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ABSTRACT: To reveal morphological changes in bamboo constituents induced by delignification and hemicelluloses removal processes,
changes in chemical composition and dynamics were examined at molecular- to nano-scales, using scanning electron microscopy
images, attenuated total reflection infrared spectra, solid state nuclear magnetic resonance spectra, and relaxation time analysis at
multiple hierarchical levels. Boiling removed spherical particles from the parenchymal cells of bamboo, leaving the cells containing
water that had infiltrated into the nanostructure composed of carbohydrates and lignin. Treatment of the boiled bamboo with
NaClO, solution removed most of lignin, leaving hemicellulose chains that made the parenchymal cells stretch. In contrast, treatment
of the boiled bamboo with NaOH solution removed both hemicellulose and lignin, with the result that parenchymal cells shrank in
the cross-section direction. Furthermore, treatment of the delignified bamboo with NaOH solution demolished the parenchymal cells
due to complete removal of hemicellulose and lignin. A nanostructural model proposed on the basis of molecular- to nano-scale
analyses was consistent with the changes of vascular bundles and parenchymal cells. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014,

131, 40243.
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INTRODUCTION

Vegetation materials are the most easily available bioresources
and their utilization and application have actively expanded
into not only the fabrication of materials themselves but also
into manufacturing composite materials with other compo-
nents."?
used because it is easily obtained and processed; thus, it has
been used in handicrafts since ancient times. In addition to this

Among vegetation materials, bamboo is commonly

classical fabrication of bamboo products, recent developments
in wood science have focused on utilizing bamboo as raw mate-
rials for various industries. Bamboo pulp is a well-known raw
material and has been modified with chemicals such as acetic
acid® and formic acid.* Appropriate chemical modification of
bamboo can also provide each of its constituents: polysachar-
ide,’ cellulose,® hemicellulose,” and lignin.8

A number of interesting applications of bamboo pulps and
bamboo fibers used as a base component for manufacturing
composite materials have been published. Natural rubber com-
posites were prepared from bamboo cellulose nanofibers and
nanowhiskers and their diffusion, sorption, and permeation
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properties were examined.” Bamboo charcoal/polyoxometalate
nanocomposites were prepared as biological protective materi-
als.'” Bamboo fibers have also featured as constituents of com-
posite materials with a biodegradable unit; for instance,
bamboo fibers improved the mechanical properties of poly(lac-
tic acid).!" Hybrid biocomposites consisting of poly(lactic acid)/
bamboo fiber/talc were prepared and their heat distortion were
examined, focusing on crystallinity.'> Furthermore, molding
materials based on bamboo composites were produced, such as
plastic composite panels’® and wood-ceramics made from epoxy
resin.'"* To better advance these recent developments in bamboo
composites, convenient analytical methods for bamboo are
urgently required.

Solid state nuclear magnetic resonance (NMR) is a useful ana-
Iytical method in a wide range of industrial fields because prep-
aration and recovery of samples is easy. Thanks to advances in
electronic devices and measurement technologies, solid state
NMR has expanded its range of application to wood products'
and food science.'® Since the 1990s, bamboo has become a new
subject for solid state NMR studies: for changes of chemical
composition with growth of immature bamboo'” and internodal
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growth of bamboo'® using '>C cross polarization and magic
angle spinning (CP-MAS) NMR. The recent use of solid state
NMR heralds a new molecular level approach to the use of
bamboo in materials manufacture. For example, structural
changes of bamboo after hydrolysis with formic acid were stud-
ied with >C CP-MAS NMR and X-ray diffaction.” In a study of
bioethanol production from bamboo, *C CP-MAS NMR gave
useful information on the cellulose rich fraction.'”” To study
crystalline allomorphs, cellulose acetate derived from bamboo
was analyzed by '>C CP-MAS NMR together with Fourier trans-
fer infrared (FTIR) and X-ray diffraction.”® Solid state *C
CP-MAS NMR also revealed differences in the morphological
characteristics of bamboo fibers from other natural cellulose
fibers.!

