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Transparent Wood Prepared by Polymer Impregnation of
Rubber Wood (Hevea brasiliensis Muell. Arg)

Daran Yue,>* Guohua Fu,® and Zhiyang Jin ¢

Transparent wood (TW), a new type of composite material with good
optical transmittance and excellent mechanical properties, has attracted
great interest in recent years. In this study, a hydrogen peroxide strategy
was used on rubber wood (Hevea brasiliensis Muell. Arg) to eliminate
lignin and hemicellulose. Subsequently, delignified wood was combined
with each of three impregnants of refractive index similar to that of
cellulose to obtain transparent wood (TW). Impregnation with polyvinyl-
pyrrolidone (PVP), polyvinyl alcohol (PVOH), and methyl methacrylate
(MMA)) resulted in transparent woods, which were named PVP-DRW,
PVOH-DRW, and PMMA-DRW, respectively. The micromorphologies,
chemical compositions, thermal stabilities, chemical functional groups,
optical transmittance, and mechanical properties of the raw RW and of
each processed sample were characterized. The results showed that the
optical transmittance of PVOH-DRW (76.6%, A = 600 nm, d=0.70 mm) was
similar to that of PVP-DRW (73.4%, A = 600 nm, d = 0.74 mm) and higher
than that of PMMA-DRW (64.6%, A = 600 nm, d = 0.73 mm), but PMMA-
DRW had a higher mechanical strength (fracture strength of 230.14 MPa).
Therefore, the preparation of transparent wood with RW as the substrate
is expected to be a potential material candidate for high-strength
composites.
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INTRODUCTION

With the emergence of global climate change and energy depletion in the 21
century, new, environmentally friendly materials in a variety of fields have attracted
widespread attention (Habibi et al. 2010; Li et al. 2016; Zhu et al. 2016a). As one of the
earliest materials used by human beings, wood has been widely used in the fields of
architecture, furniture, heating, and decoration for millennia (Li et al. 2018b; Li et al.
2020). With its degradation, high bulk modulus, low toxicity, and low thermal
conductivity, wood has been widely utilized in the fields of bionic intelligence, clean
energy, and bioengineering (Li et al. 2016). Transparent wood (TW), a new wood
derivative, has become a research hotspot because of its high transmittance, low thermal
conductivity, low density, and high toughness (Li et al. 2016, 2018a). Diverse wood
species such as balsa, birch, pine, and basswood have been used as raw materials to prepare
TW.

Rubber wood is the main trunk of Hevea brasiliensis Muell. Arg, also known as the
arbor or big tree, within the family Euphorbiaceae (Jiang et al. 2020). Rubber wood is the
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by-product of rubber production and processing. Because of the periodicity of rubber
production, the economic life of rubber wood is usually 25 to 30 years (Tuerxun et al.
2019). It is one of the most versatile light hardwoods. Rubber wood is widely used in
furniture manufacturing, interior decoration, and combustion heat production. To broaden
the applications of rubber wood, researchers have explored its use in preparation of wood-
plastic composites and nanocellulose (He et al. 2019).

TW is a new type of biomass composite material which has been decolorized and
rendered transparent, while still showing excellent mechanical properties (Cai et al. 2020).
Since the first report of transparent wood in 1992, much research has been undertaken
regarding the preparation and functionalization of transparent wood (Fink 1992; Li et al.
2018a; Mi et al. 2020). In TW, fiber cells are arranged naturally along the growth direction,
forming an interconnected network structure wall structure that is composed mainly of
cellulose, hemicellulose, and lignin, along with other trace components (Moon et al. 2011;
Zhu et al. 2014; Burgert et al. 2015). Due to the occurrence of lignin, tannin, pigment, and
other light-absorbing substances in wood, wood usually appears brown (Li et al. 2016; Zhu
et al. 2016Db).

