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Development of colorless wood via two-step 
delignification involving alcoholysis 
and bleaching with maintaining natural 
hierarchical structure
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Abstract 

Lignin-free wood has been successfully developed via a two-step chemical treatment while maintaining its inherent 
hierarchical structure. The first step was alcoholysis which was conducted using ethylene glycol, and whose condi-
tion was optimized by monitoring the removal of lignin using infrared spectroscopy. The second step was bleaching 
wherein the delignification proceeded from the surface to the core of the wood block, and finally resulted in com-
plete decolorization. Although the wood block was free from lignin and hemicellulose as approximately confirmed 
by the chemical composition analysis, the 3-dimensional colorless wood block was almost unaltered, even after 
freeze–drying. Then, multidirectional observation was performed to investigate whether the natural hierarchical struc-
ture from anatomical- to nano-level was maintained. Optical microscopy, X-ray microcomputed tomography, X-ray 
diffractometry, and transmission electron microscopy demonstrated that all the stages of hierarchical structure were 
maintained. The lignin-free wood block has great potential for novel materials that are supported by a 3-dimensional 
wooden architecture. The derived lignin-free wood is also a suitable specimen that can be used to understand the 
formation and functionality of the anatomical structure and lignified cell wall.
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Introduction
Trees produce organic compounds through photosyn-
thesis and accumulate them in the body. An example is 
wood, which consists of different cell types that aid in 
mechanical support, water transportation, storage of 
nutrient sources and the synthesis of physiological active 
substances. The cell wall of wood is based on multi-layers 
that are constructed from the oriented cellulose micro-
fibrils, which directly interact with hemicellulose and 
indirectly with lignin. The highly controlled hierarchi-
cal structure signifies the remarkable mechanical prop-
erties, which facilitate the support of the huge bodies 

of tress and their millenary existence. Wood has been 
used extensively to produce a variety of products along 
the natural hierarchical structure, such as timber, pulp 
and microfibril, which have recently been referred to as 
“nanofiber”.

The preparation method used for the fabrication of 
nanofibers has been established via three approaches, 
namely mechanical processing using a grinder [1], aque-
ous counter collision [2] and a combination of chemical 
and mechanical treatments using 2,2,6,6-tetramethylpi-
peridine-1-oxyl free radical (TEMPO)-mediated oxida-
tion [3]. The special chemical used in the latter approach 
allows the regioselective conversion of C6 primary 
hydroxyls to carboxylate groups [4]. For the cellulose 
microfibril, only the molecules localized on the surface of 
the crystal were oxidized, which resulted in the formation 
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of individualized nanofibers under the influence of 
mechanical treatment [5]. Although nanofibers com-
prise low densities of 1.6 g/cm3, the tensile strengths and 
Young’s moduli of single microfibrils are approximately 
3 GPa and 140 GPa, respectively [6, 7]. Based on cellu-
lose nanofiber, mixture with a matrix component such 
as latex results in high mechanical strength [8]. Using 
microfibrillated cellulose without chemical surface modi-
fication, reinforced material using polylactic acid and 
polypropylene was successfully prepared [9, 10]. If cellu-
lose nanofibers are aligned, more high-strength materials 
are developed. However, once the cellulose microfibrils 
from terrestrial plants are individually dispersed in water, 
it becomes extremely difficult to reorient. Therefore, 
removal of the hemicellulose and lignin makes the devel-
opment of a cellulose material that comprises the natural 
wood architecture achievable.

To develop a novel material that is based on cellulose 
microfibrils and supported by the wood hierarchical 
structure, researchers have examined the removal of the 
matrix components. Yano et al. reported partial removal 
of lignin by  NaClO2 followed by NaOH treatment, and 
the high-strength wood was subsequently developed by 
impregnating the resin [10]. Optically transparent wood 
was also successfully obtained by delignification using 
 NaClO2, which was followed by the impregnation of pre-
polymerized methyl methacrylate [11]. A combination 
of delignification through boiling in an aqueous mixture 
of NaOH and  Na2SO3, with hot-pressing was achieved 
in the development of densified wood with outstand-
ing strength [12]. However, the complete removal of 
lignin is difficult and not achievable by exclusive aqueous 
processing.