On the other hand, we have been studying not only the func-
tionalization of bamboo for manufacturing applications but also
new analytical methods for bamboo used as a starting material
for new functional products. For example, we reported the rela-
tionship between thermal-softening properties and deformation,
appearing after heating and cooling of load-carrying bamboo.**
Meanwhile, as a new analytical method for biomass polymers,
we have studied solid state NMR analysis of poly(lactic acid) as
follows. The correlation between polymer composition and
mechanical properties was analyzed using '>C MAS NMR spec-
tra and magnetic relaxation times.”> Additionally, as examples
of composites of biomass polymer and inorganic fillers, poly
(lactic acid)/clay nanocomposites were analyzed using '*C
CP-MAS NMR together with X-ray diffraction, scanning elec-
tron microscopy (SEM), and TEM.** Based on our knowledge
of the chemical composition and properties of biomass poly-
mers provided by solid-state NMR, we have been studying
improvements in instrumental analyses for bamboo manufactur-
ing processes. Here, we focus on several processes that separate
the components of bamboo, using multiscale instrumental anal-
yses using solid state NMR and attenuated total reflection
infrared (ATR-IR) as molecular- to nano-scale spectroscopic
analyses as well as SEM for micron-scale morphological
analysis.

EXPERIMENTAL

Materials

Microcrystalline cellulose powder (average particle size 20 um)
purchased from Aldrich was used a standard material. Standard
high-purity cellulose fibers (average particle size 50 um) were
purchased from Scientific Polymer Products. Xylan from Oat
spelt was purchased from Nacalai Tesque. Xylan from beech-
wood was purchased from Sigma Life Science. Lignin (Alkaline)
and Lignin (Dealkaline) were purchased from Tokyo Chemical
Industries. The completely lignified bamboo chosen in this arti-
cle was Moso bamboo (Phyllostachys pubescens Mazel) that was
more than 3 years old from the Aichi prefecture of Japan. Fibers
that were about 1-mm thick from the same internodes were
used as bamboo specimens. A pretreatment to remove compo-
nents consisted of boiling in water for 8 h. Afterward, delignifi-
cation was performed with a 4% NaClO, solution according to
the Klaudiz method.”® Removal of hemicellulose was performed
by the addition of dilute NaOH solution followed by heating at
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120°C.*> Specimens that had been both delignified and had
hemicellulose removed were also prepared by a reaction of the
delignified bamboo with dilute NaOH solution.

Scanning Electron Microscopy

SEM images were recorded with a JEOL JSM-5600ED (Tokyo,
Japan) at an acceleration voltage of 3—20 kV. The specimen was
sliced along the longitudinal section and was coated by gold-
sputtering in a vacuum using an ULVAC QUICK COATER
VPS-020 (Chichibu, Japan). Low magnification SEM images
(100-250X) were obtained from specimens cut by dissection
scissors and high magnification SEM images (1000-3000X)
were taken from specimens whose surfaces were first smoothed
by a microtome and then fixed with an adhesive.

Infrared Spectroscopy

FTIR spectra were measured on a Thermo Scientific Nicolet
6700 FTIR spectrometer (Waltham, MA) with 4 cm ! resolu-
tion and 32 scans in the range 550-4000 cm '. The ATR
method was applied for the data collection using a Thermo Sci-
entific SMART iTR single reflection diamond ATR attachment
(Waltham, MA) at ambient temperature.

NMR Measurements

The solid state NMR spectra were measured on a Varian 400
NMR system spectrometer (Palo Alto, CA) over a temperature
range of 22°C to 28°C. The 'H MAS NMR spectra (399.86
MHz) were measured with a Varian 1.6 mm FastMAS probe
with a 36 kHz sample spinning (0.2 sec acquisition period; 1.2
psec /2 pulse for the "H nuclei; 3.0 sec recycle delay). The
13C MAS NMR spectra (100.56 MHz) were measured with a
Varian 4 mm double-resonance T3 solid probe with a 15 kHz
sample spinning and were collected with 40 msec acquisition
period and an 86 kHz 'H decoupling radio frequency with a
small phase incremental alteration decoupling pulse
sequence.”® The CP-MAS NMR spectra were measured with a
5.0 sec recycle delay using a ramped-amplitude pulse
sequence’’ with a 2 msec contact time and a 2.6 usec 7/2 pulse
for the "H nuclei. The amplitude of the 'H nuclei was ramped
down linearly from 92.6% of its final value during the cross
polarization contact time. Single '’C pulse measurements used
a 4.8 psec m/2 pulse for the '>C nuclei and are represented in
this article by DD-MAS (dipolar decoupling and magic angle
spinning) NMR with a 60 sec recycle delay. Pulse saturation
transfer and magic angle spinning (PST-MAS) NMR was
measured with a 4.8 usec /2 pulse for the '*C nuclei with a 5
sec recycle delay after saturation of "H nuclei with five consec-
utive 2.6 usec pulses and a 27.5 usec delay.