Chemical treatment of wood to remove lignin or chemicals in the lignin
chromogenic group effectively reduces light absorption. The main decolorization methods
include the chlorite method, sulfite method, and lignin retention method. The delignified
wood is composed of hollow fibers forming a mesoporous structure. Finished TW is
formed by filling with a material matching the refractive index of cellulose. Common
impregnated polymers include polyvinylpyrrolidone (PVP) (Zhu et al. 2016c),
polymethylmethacrylate (PMMA) (Li et al. 2016), epoxy resin (EP) (Zhu et al. 2016b),
and polyvinyl alcohol (PVOH) (Mi et al. 2020). Because of its high transmittance, high
haze, and excellent mechanical properties, TW has been widely used in energy-saving
building materials, electronic devices, solar panels, etc. (Montanari et al. 2019).

In this study, hydrogen peroxide was used to remove lignin, and three types of TW
were prepared by impregnation with PVP, PVOH, and PMMA. Through the
characterization of micromorphology, chemical structure, thermal stability, optical
properties, and mechanical properties, differences among the three kinds of TW were
revealed, and it was found that transparent wood prepared by PMMA impregnation of RW
has high mechanical properties. It provides a basis for the application of RW in high-
strength materials.

EXPERIMENTAL

Materials

Rubber wood was obtained from Danzhou City, Hainan, China. The sample
dimension was 30x15 mm, with a thickness of 0.5 mm. All the wood chips were along the
plane direction. Potassium hydroxide, glacial acetic acid, hydrogen peroxide, absolute
ethanol, methyl methacrylate, and other chemicals were of analytical grade and used
without further purification. 2,2°-Azobis (isobutyronitrile) was provided by the Fuchen
Chemical Reagent Co., Ltd. (Tianjin, China). Polyvinylpyrrolidone (PVP) and polyvinyl
alcohol (PVOH-210, Mw ~67000) were purchased from Aladdin Reagent Co., Ltd. (Shang
Hai, China). Methyl methacrylate (MMA) was supplied by Macklin Biochemical Co., Ltd.
(Shang Hai, China).
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Experimental Methods
Delignification

Lignin was removed as reported previously (Frey et al. 2018). RW chips were
mixed with a 20 wt% KOH solution in a RW/KOH solid-to-liquid ratio of 1g:4g and stirred
for 2 h (hours) at 100 °C. Then the sample was washed with distilled water. 2 g of the
sample was treated in 100 mL of a solution of H202 and H-Ac (volume ratio 1:1) at 100 °C
for 4 h. After chemical treatment, the wood chips turned white. The obtained sample
(named DRW) was washed thoroughly and then freeze-dried.

Preparation of PVP transparent rubber wood

PVP transparent rubber wood was prepared as described by Zhu et al. (2016b).
Polyvinylpyrrolidone was dispersed in ethanol to prepare a 15% dispersion. DRW was
added to a culture dish containing an appropriate PVP solution. The height reached by the
solution in the dish was 15 to 20 times the thickness of the wood sample. The DRW/PVP
system was held at an ambient vacuum for 10 min at room temperature. The impregnation
process was repeated several times to ensure complete immersion. Finally, the DRW
sample was treated at 60 °C for 24 h to obtain TW (PVP-DRW).

Preparation of PVOH transparent rubber wood

The powdered polymer was dissolved in distilled water at a 10 wt.% concentration
at 60 °C to prepare the PVOH solution (Mi et al. 2020). The DRW was added to a culture
dish containing PVVOH solution, and the height reached by the solution in the dish was 15
to 20 times the thickness of the wood chip. The wood chip was then degassed and infiltrated
at 900 Pa. This process was repeated many times to ensure the full infiltration of the wood.
Finally, it was transferred to the oven and dried at 60 °C for 24 h. The transparent wood
obtained was named PVOH-DRW.