To create cellulose material that can be a novel filler 
for polymer composite, the present study initially deter-
mines the chemical treatment required to prepare lignin-
free wood, while maintaining the original morphology. 
Delignification using alcohols, such as ethanol, ethyl-
ene glycol, and glycerol, has been reported to effectively 
remove the lignin from the biomass [13–15]. From the 
list of alcohols previously mentioned, ethanol is a solvent 
with a low-boiling point. The relatively higher pressure 
when a reaction occurs at high temperature poses a dan-
ger. Glycerol is a solvent with a high-boiling point, but is 
a high-viscosity liquid that is difficult to handle during 
chemical processing. On the other hand, ethylene glycol 
is a solvent with a high boiling point and whose low vis-
cosity. The alcoholysis using ethylene glycol was therefore 
optimized to the reaction temperature and  H2SO4 was 
added to increase the acid content and thus facilitate the 
efficient removal of the lignin. Acid was added as a cata-
lyst because, in its absence, the reaction is significantly 
less effective during the alcoholysis of wood [16]. In the 

second stage, the reaction times for the bleaching process 
were determined based on the decolorization of the wood 
samples and chemical analysis. To verify the preservation 
of the hierarchical structure of the wood, multiple struc-
tural assessments were conducted. X-ray microcomputed 
tomography (µCT), X-ray diffraction (XRD) analysis, and 
transmission electron microscopy (TEM) observation 
combined with TEMPO-mediated oxidation revealed the 
preservation of the woody structure from the anatomi-
cal- to nano-architecture.

Materials and methods
Sample preparation
Wood block of 10  mm (longitudinal) × 10  mm 
(radial) × 10  mm (tangential) dimensions obtained from 
Cryptomeria japonica was used throughout this study. 
For the alcoholysis, the block was immersed in the sol-
vent and annealed using a portable reactor (TVS-N2 
Type, Taiatsu Techno Corp, Japan). The solvent was 
examined by changing the ratios of ethylene glycol, water, 
and 97%  H2SO4 (Wako, Japan) at different temperatures, 
as shown in Table 1. All reactions for the alcoholysis pro-
cess were performed in 1 h. The products obtained were 
washed with distilled water. The bleaching process was 
performed according to the Wise method [17], whereby 
lignin was removed by a sodium chlorite solution at 
70 °C. The products that were obtained were washed with 
distilled water.

IR spectroscopy
Fourier transform infrared (IR) spectroscopy employ-
ing a PerkinElmer Frontier system (Waltham, MA, USA) 
with an Attenuated Total Reflection (ATR) accessory 
was used to obtain IR spectra. Dried powder samples 
or radial sections were removed from the block of wood 
using a blade placed on a reflection diamond in the ATR 
crystal in a top plate assembly. The spectra were acquired 
in the 4000–500 cm−1 range with a resolution of 4 cm−1 
and an acquisition of eight scans. The spectral pretreat-
ments were carried out using ATR correction functions 
equipped with PerkinElmer spectroscopic software pack-
ages, which was followed by normalization based on the 
top band of the fingerprint region at ~ 1000 cm−1.

Analysis of chemical components
The monosaccharides and lignin contents were esti-
mated according to the published report [18]. The wood 
samples were subjected to acid hydrolysis in a two-
stage treatment with sulfuric acid. The initial hydrolysis 
involved treatment with 72% sulfuric acid at 30 °C for 1 h. 
In contrast, the second processing was performed with 
4% sulfuric acid at 121 °C for 1 h, wherein the monosac-
charides were separated in the liquor fraction from the 
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solid components. The solid residue was weighed as the 
lignin content because the ash content in the wood of 
Cryptomeria japonica had previously been reported as 
negligible [19]. However, the acid-soluble lignin was not 
quantifiable, although traces were present in the liquor 
fraction after the two-stage acid hydrolysis. The mono-
saccharides in the liquor fraction were estimated using 
a high-performance liquid chromatography (HPLC) sys-
tem equipped with an Asahipak NH2P-50 4E column, 
an RF-AXL fluorescence detector, an autosampler, and 
a pneumatic controller (Prominence UFLC; Shimadzu 
Corp., Kyoto, Japan). Polysaccharide content was calcu-
lated from the concentration of the corresponding mono-
saccharide, using anhydrous correction factors of 0.90 for 
glucose, mannose and galactose, and a correction of 0.88 
for xylose and arabinose.