Nuclear Magnetic Relaxation Time Analysis

The 'H spin-lattice relaxation time in the laboratory frame
(T\H) was indirectly measured via the detection of the 3¢
resonance and enhanced by the cross-polarization applied after
a 7 pulse to the 'H nuclei with the inversion recovery method.
The "C spin-lattice relaxation time in the laboratory frame
(T;C) was measured with the conventional Torchia’s pulse

28
sequence.

The relaxation time analyses were performed
with the same solid state probe with the same contact time and

acquisition period used for the *C CP-MAS NMR spectrum.
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(i) Three-yearss0ld Nisse bambgo:(iro Ghickeiess) magnification SEM image of the delignified specimen [Figure
(The same internodes, continuous fiber direction) 2(iii)] compared with the boiled one, the cross section of the
parenchymal cell was not flat, but showed a stretched shape at
high magnification [Figure 2(iii’)]. On the other hand, the hem-
icellulose removal process caused more significant changes in
the parenchymal cell. The low magnification SEM image [Figure
2(iv)] showed that the volume of the parenchymal cell was
reduced and the proportion of the vascular bundle in the cross-

Boiling up in water for 8 h

(ii) Boiled bamboo (8.06% weight loss)

4% NaClO, solution 0.4% NaOH solution
(corresponding to 120°C,4 h
the Klaudiz method)
(iii) Delignified bamboo (iv) Hemicellulose removed bamboo
(26.9% weight loss) (15.1% weight loss)
0.4% NaOH solution
120°C,4 h

(v) Lignin/hemicellulose removed bamboo
(70.4% weight loss)

Figure 1. Scheme for chemical treatments of bamboo.

RESULTS AND DISCUSSION

Morphological Analysis of Bamboo due to Delignification
and Hemicellulose Removal Processes

Figure 1 gives an outline of the chemical treatments used in
delignification and hemicellulose removal processes. At first, a
bamboo specimen (i) was boiled in water to remove water-
soluble low molecular weight inclusions. Although an 8.06%
weight loss occurred for the boiled specimen (ii), little changes
in the specimen shape were observable by the naked eye during
the boiling process. Next, this boiled specimen was taken and
used the delignification and hemicellulose removal processes:
treatment with a 4% NaClO, solution decolorized the bamboo
specimen with a 26.9% weight loss in the delignification process
(iii), while treatment with a 0.4% NaOH solution led to a
twisted bamboo specimen with a 15.1% weight loss in the hem-
icellulose removal process (iv). The decolorized specimen
delignified by a NaClO, solution was further treated with 0.4%
NaOH solution to produce white small pieces with a 70.4%
weight loss (v).

Morphological changes due to the delignification and hemicel-
lulose removal processes were investigated in more detail by
SEM. At first, we examined changes in cross-sectional images
of bamboos during the chemical modifications, as shown in
Figure 2. At low magnification, the cross-section shape of the
untreated bamboo featured several vascular bundles dispersed in
parenchymal cells [Figure 2(i)]. A considerable number of
spherical particles could be observed in the parenchymal cells of
the untreated bamboo at high magnification [Figure 2(i’)].
While the low magnification SEM image of the boiled speci- : B et ;
mens indicated that the bore sizes of parenchymal cells were (v) Lignin/hemicellulose (v*) Lignin/hemicellulose
somewhat increased [Figure 2(ii)] compared with untreated removed (x100) removed (x800)

ones, the high magnification image showed that the spherical  Figure 2. Scanning electron micrographs of bamboo cross sections of

