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While retaining wood morphology and characteristics, i.e., growth
rings and brown color, biological cushioning materials were
successfully fabricated by the partial removal of lignin and hemi-
cellulose from Cryptomeria japonica wood during an ionic liquid-

based sustainable chemistry approach.

Cushioning materials, viz., elastic softened materials, are widely
used for protecting fragile products in packaging and insu-
lation. Most of these materials are petroleum-derived synthetic
plastics, such as polyethylene, polypropylene polystyrene,
polyamide, and polyurethane. However, the consumption of
petroleum-based plastics leads to the accumulation of micro-
sized plastics in the environment, which degrade slowly and
have a long-term negative environmental impact.

Wood, which is recyclable and biodegrades quickly, is known
to be an eco-friendly biomaterial used for building and furni-
ture. Higher-density woods are generally preferred for
manufacturing such wood products with high strength and
hardness. But there are not many uses for lower-density woods,
like balsa wood. Regardless of the type of wood, it is difficult to
apply wood as a cushioning material, because of the irreversible
damage to the rigid cell walls in which lignin is embedded with
cellulose and hemicellulose polysaccharides. Many industrial
cushioning materials, e.g., sponge, composed of petroleum-
based plastics, have uniformly dispersed small spaces (cells)
that help shape recovery after compression. Wood naturally
builds up with a similar cell structure with hierarchical pores
with square and hexagonal cross-section-shaped fiber cells. The
natural cellular distribution of wood is advantageous for the
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Cushioning materials are widely used for protecting fragile products in
packaging and insulation. Most of these materials are petroleum-derived
synthetic plastics. The consumption of such plastics often leads to prob-
lematic micro-sized plastic accumulation in the environment. For that
reason, use of biological cushioning materials is strongly desired. One of
the choices is to use the elastic softened wood (ESW). However, the
preparation process for ESW usually requires severe conditions and
laborious synthesis steps. Our approach for ESW preparation using ionic
liquids enables processing with ease and less environmental impact.
Moreover, it looks no different from the original wood. Our work
contributes to the following UN sustainable development goals: respon-
sible consumption and production (SDG 12).

development of bio-based sponges. The use of wood as a sponge
material requires softening the cell walls of the wood so that it
can be compressed without damage at small loads.

The most common wood softening treatment is heat treat-
ment under moist conditions. Under conditions where the
wood has absorbed sufficient water, lignin and hemicellulose
soften at 80-100 °C ** and room temperature,’ respectively.

By using these features, it becomes possible to manufacture
furniture by bending* and compressing®® the wood under hot
and humid conditions without damaging it. However, wood
materials softened at high temperatures spontaneously return
to a rigid state at room temperature, making it difficult to apply
them as alternative cushioning or sponge materials. Another
well-known wood softening process, chemical delignification
treatment, can give the softness to wood at room temperature.
However, the chemicals used for the delignification treatment
of wood are potentially dangerous,”* and the treatment
processes are complicated.”*® Additionally, the warm brown
appearance of wood, which many people like, is drastically
changed to white, originating from the color of cellulose.

Herein, we describe a simple sustainable chemistry
approach with ionic liquids (ILs) for producing elastic softened
wood (ESW) that is usable as a cushioning material (Fig. 1a). ILs
are liquid salts at temperatures below 100 °C and exhibit unique
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Fig. 1 (a) Schematic illustration of the IL aqg. solution treatment
process for fabricating ESWs and (b) SEM image of the cross-section
view of the test piece prepared from C. japonica wood; (i) earlywood
and (i) latewood. (c) Enlarged SEM image of (b).

characteristics, including negligible vapor pressure, high flame
resistance, relatively high ionic conductivity, and high chemical
stability. ILs are also widely known as eco-friendly and
sustainable chemicals that can be easily recycled owing to their
negligible volatility. In the present study, we selected 1-butyl-3-
methylimidazolium acetate ((BMIM][OAc]) as an IL for the IL-
based approach, because [BMIM][OAc] can efficiently dissolve
lignocellulose, including lignin and hemicellulose, under mild
conditions'*** and be synthesized at a lower cost compared to
other commonly used ILs with fluoroanions. The dissolution of
cell walls was investigated via FT-IR analyses, and the
morphological characteristics of cells before and after
compression were observed using a scanning electron micro-
scope (SEM). The compressive strength and shape recovery after
compression of resulting ESW specimens were evaluated by
compression tests.