Optical microscopic observation
The specimens were gradually dehydrated with an etha-
nol series and subjected to propylene oxide as a substi-
tuting agent. The samples were then embedded in epoxy 
resin, and thin sections of approximately 1 µm thickness 
were obtained using a rotary microtome (Microm HM 

340 E, Thermo Scientific, MA, USA). Periodic acid–
Schiff (PAS) staining was carried out using a commercial 
kit (Cosmo Bio Co., Ltd., Japan). The section was oxi-
dized in a periodic acid solution for 5 min. After washing 
with water, the section was incubated in Schiff’s reagent 
for 15  min and 3  h for the untreated wood block and 
the colorless wood block, respectively. After washing in 
a sulfurous acid solution and then in distilled water, the 
stained sections were observed by the optical microscopy 
(BX61, Olympus, Tokyo, Japan).

X‑ray µCT
Untreated and colorless woods were scanned using an 
X-ray µCT system (InspeXio SMX-90CT Plus, Shimazu, 
Kyoto, Japan). The scanning resolution was set to 
0.004 mm/voxel and the machine conditions were set to 
60 kV and 40 µA.

X‑ray diffraction analysis
The radial sections were rolled along the axis in the 
L-direction to average the earlywood and latewood struc-
tural information. The X-ray fiber diffraction patterns 
were recorded by the R-AXIS RAPID system (Rigaku, 

Table 1 Alcoholysis condition and lignin content predicted from IR spectra

The values on ethylene glycol,  H2O and 97%  H2SO4 indicate a weight ratio in reaction solvent

The value on lignin content shows the average and standard deviation calculated from 3 samples

Sample no. Ethylene glycol H2O 97%  H2SO4 Temperature (°C) Lignin content 
predicted by IR 
spectra (%)

0 – – – – 35.9 ± 1.99

1 0 100 0 180 35.7 ± 3.63

2 90 5 5 150 33.8 ± 1.36

3 95 2.5 2.5 140 22.6 ± 2.29

4 95 2.5 2.5 150 19.3 ± 1.54

5 95 2.5 2.5 160 26.7 ± 2.86

6 95 2.5 2.5 170 49.6 ± 4.51

7 95 2.5 2.5 180 24.3 ± 3.51

8 95 0 5 180 46.6 ± 1.65

9 96 0 4 180 45.2 ± 2.01

10 98 1 1 150 22.1 ± 5.47

11 99 0.5 0.5 110 35.5 ± 2.69

12 99 0.5 0.5 120 27.0 ± 2.90

13 99 0.5 0.5 130 22.8 ± 2.21

14 99 0.5 0.5 140 18.0 ± 3.43

15 99 0.5 0.5 150 16.2 ± 5.93

16 99 0.5 0.5 160 16.4 ± 3.26

17 99 0.5 0.5 170 16.4 ± 4.46

18 99 0.5 0.5 180 16.3 ± 4.06

19 99 1 0 150 32.6 ± 1.19

20 100 0 0 150 26.8 ± 1.91

21 100 0 0 180 45.8 ± 1.88
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Tokyo, Japan), which was equipped with an imaging plate 
using the graphite-monochromatized Cu-Kα radiation 
(λ = 0.15,418  nm) from an X-ray generator operated at 
50 kV and 250 mA. The camera length between the sam-
ple and the imaging plate was 127.4 mm.

X-ray diffractograms were collected in reflection mode 
with Cu-Kα radiation (λ = 0.15418 nm), which was gen-
erated from an UltraX-18HF diffractometer (Rigaku, 
Tokyo, Japan) operated at 40 kV and 300 mA.

TEMPO‑mediated oxidation
The colorless wood block was oxidized by the TEMPO/
NaBr/NaClO system by dosing with 10  mmol/g NaClO 
in water at pH 10 under room temperature conditions. 
To reduce the C6-aldehydes and C2/C3 ketones to alco-
hols that were partially produced during TEMPO-oxi-
dization, the sample that was obtained was subjected to 
 NaBH4 in water at the pH of 10 for 3 h; this was aimed at 
reducing these functional groups to hydroxyl groups [20]. 
The product was repeatedly washed in distilled water on 
a nylon filter and then disintegrated in water for 1 min by 
employing a double-cylinder-type homogenizer (Hisco-
tron; Microtec, Chiba, Japan).