(iv) Hemicellulose
removed (x100)

Pt 3
5 R

g ‘."‘-

particles in the parenchymal cell had been completely removed  denatured bamboos. [Color figure can be viewed in the online issue,
[Figure 2(ii")]. Although little changes were apparent in the low  which is available at wileyonlinelibrary.com.]
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(iv) Hemicellulose
removed (x250)

(iv’) Hemicellulose

removed (x3000)

gap inside the
cular bundles

(v) Lignin/hemicellulose
removed (x250)

Figure 3. Scanning electron micrographs of lengthwise bamboo sections

(v?) Lignin/hemicellulose
removed (x3000)

of denatured bamboos. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

section shape increased. This volume reduction of the parenchy-
mal cell was confirmed by the compression of the parenchymal
cell in the high magnification SEM image [Figure 2(iv’)]. Fur-
thermore, many parts of parenchymal cells were lost and
showed a hollow structure in the lignin/hemicellulose removed
specimen [Figure 2(v)] and the remaining parenchymal cells
were both stretched and shrunken [Figure 2(v')].
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Next, we investigated changes in the lengthwise sections of bam-
boos after the chemical modifications, as shown in Figure 3. In
both low and high magnification SEM images, there were no
obvious differences between untreated [Figure 3(i,i")] and boiled
[Figure 3(ii,ii’)] specimens: one can see vascular bundles as nar-
row parallel lines and parenchymal cells as relatively broad fea-
tures in low magnification images, and thin lines appear over
the vascular bundle in the high magnification images. In the
delignified specimens, the ends of lengthwise-section and some
parenchymal cells appeared deformed in the low magnification
SEM image [Figure 3(iii)]. Interestingly, microfibrils were pres-
ent over the vascular bundles of the delignified specimens in
the high magnification SEM image [Figure 3(iii’)]. Meanwhile,
in the specimen which had undergone hemicellulose removal,
some parenchymal cells detached in fragments, resulting in the
formation of gaps between vascular bundles [Figure 3(iv)].
Although thin leafs exfoliated from the surface of the vascular
bundle of the hemicellulose-removed specimen, the existence of
microfibrils was obscured [Figure 3(iv’)]. The fragmentation of
the parenchymal cell and the gaps between the vascular bundles
were more conspicuous in the lignin/hemicellulose removal
specimen [Figure 3(v)]: the parenchymal cells became detached
flat sheets and the vascular bundles were torn to several thin
bundles. Although microfibrils over the vascular bundle
remained to a certain degree, gaps inside the vascular bundles
were also observed at high magnification [Figure 3(v')].

ATR-IR Spectra Changes of Bamboo due to Delignification
and Hemicellulose Removal Processes

In order to investigate the morphological changes in relation to
the chemical nature of the bamboo components, ATR-IR spectra
were recorded for various extents of removal in each removal
process. Vibrational assignment of characteristic bands for bam-
boo was based on previous literature.?*° Figure 4(A) shows
changes in the ATR-IR spectra of bamboo produced by the boil-
ing and delignification processes, with a magnified view
between 1000 and 1800 cm ™' shown in Figure 4(B). Significant
bands unchanged by the removal processes appeared at 3100—
3500, 28002950, and 980-1080 cm ™' [Figure 4(A)], which
were assigned as O—H stretch, C—H stretch, and C—O bond
vibrations, respectively. Spectral changes due to the boiling pro-
cess [Figure 4(B), line (ii)] were limited to very small changes
in peak shapes, although the SEM image indicated the removal
of spherical particles from the parenchymal cell. In contrast, the
delignification process significantly influenced the ATR-IR spec-
tra, especially in the range from 1800 to 1100 cm™'. Even for a
low degree of delignification, a rapid decrease appeared in the
1450-1470 and 1490-1530 cm ™' peaks [Figure 4(B), line (iii)],
assigned as asymmetric C—H bending from OCHj; and aro-
matic skeletal vibrations, respectively. The overlapped peaks of
aromatic skeletal vibration and C=O stretch appeared at 1570—
1620 cm ™', and they gradually changed during the delignifica-
tion process. The vibration at 1700-1750 cm™ ', which was
assigned the C=O stretch and C=O valence vibration bands,
also gradually reduced in the course of the delignification pro-
cess. In the case of the most delignified specimen [Figure 4(B),
line (v)], the peak due to the C=O bond [arrow (1)] still
remained, although asymmetric C—H bending bands from
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A — (i) Untreated
(ii) Boiled (8.06% weight loss)
—— (iii) Delignified (16.1% weight loss)
(1v) Delignified (22.3% weight loss)
— (v) Delignified (26.9% weight loss)
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Figure 4. ATR-IR spectra changes of bamboo in boiling and delignification processes (A: in full range; B: in the range from 1800 to 1100 cm™"). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