Preparation of PMMA transparent rubber wood

MMA was prepolymerized at 75 °C for 15 min with 0.3% AIBN as the initiator.
The preparation was quickly cooled to room temperature under ice bath conditions. The
DRW was immersed in the prepolymer solution for infiltration. Infiltration for 10 min
under a vacuum at room temperature was repeated many times until the sample was fully
infiltrated. Finally, the fully infiltrated sample was placed between two glass slides,
wrapped in aluminum foil, and then polymerized at 70 °C for 4 h (Li et al. 2016). The
sample obtained was labeled PMMA-DRW.

Chemical Composition

The chemical components of the samples before and after lignin removal were
determined in accordance with the standards of the Technical Association of Pulp and
Paper Industry (TAPPI). The content of acid-insoluble lignin in each sample was
determined by TAPPI T222 om-1102 (2011). Holocellulose, hemicellulose, and a-
cellulose content were determined by TAPPI T 19 m-54 (2011), TAPPI T223 cm-10
(2010), and T429 cm-10 (2010).

Microscopic Morphology

The microscopic morphology of each sample was characterized using a scanning
electron microscope (SEM; SUB8010, Hitachi, Tokyo, Japan). Each cross-section was
prepared by liquid nitrogen cooling fracturing. All samples were treated with gold spray.
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Fourier-transform Infrared Spectroscopy

The infrared spectra were recorded on a Magna-IR 560 E.S.P. instrument (Nicolet,
Madison, WI, USA). The scanning range was 400 to 4000 cm™, and the resolution was 4
cm L,

Thermogravimetry

The thermal stability of each sample was studied using a TG209F1 instrument
(Netzsch, Shanghai, China). Each thermal stability measurement was acquired over a
temperature range of 30 to 700 °C at a rate of 10 °C/min under nitrogen atmosphere.

Optical Transmittance
The transmittance of each sample at various wavelengths was measured by an
ultraviolet-visible spectrophotometer over a wavelength range from 300 to 800 nm.

Mechanical Performance

Tensile tests were carried out on each sample using a wood universal testing
machine (100KN/AG-A10T, Daojin, Japan). The stretching speed was 2 mm/min. All the
samples were placed at 50% humidity for 24 h at a temperature of 20 °C. Each sample was
cut into a strip (5 mmx30 mm) for testing.

RESULTS AND DISCUSSION

Chemical Composition Analysis

Table 1 shows the contents of each component before and after chemical treatment.
Due to the presence of light-absorbing substances such as lignin, tannins, and pigments, as
well as differences in refractive index among wood components, natural wood was opaque.
Figure la shows that the RW was yellowish-brown. Hydrogen peroxide was used to
remove light-absorbing substances such as lignin. After delignification, the shape of the
wood chip was retained, but its color became white (Fig. 1d). Figure 1b-e shows that after
delignification, the cell wall became thinner, and the structure became looser. To further
demonstrate the detachment of lignin, the chemical components of RW and DRW were
analyzed. As shown in Table 1, the lignin content decreased from 15.87% to 0.89%, while
the relative contents of holocellulose and a-cellulose increased. Clearly, lignin was
removed by chemical treatment.

Table 1. Chemical Components of RW and DRW

Sample Holocellulose (%) | Lignin (%) | Hemicellulose (%) a-cellulose (%)
RW 77.38 15.87 21.51 50.71
DRW 92.63 0.89 15.46 62.43

Delignified wood was opaque due to light-scattering between the wood’s internal
structure and the air. The refractive index of the cell wall of delignified wood was 1.53. To
reduce the scattering of light through the delignified wood, the wood voids were filled with
various polymers of refractive index matching that of delignified wood. The refractive
indices of PVP (n = 1.53), PVOH (n = 1.53 to 1.54), and PMMA (n = 1.50) are similar to
that of delignified wood (Li et al. 2018a). Three kinds of transparent wood were prepared
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via impregnation of delignified wood with these three polymers (Fig. 2a-c). Figures 2d-f
clearly show that the polymer and DRW were successfully compounded. Despite the good
adhesion of polymers and fiber cells in most areas, interface debonding did occur in some
areas, and a small number of voids were apparent. This interface debonding may be
attributed to the low interface compatibility between polymers and wood.