TEM observation
The suspension liquid with cellulose microfibrils was 
applied to a copper grid with carbon film support (Oken-
shoji, Tokyo, Japan). After negative staining with 2% 
uranyl acetate, TEM observation was performed by a 
JEM-1400 Plus TEM (JEOL, Tokyo, Japan) at 80 kV.

Results and discussion
The wood was sequentially subjected to two steps: alco-
holysis and bleaching, to facilitate the removal of lignin 
and hemicellulose with maintaining wood morphology 
and its natural architecture (Fig. 1a, b).

Optimization of alcoholysis
To optimize the alcoholysis, various conditions that 
involve changing the ratio of ethylene glycol and 97% 
 H2SO4, were examined as shown in Table  1. The alco-
holysis samples were evaluated by IR spectroscopy and 
their lignin contents were estimated from IR spectra 
using a reported calibration model [21]. Figure  2 shows 
representative IR spectra before and after alcoholysis 
with changes in the solvent. Although a wood block was 
treated in the liquid mixture of ethylene glycol and water 
at 150  °C, the resulting spectrum was almost unaltered, 
when compared to that of the untreated sample (Fig. 2a, 
b). In contrast, when the wood was subjected to ethylene 
glycol containing acid at the same temperature, the lignin 
was effectively removed as the intensity of the band at 
1508  cm−1 that was ascribed to the aromatic skeletal 
vibration (Fig.  2c). However, a higher concentration of 
acid in the reaction liquid at higher temperatures resulted 
in carbonization, which resulted in a destructive change 
in the fingerprint region at the 1200–800  cm−1 range 
(Fig.  2d). In addition, IR absorbance around 3400  cm−1 
assigned to the OH stretching vibration became broader 
and shifted to a higher wavenumber. This indicated that 
the crystalline structure of cellulose was decomposed 
during the harsh alcoholysis. Therefore, it was essential 
to determine a suitable solvent and reaction tempera-
ture. From the chemically treated samples presented in 
Table  1, the solvent mixture in a ratio of 99:0.5:0.5 cor-
responding to ethylene glycol:water:97%  H2SO4 could 
effectively remove the lignin. To determine the optimum 
reaction temperature, the lignin content of wood samples 
after alcoholysis in the corresponding solvent was moni-
tored at an elevated temperature. Figure  3 shows that 
lignin content decreased at higher temperatures until 
150 °C; however, it remained unchanged at temperatures 

Fig. 1 a Schematic representation of model illustrating the objective 
to wholly delignify from wood while maintaining the anatomical and 
cell wall structure as well as the microfibril orientation and cellulose 
crystalline structure. b Method used to develop colorless wood via 
two-step processing involving alcoholysis and bleaching

Fig. 2 IR spectra obtained from the radial face of wood block before 
and after alcoholysis. a–d correspond to Samples 0, 19, 15 and 8 in 
Table 1, respectively
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exceeding 160 °C. As a result, the solvent mixture in the 
99:0.5:0.5 ratio at 150 °C was determined as the optimum 
condition for lignin removal and was used throughout 
this study. The weight of the wood block after alcoholysis 
under the optimum condition was measured, and yielded 
57.6% that of the original block.

Treatment under high acid concentration as in Sample 
8 or high-temperature processing as in Sample No. 21 
resulted in increased relative lignin contents. This may 
have been because these critical treatments preferentially 
degrade polysaccharides rather than removing lignin. In 
addition, carbonization was partially carried out, which 
increased the IR band at 1508 cm−1 ascribed to benzoic 
skeletal vibration.

Preparation of colorless wood by bleaching
Figure  4 shows the wood blocks that were subjected to 
repetitive bleaching treatment. When the bleaching 
treatment was repeated 4 times, the surface of the wood 
became colorless, while the core parts remained their 
color after alcoholysis. On further repetition of bleaching 
for 8 times, the wood achieved a white coloration, even 
in the innermost parts. Figure 5 is a control experiment 
with bleaching treatment 4 times and 8 times without 
alcoholysis. With increasing bleaching treatment, the 
wood was decolorized from the surface to the core. How-
ever, even after bleaching 8 times, the yellow color was 
still perceptible in the core, which indicates that alcoho-
lysis was essential for obtaining the colorless block.