OCHj3; (2) and aromatic skeletal vibrations (3) had almost dis-
appeared, as indicated by upward pointing arrows. The spectral
changes noted above indicated that the aromatic ring containing
OCHj; was removed at an early stage of the delignification pro-
cess, and then the remaining C=O group started to be
removed. Namely, delignification first occurred at the ester
bond between lignin and hemicellulose, and then monolignol
units were removed by the decomposition of the three-
dimensional lignin network. The C=0O group associated with
the hemicellulose unit was still in place after the delignification
process.

Figure 5(A) shows changes in the ATR-IR spectra of bamboo
produced by the hemicellulose removal and lignin/hemicellulo-
ses removal processes, with a magnified view between 1000 and
1800 cm ™~ ' shown in Figure 5(B). For the specimen with a low
degree of hemicellulose removal [Figure 5(B), line (ii)], a rapid
decrease in the C=O stretch peak at 1700-1750 cm™' was
observed. The hemicellulose removal process led to gradual
changes in the 1450-1470 cm™ ' (C—H deformation),
1410-1430 ecm™ ' (CH, scissoring), 1350-1390 cm ! (C—H
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deformation), and 1300-1350 cm~! (O—H, CH, rocking)
bands, which were all assigned to sugar chains. Interestingly, the
characteristic bands of lignin [the asymmetric C—H bending
from OCHj: 1450-1470 cm ™! [arrow (1)]; the aromatic skeletal
vibration: 1490-1530 (2); and 1570-1620 c¢cm™' (3)] also
decreased with the degree of hemicellulose removal, as indicated
by upward pointing arrows. The relative tendency of bands to
reduce during hemicellulose removal indicated that the first
attack occurred at the ester bond to remove hemicellulose
together with the C=0O group and that lignin decomposition
accompanied higher degrees of hemicellulose removal [Figure
5(B), line (iii)].

Relatively large peaks in the 1190-1300 cm™  region were pro-
duced by the overlap of several peaks originating from cellulose,
hemicellulose, and lignin. These vibrations also changed in char-
acteristic ways in the removal processes as follows. In the deligni-
fication process, the overlapped peaks changed into a bimodal
pattern at 1190-1220 and 1230-1290 cm ™' [Figure 4(B), lines
(iii-v)], which were assigned to O—H in-plane bending and
C—H bending in carbohydrates, respectively. In the hemicellulose

1
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A (1) Boiled (8.06% weight loss)

—— (i) Hemicellulose removed (10.6% weight loss)

— (iii) Hemicellulose removed (11.2% weight loss)

— (iv) Lignin/hemicellulose removed (70.4% weight loss)
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— (v) Delignified (26.9% weight loss)
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Figure 5. ATR-IR spectra changes of bamboo in hemicellulose removal and lignin/hemicellulose removal processes (A: in full range; B: in the range from

1800 to 1100 cm™"). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

removal process, C—C, C—0, and C=O0 vibrations decreased at
the same time; thus, the intensity in the 1190-1300 cm ™' region
[arrow (4)] reduced as a single peak [Figure 5(B), lines (ii) and
(iii)]. In the lignin/hemicellulose removal process [Figure 5(B),
line (iv)], the intensity in the 1190-1300 cm” ! region substan-
tially reduced to show a clearer bimodal vibration pattern because
the C=O0 stretch vibration completely disappeared and the inten-
sity of the O—H in-plane bending and C—H bending vibrations
in hemicellulose remained at a low level. In the ATR-IR spectra of
the lignin/hemicellulose-removed specimen, not only the aro-
matic vibrations of lignin but also the C=0 vibrations completely
disappeared to significantly reduce the overall peak intensity of
the spectra.