DRW

Fourier-transform Infrared Analysis

The FTIR spectra (Fig. 3) show changes in the chemical structure of samples. These
changes were observed in the RW spectral band at 3340 cm™ (O-H stretching), 2921 cm™
(C-H stretching), 1740 cm™ (C=0O stretching in hemicellulose), 1510 cm™* (C=C
stretching), and 1430 cm™* (-CH2 bending) (Wu et al. 2019; Zhang et al. 2019). After
chemical treatment, the peak at 1510 cm™ indicated the removal of lignin, which was
consistent with the chemical composition analysis. In PVP-DRW, the appearance of the
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characteristic peaks at 2952 cm™* (C-H stretching), 1650 cm™* ( C=0 stretching), 1425 cm™*
(C=C stretching), and 1290 cm™ (C-N stretching) indicated that PVP successfully
combined with DRW (Voronova et al. 2018). In PVOH-DRW, the characteristic peak at
3290 cm ! was attributed to the stretching vibration of O-H. The characteristic peak at 1730
cm ! was assigned to the stretching vibration of the polyvinyl acetate group. The 1374 cm™
and 1095 cm™ peaks corresponded to the stretching vibrations of CH-OH and C-O,
respectively (Abou Taleb et al. 2009). In PMMA-DRW, the characteristic peaks at 2996
cm ! and 2950 cm™ were attributed to C-H stretching vibrations, while the 1740 cm™
peaks were designated as a C=0 stretching vibration. Then, the saturated C-H bending
vibration was attributed at 1440 cm™. The 1190 cm™ and 1140 cm™ peaks were derived
from C-O vibration (Jiang et al. 2013; Wu et al. 2019).
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Fig. 3. FTIR spectra of RW, DRW, PVP-DRW, PVOH-DRW, and PMMA-DRW

Thermal Stability

The thermogravimetric analysis is shown in Fig. 4. RW and DRW showed a slight
mass loss below 150 °C, caused by loss of the absorbed water in the sample. The first
pyrolysis in wood is that of hemicellulose (180 to 350 °C), followed by the degradations
of cellulose (275 to 350 °C). Lignin showed better thermal stability (250 to 500 °C) than
cellulose or hemicellulose due to its higher molecular weight and crosslinking degree (Kim
et al. 2006; Poletto et al. 2012). RW was no exception. The second degradation stage of
RW occurred due to the decomposition of hemicellulose, cellulose, and lignin, and the
maximum degradation rate was observed at 336 °C. The delignified DRW samples showed
a higher pyrolysis rate. At 375 °C, the pyrolysis rate for DRW reached its maximum
(22.38%/min), which was approximately 2.7 times that of RW (8.30%/min). There was a
slight mass loss of PVP-DRW at 100 °C, related to the evaporation of water. The small
peak at 360 °C was due to the degradation of cellulose, and the maximum decomposition
rate at 435 °C was caused by the degradation of PVVP (Bianco et al. 2003). The thermal
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stability of PVP-DRW was improved after PVP impregnation. The PVOH-DRW
degradation diagram makes clear that the degradation around 320 °C was caused by the
breakage of the PVOH side group and the degradation of cellulose, and the P\VOH skeleton
decomposition near 434 °C (Voronova et al. 2015). During the thermal degradation of
PMMA-DRW, the thermal degradation occurring below 300 °C was caused by the
cleavage of the C-C bond at the end of the PMMA chain. The maximum pyrolysis rate
reached at 380 °C was due to the degradation of cellulose and the irregular breakage of C-
C bonds in the PMMA backbone (Montanari et al. 2019; Kim et al. 2020).
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Fig. 4. (a) TG and (b) DTG curves of RW, DRW, PVP-DRW, PVOH-DRW, and PMMA-DRW

