend
as the water uptake. The thickness swelling ratio of the RHW/
PVA20/GL2 plate was as small as 11%, which was superior to
the JIS A 5908 standard.36 The swelling ratio was also smaller
than that of the RH plate by a magnitude relationship of 53%.
The dimensional stability of the plate was thus improved by
the HCW treatment, blending with PVA, and the addition of
GL. The water uptake by the RHW/PVA20/GL2, 12.9%, was
even smaller than that without GL, despite its very high
hydrophilicity. This suggests that GL is associated with PVA
and RHW molecules via strong hydrogen bonds, which were
not easily dissociated by water molecules.61 Thus, GL not only
acted as a plasticizer but also suppressed water uptake. These
trends, taken together with the smallest water uptake and
swelling ratio by the PVA plate, highlight the importance of

bonding between PVA phases and RHW matrix via hydrogen
bonds for suppressing the diffusion of water molecules into the
RHW matrix. As shown in Figure 2h,i fibrous particles were
coated with PVA before hot pressing. PVA after hot pressing in
the composite could act as a diffusion barrier against water. It
was also noted that the hot pressing of PVA at 200 °C caused
dehydration condensation between the −OH groups, giving
PVA cross-links and some hydrophobicity.62 It was believed
that more extensive densification, which left a smaller volume
of interstitial spaces among primary particles in the plate,
contributed to the slowdown of the water diffusion and
penetration into the plate.
The spent water from the soaking was analyzed by TOC to

measure the extraction of organic matter during the soaking.
As shown in Figure S9a, the retention of organic carbon after
24 h of soaking was 99.98, 99.96, and 99.88% for RHW/
PVA20, PVA, and RHW/PVA20/GL2, respectively. Slightly
more extraction from RHW/PVA20/GL2 could be attributed
to GL. Figure S9b demonstrates that the present RHW/PVA
composites had smaller water uptake than some reported
materials. This characteristic is important for water resistance.
Long-term stability was assessed for the plates of RH,

RHW/PVA20, and RHW/PVA20/GL2, extending the soaking
time by up to 624 h. As shown in Figure 6b, the water uptake
by the composites increased to 28−30% and became steady at
ca. 200−300 h. At 624 h, the swelling ratios were ca. 25%,
which were roughly equivalent to those for RH and RHW after
only 24 h. This was consistent with the role PVA played as a
diffusion barrier against water, as speculated above. The
composites, after 624 h of soaking, were dried in air at 50 °C
for 20 h. The thickness of the dried plate was slightly greater
than before the soaking. The cycle of swelling in water and the
subsequent shrinkage (by drying) was irreversible. The degree
of irreversible expansion was as small as 5−6%.
It was believed from the above-mentioned irreversible

swelling−shrinkage cycle that the diffusion of water into the
plate and the resulting swelling more or less physically
deteriorated it. Then, the strengths of wet and dry plates
were measured. As seen in Figure 6c, the strengths of wet
composite plates were clearly lower than the original strengths
but were recuperated to 71−78% by the subsequent drying. It
was also confirmed that the recuperation of the composite
strength was 61−65% after 624 h of soaking and drying. On
the other hand, the strength of the RH plate decreased to only
28% of the original plate after 24 h of soaking and drying. It
was thus demonstrated that the HCW treatment and
subsequent blending with PVA were effective for not only
the strength of hot-pressed plates but also water resistance. It
was expected that the improvement of waterproofness,
together with the near-complete hemicellulose removal and
partial lignin removal, also improved mildew resistance.57,63

Plates of RH and the composites were subjected to more
severe tests with three and six cycles of soaking and drying.
Both composites experienced a loss in their strength. As shown
in Figure 6d, their strengths after six cycles were 17−25% of
their initial strengths. It thus seemed that the loss of strength
continuously decreased with cycles. It was also found that the
more water-resistant material, which was evaluated by the
water uptake and swelling ratio after 24 h of soaking,
experienced a lower rate of strength loss and a greater rate
of recuperation.
Figure S10 displays the top and fracture surfaces of the

composites before soaking, after a soaking−drying cycle, and
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after three cycles. It seemed that repeated soaking−drying
cycles caused and expanded cracks on the surface. The
occurrence of cracks, which could act as stress concentration
points, resulted in a reduction of St. Traces of structural
deterioration were found on fracture surfaces. Those after one
and three cycles had recesses, which occurred through the
peeling of particles off the matrix upon breakage to form the
surface. Physical structural deterioration was thus confirmed by
the SEM observation of composite surfaces.

4. CONCLUSIONS
The HCW-treated RH, i.e., RHW, was pulverized and blended
with PVA and fabricated into composite plates by the hot
pressing molding. PVA acted as binder filling voids/gaps in the
RHW matrix and adhered to it via hydrogen bonds. Moreover,
a portion of PVA penetrated into the RHW matrix forming
hydrogen bonds. The third component, GL, behaved as a
plasticizer during hot pressing and then was retained in the
PVA and/or the RHW matrix by hydrogen bonds. These roles
of PVA and GL were revealed by the characterization of plates
by density and analytical results from FTIR, DSC, TGA, and
XRD. The combination of HCW treatment and blending with
PVA and PVA/GL enhanced the mechanical performances of
RHW plates, improving the St and Sf of RH plates from 17 to
42 and 36 to 81 MPa, respectively, while increasing the
toughness 6.7 times. These superior mechanical performances
were associated with superior water resistance, which was
demonstrated by a smaller water uptake and thickness swelling
ratio in water, a smaller loss of St after water soaking/drying
cycles, and greater St recuperation during drying. Both PVA
and GL thus contributed to the improved water resistance,
despite their high hydrophilicities. Suppressed flammability
was another feature of the combination of HCW treatment and
blending with PVA. Hydrogen bonds between RHW and PVA
suppressed the formation of combustible volatile matter at
200−400 °C. In summary, this study demonstrated how waste
RH could be transformed into densified material with good
properties in an environmentally friendly way, which will
provide a sustainable approach for the utilization of agricultural
wastes.
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