'"H MAS NMR and ">C CP-MAS NMR of Untreated Bamboo
and Standard Materials

As described earlier, SEM is a powerful tool to examine the
morphology over a region larger than 1 pum, and ATR-IR is a
suitable method to determine chemical functionalities in the
vicinity of the surface. Considering that the ATR-IR spectra
could not detect the removal of spherical particles seen in the
SEM image, the ATR-IR method was not suitable for examining
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the chemical composition and bulk structures of the bamboo.
Hence, we applied the solid state NMR method to further ana-
lyze chemical removal processes for bamboo focusing on 'H
and "C nuclei with several pulse sequences. To help in making
signal assignments for bamboo, spectra of the following stand-
ard materials were also measured: cellulose fibers (average parti-
cle size: 50 pum) and cellulose powder (average particle size:
20 pum); xylan of oat spelt and xylan of beech wood as a typical
hemicellulose sample; alkaline lignin and dealkaline lignin.

Figure 6(A) shows '"H MAS NMR spectra of bamboo specimens
resulting from the chemical treatment, compared with those of
the standard materials taken as components of bamboo. Peaks
appearing around 5 ppm were assigned as free water and
became a standard of mobility in the components that consti-
tuted bamboo in its natural form. That is, the free water in cel-
lulose and xylan from oat spelt showed a sharp peak shape
[Figure 6(A), lines (vi-viii)] and had relatively high mobility,
while the free water in xylan from beech wood and lignin
showed a broad peak shape [Figure 6(A), lines (ix—xi)] and had
lower mobility. Because of the presence of broad free water
peaks, the mobility of the free water in bamboos was lower
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Figure 6. "H MAS NMR spectra of denatured bamboos and standard materials (A: in a normal condition; B: in a dry condition). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. °C MAS NMR spectra of denatured bamboos and standard materials (A: CP-MAS pulse sequence; B: DD-MAS pulse sequence with back-
ground correction; C: PST-MAS pulse sequence with background correction). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

regardless of the chemical modifications, as shown in
Figure 6(A), lines (i-v). The free water was easily removed by a
nitrogen gas purge at 80°C. Figure 6(B) shows 'H MAS NMR
spectra of the standard materials and the bamboo specimens in
a dry condition. Cellulose and xylan showed very broad peaks,
which consisted of overlapped proton signals of hydrocarbon
and hydroxyl groups [Figure 6(B), lines (vi-ix)]. Lignin had a
broad biphasic peak consisting of aromatic protons in addition
to the signals of hydrocarbon and hydroxyl groups [Figure 6(B),
lines (x—xi)]. In all the bamboo specimens [Figure 6(B), lines
(i-v)], the aromatic proton signal was very small, even in mate-
rial that had not been delignified.