Optical Properties

The optical properties of each sample were evaluated by recording the
transmittance of the sample in the visible wavelength range (300 to 800 nm). Figure 5
shows that the transmittance of RW with a thickness of 0.5 mm is 4.3% at 600 nm, which
is due to the presence of lignin and other light-absorbing substances in natural wood.
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Fig. 5. Optical transmittance of RW, DRW, PVP-DRW, PVOH-DRW, and PMMA-DRW

However, after the removal of lignin, the transmittance of RW grows to 11.8% and
its thickness becomes 0.82 mm. This phenomenon was due to the removal of lignin and
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light-absorbing substances, which makes the tissue structure of wood chips more sparse,
and the presence of mesoporous structure in the DRW, which caused the incident light to
scatter on the hollow interface. The DRW was filled with a polymer matching the refractive
index of DRW (n = 1.53): PVP (n = 1.53), PVOH (n = 1.54), or PMMA (n = 1.50). The
transmittances of PVP-DRW, PVOH-DRW, and PMMA-DRW at 4 = 600 nm were
obtained after polymer infiltration of 73.4% (d = 0.74 mm), 76.6% (d = 0.70 mm), and
64.6% ( d = 0.73 mm), respectively. All three types of transparent wood exhibited good
transmittance, with PVP-DRW and PVOH-DRW having higher transmittance, which may
be attributed to their refractive indices being more compatible with the wood. In contrast,
the lower transparency of PMMA-DRW may be due to a lack of interfacial compatibility
present in PMMA and DRW, which is consistent with the results of morphology analysis.

Mechanical Properties

The mechanical properties of the samples were characterized with a universal
material testing machine (Fig. 6). In transparent wood, the composition, structure, and
volume fraction of the matrix and reinforing materials have a strong influence on its
mechanical properties (Jungstedt et al. 2020). Compared with RW (fracture strength of
40.22 MPa, elastic modulus of 5.91 GPa and p= 0.68 g/cm?®), the tensile strength and

modulus of DRW obtained by delignification were 6.44 MPa and 0.81 GPa, respectively.
Then, the DRW density changed to 0.32 g/cm?. This is due to increase in cell wall micro-
nanostructures after lignin removal and the lack of inter-nanofiber strong load transfer
mechanical. However, the tensile strength of TW obtained by impregnation of various
polymers was greatly improved. PMMA-DRW showed the best mechanical properties
(fracture strength of 230.14 MPa, modulus of 12.31 GPa and v=19%), higher than those
of PVP-DRW (fracture strength of 96.79 MPa, modulus of 7.03 GPa and vi= 22%) or
PVOH-DRW (fracture strength of 164.32 MPa and modulus of 11.08 GPa and vi = 25%)
and about 5.7 times those of RW. Compared with other species of TW, PMMA-DRW
demonstrated higher strength (Fig. 6b), which may be attributed to the high density of the
RW substrate, resulting in a good synergy between PMMA and DRW templates. (L.i et al.
2016; Yaddanapudi et al. 2017; Lang et al. 2018). The mechanical properties of all three
types of wood were improved by the delignification-impregnation process.
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CONCLUSIONS

1. For the first time, three kinds of transparent wood (PVP-DRW, PVOH-DRW, and
PMMA-DRW) were successfully prepared using rubber wood as the substrate. The
optical transmittances of PVP-DRW, PVOH-DRW, and PMMA-DRW at a wavelength
of 600 nm were 73.4%, 76.6%, and 64.6%, respectively. Scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectrometry, and thermogravimetric (TG)
analysis results further confirmed the successful preparation of transparent wood and
performance differences among the three transparent woods (TWSs).

2. Impregnation of the delignified wood with each of the three polymers greatly improved
the tensile strength of the wood, with PMMA-DRW (230.14 MPa) exhibiting a tensile
strength of 5.7 times that of the original rubber wood (RW). TW made from RW had
better mechanical properties than TW made from other species, which may be due to
the hard texture and higher density of RW.

3. The observed excellent mechanical properties make RW a promising material with
great prospects for smart buildings, aerospace, clean energy, etc.
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