As the target tree, Cryptomeria japonica (C. japonica), which
has a higher density (ca. 400 kg m~®) than balsa wood (ca. 140
kg m?) and a standard wood appearance, was employed.
Fig. 1b and c show typical SEM images of C. japonica used for
the test piece. Wood, including C. japonica, is composed of
hollow tubular fiber cells (called tracheids in softwood)
arranged in a radial direction after division from cambial cells.
The wood structure of C. japonica, which is simple and consists
of three tissues, tracheids, ray parenchymas and resin cells, is
formed with a distinct growth ring boundary composed of
a dense latewood region with thick cell walls of tracheids and
a sparse earlywood region with thin cell walls of tracheids
throughout the four seasons of growth in a year. The average
oven-dried density of wood specimens used in this study was
0.37 g ecm* (370 kg m ), yielding a calculated void volume of
ca. 75%, considering that the specific gravity of the wood
substances is ca. 1.5. In other words, the maximum compres-
sion ratio can be estimated at ca. 75%.
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After applying the IL-based sustainable chemistry approach
to C. japonica, the resulting wood specimens retained the wood
characteristics, i.e., growth rings and brown color. However, the
color becomes slightly darker than the original test piece.
Fig. 2a shows a series of photographs for deformation behavior
of a typical specimen obtained by our approach during
compression-decompression with fingers. Since it was easily
deformed, we determined that ESW was obtained. Interestingly
all specimens prepared in this research easily compressed and
recovered to their original shape immediately after the release
of the compressive force. In order to clarify why ESW was ob-
tained, the investigation was carried out using spectroscopic
techniques. FT-IR spectra of the [BMIM][OAc], ESW, air-dried
control specimen, and washed ESW specimen in the wave-
number range of 900-1800 cm™" are shown in Fig. 2b. No
discernible change except the spectrum related to [BMIM][OAc]
was observed between the FT-IR spectra of ESW and the air-
dried control specimen. Interestingly, after washing ESW with
water, the FT-IR spectrum at approximately 1655 and 1725 cm ™"
relatively decreased compared to the control specimen. When
delignified wood and softened wood are produced by removing
lignin and hemicellulose chemically,”*** in the course of the
process, the reduction of the FT-IR peaks at 1670 and
1660 cm ™', which are generally attributed to the C=0 stretch-
ing vibration of the carbonyl group of lignin, is reported.'®*” The
peaks at 1736 and 1730 em™ "' indicate the C=O stretching
vibration of the acetyl group in hemicellulose.'” The peaks at
1590, 1500, and 1460 cm ™" are assigned to the aromatic skeletal
vibration of lignin, which did not change in this study, and also
decrease upon delignification.””” Results of our FT-IR
measurements strongly suggest that [BMIM][OAc]| partially
dissolves lignin and hemicellulose. Therefore, the ESW ob-
tained in this research would be formed by the partial removal
of lignin and hemicellulose from original C. japonica during the
IL-based sustainable chemistry approach.