As shown above, chemical modification of bamboos produced
only small changes in the '"H MAS NMR spectra. Accordingly,
changes in '?C CP-MAS NMR spectra were examined for each
removal process in order to separate the signal of each compo-
nent. Assignments of '>’C CP-MAS NMR signals for the compo-
nents can be found in a previous publication.”® Figure 7(A)
shows '?C CP-MAS NMR spectra of the bamboo specimens
[Figure 7(A), lines (i-v)], compared with the spectra of the
standard materials [Figure 7(A), lines (vi—xi)] consisting of
bamboo. The C CP-MAS NMR spectrum of the untreated
bamboo [Figure 7(A), line (i)] was assigned to each component
as follows. Major ">C peaks in the spectra of the untreated bam-
boo originated from carbohydrates: amorphous C6 carbon
atoms in carbohydrates (63 ppm) and crystalline C6 carbon
atoms in carbohydrates (66 ppm), C2, C3, and C5 carbon
atoms in carbohydrates (73 ppm and 76 ppm), amorphous C4
carbon atoms in carbohydrates (84 ppm), crystalline C4 carbon
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atoms in carbohydrates (89 ppm), and C1 carbon atoms in car-
bohydrates (105 ppm). Signals of sugars in hemicellulose over-
lapped (C5: 64 ppm; C2-4: 75 ppm; Cl: 102 ppm) with those
of carbohydrates in cellulose. A higher field peak (22 ppm) in
the untreated bamboo could not be observed in any standard
materials measured. In previous papers,”'**> however, this peak
was assigned as CHj3 in acetyl groups of hemicellulose according
to measurements on oak wood and pine wood. Signals derived
from lignin appeared as small broad peaks: 55 ppm (OCHs;),
110-160 ppm (olefinic and aromatic carbon atoms), and
166—180 ppm (carbonyl groups). According to the spectral
assignments of lignin [Figure 7(A), lines (x and xi)], the olefinic
and aromatic carbon atoms belonged to three regions as fol-
lows: 110124 ppm (unsubstituted olefinic or aromatic carbon
atoms), 124-142 ppm (quaternary olefinic or aromatic carbon
atoms), 142-162 ppm (olefinic or aromatic carbon atoms with
OH or OR substituents).

'*C DD-MAS NMR and "°C PST-MAS NMR of Untreated
Bamboo and Standard Materials

The >C CP-MAS NMR method uses cross polarization from 'H
nuclei to "*C nuclei; hence, the peak intensity is low in the case
of a quaternary carbon atom having no protons, as well as car-
bon atoms in molecular with high mobility. It was possible to
observe the less sensitive carbon atoms in '>C CP-MAS NMR
using a 60 sec recycle time between acquisition periods. A back-
ground signal also appeared at 113 ppm; thus, we presented °C
DD-MAS NMR spectra after background correction using the
spectrum of the empty rotor. Figure 7(B) shows 'C DD-MAS
NMR spectra of the bamboo specimens referred to the spectra

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40243


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

of the standard bamboo materials. Compared with CP-MAS
spectra, the DD-MAS NMR spectrum of cellulose fibers
[Figure 7(B), line (vi)], the signal of the crystalline carbon
atoms (66 ppm and 89 ppm) reduced and changed to the peak
shape of carbohydrates, although the C4 carbon peaks (84 ppm
and 88 ppm) of carbohydrates significantly increased in the
DD-MAS NMR spectrum of xylan (beech wood), as shown in
Figure 7(B), line (ix). The DD-MAS NMR spectra of cellulose
powder and xylan oat spelt [Figure 7(B), lines (vii and viii)]
were quite similar to their CP-MAS NMR spectra [Figure 7(A),
lines (vii and viii)]. In the case of lignin [Figure 7(B), lines
(x and xi)], the signals of unsubstituted olefinic or aromatic
carbon atoms (110-124 ppm) in the DD-MAS seemed to
increase compared with those in the CP-MAS; however, because
the background signal appeared in the same region, the alterna-
tion of these signals was unclear. According to the assignments
of the standard materials mentioned above, the signals of the
olefinic or aromatic carbon atoms with OH or OR substituents
(142-162 ppm) increased in the >C DD-MAS NMR spectrum
of the untreated bamboo [Figure 7(B), line (i)].

In high mobility molecules, the signal intensity reduced in the
CP-MAS NMR spectra due to spin diffusion via '"H nuclei.
Thus, in order to exclude the spin diffusion of the high mobil-
ity molecules, >’C PST-MAS NMR spectra measured using a
single '°C pulse after saturation of the 'H nuclei are shown in
Figure 7(C). Because the background signal also appeared in the
same region as those of unsubstituted olefinic or aromatic car-
bon atoms in lignin (110124 ppm) [Figure 7(C), line (xii)], we
present the spectra in Figure 7(C) as differential spectra to
remove the signal from the empty rotor. In the >C PST-MAS
NMR spectra, the signal intensities of high mobility molecules
increased compared with those in the CP-MAS, such as the C6
carbon atom (63 ppm) in cellulose, the C5 carbon atom (64
ppm) in xylan, and OCH; (55 ppm) in lignin. In contrast,
higher field signals in lignin decreased and weak peaks of ole-
finic or aromatic carbon atoms with OH or OR substituents
(142-162 ppm) remained. Like the standard materials, the ">C
PST-MAS NMR spectrum of untreated bamboo [Figure 7(C),
line (i)] showed a different peak pattern from the 13C CP-MAS
NMR [Figure 7(A), line (i)]. The major signals were OCH; in
lignin (55 ppm) and two carbon atom signals in carbohydrates
of cellulose and hemicellulose (64 ppm and 75 ppm), while the
minor signals were CHj in acetyl groups (22 ppm) and Cl
carbon atoms in carbohydrates (105 ppm), although the latter
minor signal suffered from interference from the background
peak.