Table  2 presents the chemical composition analysis 
before and after the optimized alcoholysis was performed 
with or without bleaching for 8 times. After alcoholysis, 
the amount of lignin that was determined by the weight 
of solid residue after two-staged acid hydrolyses was 
decreased to half of the initial content, and hemicellulose 

Fig. 3 Lignin content monitored by IR spectroscopy with increasing 
temperature during alcoholysis. The plots correspond to Samples 
11–18 in Table 1. The error bars indicate the standard deviation 
calculated from 3 samples

Fig. 4 Wood blocks (a) after alcoholysis, (b) bleaching 4 times and (c) 
bleaching 8 times. d–f The wood blocks corresponding to (a–c) those 
were longitudinally cut along the radial direction to observe the inner 
region

Fig. 5 Wood blocks (a) before bleaching, (b) after bleaching 4 times 
and (c) after bleaching 8 times without alcoholysis. d–f Wood blocks 
corresponding to (a–c) those were longitudinally cut along the radial 
direction to observe the inner region
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was also effectively removed, which potentially increased 
the permeability of the bleaching liquid into the inner cell 
wall components. After repetitive bleaching, lignin was 
completely removed from the wood. In addition, xylose 
and mannose—the main components of hemicellulose 
in softwood—were less than 2%, which indicated that 
a combination of optimized alcoholysis and bleaching 
treatment can form colorless wood that is primarily con-
structed of cellulose.

Assessment of woody hierarchical structure
Although the colorless wood was successfully fabricated 
by the two-step chemical treatment, a confirmation 
was required regarding its natural hierarchical struc-
ture. At first, the dimensional stability was evaluated in 
wet and dry conditions as shown in Table  3. Under the 
never-dried conditions, the 3 dimensions were unaltered. 
When the colorless wood was freeze–dried, the size was 
unchanged or slightly shorter at the radial and tangential 
direction. Given the constancy in the L direction before 
and after drying, the isotropic contraction seems to have 
been provided by the anatomical structure involving the 
tracheid arrangement.

Next, anatomical and cell structures were observed by 
optical microscopy combined with PAS staining that is 
sensitive to polysaccharides, especially in hemicellulose 
in the woody cell wall. The colorless wood mostly con-
sisted of cellulose without hemicellulose, and therefore a 
incubation was performed of a section from the colorless 
wood in the Schiff’s reagent over a long time to visualize 
anatomical structure (Fig.  6a, b). Although the staining 
color was light, the cell arrangement of tracheids, as well 
as the radial parenchyma cells and resin cells, was main-
tained. Furthermore, X-ray CT was employed to obtain a 

3-dimensional reconstruction image. Figure 6c, d shows 
the 3-dimensional structures from the untreated and 
colorless wood, respectively. In the radial and tangential 
faces of the colorless wood, the arrangement of the trac-
heids was clearly visible. In the cross-section, the growth 
ring could be observed, wherein the arrangement of the 
cells from earlywood to latewood was preserved.

To investigate whether the microfibril orientation 
was stored in the cell wall, an X-ray fiber diffracto-
gram was recorded from the radial section, which 
was rolled along the L-axis to determine the average 

Table 2 Chemical component analysis of the wood before and after 2 step chemical treatment

Concentration (mg/100 mg)

Glucan Xylan Arabinan Mannan Galactan Lignin

Untreated wood 38.3 5.1 0.8 7.3 1.7 33.8

After alcoholysis 65.1 1.4 0.0 1.6 0.2 13.8

Colorless wood 86.8 1.1 0.0 0.9 0.2 0.0

Table 3 Size durability of untreated and colorless wood

The value on size durability shows the average and standard deviation calculated from 3 samples

Wet condition (mm) Dry condition (mm)

L R T L R T

Untreated wood n. d. n. d. n. d. 9.99 ± 0.05 10.10 ± 0.02 10.10 ± 0.18

Colorless wood 10.11 ± 0.05 10.52 ± 0.18 10.35 ± 0.08 10.07 ± 0.08 9.83 ± 0.28 9.87 ± 0.07