In order to conduct a mechanical quantitative evaluation of
the resultant ESWs, we used a universal testing machine, which
displays the relationship between the compressive stress and

(a)

Compressing

Releasing

®)
"

—_[BMIM][OAC]
ESW

—Air-dried control

—Washed ESW

_Absorbance

1500 1300 1100 900

Wavenumber (cm-')

Fig.2 (a) A series of photographs for deformation behavior (from (i) to
(v)) of a typical ESW during compression with fingers. (b) FT-IR spectra
of (red) IL ([BMIM][OAC]), (yellow) an ESW specimen, (black) an air-
dried control specimen, and (blue) a washed ESW specimen.
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compression ratio. Three water-absorbed specimens and three
air-dried control specimens were also tested along with four
ESW specimens, because the woods saturated with the liquids
forming hydrogen bonds have a tendency to be softened with
reversible chemical interaction with wood components. In most
cases, the stress-strain curves of wood during compression in
the radial direction are divided into an initial linear elastic
region, a linear plateau region with a slow increase in stress,
and a densification region with an accelerated increase in
stress.’®'® As shown in Fig. 3, common shape curves were
recorded for the air-dried control and water-absorbed speci-
mens. The curves of ESW specimens, however, displayed an
extended linear plateau at low compressive stresses, rendering
the elastic region indistinguishable. The average compressive
stress at a 15% compression ratio for ESW (0.19 MPa) was ca.
5% of that recorded for the air-dried specimens (3.2 MPa) and
ca. 10% of that for the water-saturated specimens (1.7 MPa).
These compressive stress values of ESW in the radial direction
are close to those reported for softened wood prepared by
conventional chemical delignification treatments.*®

The retention data of radial length after compression tests at
a compression force of 1000 N and at 50% compression ratio are
shown in Fig. S1 (ESI).f As to the compression tests at
a compression force of 1000 N, the radial length of the air-dried
control specimens after compression is ca. 55% of that before
compression. Water-absorbed specimens show a higher reten-
tion of a radial length of ca. 80%. ESW has the highest retention
value, ca. 90%, whereas those at 50% compression ratio showed
ca. 100%. The compression ratio corresponds to the maximum
value determined from the aforementioned calculation. In fact,
the compression test condition under compression ratio over
70% caused permanent damage to ESW specimens. Evidence of
this damage was observed at high ratios in the compressive
stress-compression ratio curve (Fig. 3). Decreases in the
compressive stress curve appeared for two ESW specimens at
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Fig. 3 Relationship between compressive stress and compression
ratio during compression of (red) ESW, (blue) water-absorbed and
(black) air-dried control specimens. These specimens were
compressed at a speed of 2 mm min~* under approximately 1000 N
pressure.
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a compression ratio of approximately 66-68% due to slipping
damage between the fiber cells. Thus, the retention of radial
length of the ESW specimens at a compression ratio over 70%
was reduced to approximately 88%, as shown in Fig. S1 (ESI).t
Regarding the compression test at 50% compression ratio, as
can be seen from Fig. S1 and Movie S1 (ESI), retention was very
close to 100%.

SEM images of the prepared ESW are shown in Fig. S2 (ESI).t
The substance embedding the cell lumens is the non-volatile
[BMIM][OAc] that remains after the final drying process at
105 °C for 48 h (Fig. S2a (ESI)f). No significantly distorted
distribution of cells or morphological changes were observed
compared to the original C. japonica wood (Fig. 1b and c).
However, microcracks were observed in the latewood region
along with a growth ring boundary. Microcracking occurred due
to dissociation of the latewood cells at the compound middle
lamella owing to unexpected larger swelling of the cell walls in
aqueous [BMIM][OAc] solution as shown in Fig. S3 (ESI).T
Fig. S3a-S3c (ESI)f show SEM images of an air-dried control
specimen, an air-dried control specimen immersed in aqueous
[BMIM][OAc] solution, and the prepared ESW, respectively. And
then, the measurements of radial length for twelve cells in
latewood at the same position were also conducted. The lumens
in the tracheids in Fig. S3b (ESI)T were almost closed, and the
area of the tracheids was increased because of the swelling of
the cell walls in aqueous [BMIM][OAc] solution. The tracheids of
the ESW had excessively expanded cell walls, crushing the
lumens and leaving no distinguishable gap due to further
swelling of the cell walls (Fig. S3c (ESI)).t The swelling of several
latewood tracheids was measured in four places at each spec-
imen. The average calculated percentages of radial swelling
ratios for the air-dried control specimen immersed in aqueous
[BMIM][OAc] solution and ESW specimens, as compared to the
air-dried control specimen, increased by 8.6% and 17.4%,
respectively. All the tracheids of the ESW were significantly
swollen.

C. japonica wood composed of lamellar structure for a dense
latewood region with thick cell walls and a sparse earlywood
region is easily deformed by compressive stress in the radial
direction from the weakest point. SEM images of deformed
tracheids in the ESW specimens at compression ratios of 20%
and 50%, and unloading condition are shown in Fig. 4. The
weakest point where deformation of the cells initiated was in
the earlywood region between growth rings (Fig. 4b). When the
compression ratio reached 50%, almost all the earlywood region
was deformed (Fig. 4c). Deformation of cell shapes in latewood
or damage, such as cracks and slipping, is not recognized
during (Fig. 4c) and after (Fig. 4d) the compressive load, sup-
porting the complete shape recovery with 100% retention of
radial length after the removal of the compression force (Fig. S1
(ESI)T). SEM observation showed that thin cell walls in early-
wood could be easily deformed without damage after softening
with [BMIM][OAc].

Softened wood via delignification can be produced by
dissolution of the cell walls.”** Several ILs, including [BMIM]
[OAc] used in this research, have been reported to dissolve
certain chemical components of wood. In early studies on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of ESW: (a) before compression, under different
compression ratios of (b) 20%, (c) 50% and (d) after unloading.

dissolution of lignocellulose with ILs, Swatloski et al.*® and Pu
et al.”* demonstrated the dissolution of commercial or isolated
cellulose and lignin, respectively. Subsequently, the dissolution
of cellulose and lignin in finely divided wood shavings, such as
pine, poplar, eucalyptus, and oak,** and the variable solubility
of thermomechanical pulp from wood, ball-milled wood
powder, sawdust, and wood chips,* were confirmed. Delignifi-
cation enables the dissolution of large amounts of cell walls in
latewood, whereas dissolution by ILs involves subsequent cell
division after the extreme swelling of the cell walls.*** These
previous studies utilized optical microscopy to seek the changes
in the appearance of cells in thin sections of wood. In our study,
SEM observation of bulk wood specimens was conducted to
shed light on the small cracks dividing cells and the swelling of
the cell walls (Fig. S2 and S3 (ESI)t). But, formation of small
pores' and thinning of the cell walls®*® via delignification were
not verified on the micrometer scale although the dissolution of
wood components was confirmed by FT-IR measurements
(Fig. 2b).

Test pieces of C. japonica wood were softened using the
sustainable chemistry approach with [BMIM][OAc]. The average
radial compressive stress of ESW (0.19 MPa) was 5% of that for
air-dried control specimens (3.2 MPa). ESW specimens retained
almost 100% of their radial length after the removal of the
compressive force, if the compression ratio is less than 50%.
The FT-IR spectrum of a washed specimen of ESW showed
a minimal decrease in the intensity of peaks at approximately
1655 and 1725 cm ™' compared to that of the control specimen,
indicating the partial removal of lignin and hemicellulose.
However, the dissolution of thin cell walls, a common conse-
quence of delignification, was not confirmed after the IL-based
approach. SEM observation revealed that the initially
compressed cells were in the earlywood region. This suggests
that the thin cell walls in earlywood can easily deform without
irreversible damage, accompanied by minor mechanical soft-
ening caused by the partial dissolution of lignin and hemi-
cellulose during the [BMIM][OAc] treatment. We concluded that
C. japonica wood undergoes softening while retaining elasticity
by the IL-based sustainable chemistry approach; thus, this ESW

© 2024 The Author(s). Published by the Royal Society of Chemistry
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would be employed as an alternative to fossil-based plastic
materials for cushioning and packaging applications.
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