Fig. 6 a, b Optical microscopic images after PAS staining, and c, d 
3-dimensional X-ray µCT images. a, c are obtained from untreated 
wood while b and d are from the colorless wood, respectively
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structural information of earlywood and latewood 
(Fig.  7). If microfibrils were randomly accumulated in 
the cell wall, diffraction would follow a multi-circular 
pattern in a concentric fashion. Similar to the images 
in Fig. 7a that were obtained from the untreated sam-
ple, 2-dimensional diffraction images from the colorless 
wood present a typical pattern of cellulose fiber diffrac-
togram as shown in Fig. 7b [22]. Microfibril angles were 
estimated from an X-ray fiber diffractogram by an azi-
muthal distribution plot that was calculated from (200) 
reflections, as shown in Table 4. In reference to the pub-
lished report where the microfibril angle was measured 
using X-ray diffraction analysis [23, 24], an approximate 
value of 3 degrees in the untreated wood of C. japonica 
seemed to be small. This may have been because it was 
ascribed from the  S2 layer of latewood involving a rela-
tively smaller microfibril angle. The microfibril angle of 
colorless wood was similar to that of untreated wood, 

thus indicating that microfibril orientation in the cell 
wall was maintained even after the respective processes 
of alcoholysis and bleaching treatment.

Figure 7c, d is the wide-angle X-ray diffractograms in 
the 10°–30° range. These show similar patterns, which 
indicate that the colorless wood maintains a natural cel-
lulose crystalline structure. As shown in Table 4, crys-
talline indices were calculated from the area ratio of the 
crystal/(crystal + amorphous) by peak separation from 
X-ray diffractograms. The crystalline index of colorless 
wood was clearly higher than that of untreated wood. 
In addition, the full-width at half-maximum at a peak 
of (200) that can be applied to assess the relative crys-
tallinity was estimated. The value obtained from the 
colorless wood is smaller than that of the untreated 
wood, which was consistent with the values of the crys-
talline index. These analyses suggested that the removal 
of matrix components improves the orientation of the 
cellulose microfibril; thereby increasing the relative 
crystallinity.

Last, in the microstructural stage, morphological 
assessment of cellulose microfibril was carried out. 
We utilized the TEMPO-mediated oxidation tech-
nique to visualize microfibrils by TEM observation. 
Figure  8 clearly presents microfibrils whose width is 
4.03 ± 0.68 nm, corresponding to the microfibril width 
of higher plants. In addition, colorless wood that is 
chemically treated to remove most of the matrix com-
ponents had microfibrils with longer fiber lengths. It is 
well-known that microfibrils generated by terrestrial 
plants including cotton are easily shortened by acid 
hydrolysis [25, 26]. Therefore, the optimized alcoholysis 
required for the colorless wood was a moderate treat-
ment of its cellulose microfibrils.

Fig. 7 a, b X-ray diffraction patterns, and c, d X-ray diffractograms. a, 
c are obtained from the untreated wood while b and d are from the 
colorless wood, respectively

Table 4 Microfibril angle, crystalline index and  full-width 
at half-maximum of untreated and colorless wood

Microfibril 
angle (º)

Crystallinity 
index

Full‑width at half‑
maximum of (200) 
(º)

Untreated wood 3.22 0.56 3.18

Colorless wood 3.54 0.63 2.50
Fig. 8 Transmission electron microscopy image for TEMPO-oxidized 
cellulose microfibrils prepared from the colorless wood
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Conclusion
The two-step chemical treatments of alcoholysis coupled 
with bleaching successfully developed the colorless wood. 
The block mostly consisted of cellulose, which maintained 
its inherent architecture from macro- to micro-structure; 
all stages of its structure were confirmed by multidirec-
tional observation. Lignin-free wood that possesses a 
natural structure has significant potential as a novel bio-
degradable material. This is because the functional resin 
polymer matrix was embedded, thus expressing the novel 
character that is supported by the woody architecture. In 
addition, this is a promising specimen that will promote 
research and investigation on how and why lignin and 
hemicellulose are organized in the cell wall; consequently, 
the research study will be directed at investigating mechan-
ical properties such as compression strength depending on 
lignin deposition combined with the biological diversity of 
the anatomical structure.
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