Relaxation Time Analysis of Bamboo of Untreated Bamboo
and Standard Materials

To investigate the molecular dynamics and environment of the
denatured bamboo revealed by spin diffusion, we further ana-
lyzed the "H spin-lattice relaxation time in the laboratory frame
(T;H) and "C spin-lattice relaxation time (T;C). Figure 8(A)
shows the T;H value of the standard materials and the
untreated bamboo. The T H values of xylan depended on the
raw material: xylan originated from oat-spelt had very long T\H
values (4.1-4.5 sec), while xylan originating from beechwood
had lower T;H values (1.0-1.1 sec). In contrast, the T,H values
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of cellulose were slightly affected by the specimen shape: fibers
(3.7-3.9 sec); powder (3.4-3.6 sec). Moreover, the T{H values
of lignin showed little difference due to the manufacturing
method (alkaline: 0.62-0.70 sec; dealkaline: 0.56-0.67 sec),
except for C=0O (0.43 sec) and CHj; of those (0.27 sec) of
dealkaline lignin. Untreated bamboo mainly consists of cellu-
lose, hemicellulose, and lignin, of which T,H values
clearly changed. That is, T\H’s of carbohydrates increased to
1.8-2.2 sec while the T;H’s of C=0 and CHj of lignin dropped
to 1.0 and 1.5 sec, respectively. This equalization of the T \H
values seems to be caused by the spin diffusion between carbo-
hydrate and lignin.

Meanwhile, the T,C values in Figure 9(A) were larger and more
scattered compared with the T H values in the high field region
(below 100 ppm), where the signal of carbohydrates and OCHj
of lignin appeared. The T,C values of carbohydrates had the fol-
lowing values: cellulose fibers (26-44 sec), cellulose powder
(23-41 sec), xylan beechwood (15-37 sec), and xylan oat-spelt
(17-35 sec). As for the T,C values of lignin, OCH3 had a short
T,C value (alkaline: 3.6 sec; dealkaline: 2.9 sec), although ole-
finic or aromatic carbon atoms had rather long T,C value (alka-
line: 16-30 sec; dealkaline: 18-24 sec). In addition, the T,C of
untreated bamboo showed long values for both carbohydrates
(16—40 sec) and for the OCHj of lignin (2.4 sec), similar values
to those of the isolated materials.

Changes in Solid State NMR Spectra and Relaxation Time T;
in the Delignification and Hemicellulose Removal Processes
Based on the assignments of solid state NMR in sections “'H
MAS NMR and °C CP-MAS NMR of untreated bamboo and
standard materials” and “°C DD-MAS NMR and “C PST-
MAS NMR of untreated bamboo and standard materials,” we
investigated changes at the molecular level in the delignification
and hemicellulose removal processes. Figures 8(B) and 9(B)
show the changes of T\H and T,C values in the delignification
and hemicellulose removal processes, respectively. On boiling,
the removal of spherical particles from the parenchymal cell was
a characteristic change in the greater than 1 um size regime
[Figure 2(v')]. This removal process could not be detected by
ATR-IR spectra [Figure 4(B), line (ii)]. Although the solid state
NMR spectra taken with the regular pulse sequences (‘H MAS,
C CP-MAS, and ">C DD-MAS) were hardly changed in the
boiling process, the peak intensity of OCH; was somewhat
reduced in the >C PST-MAS NMR [Figure 7(C), line (ii)]. The
changes for carbohydrate signals in the boiling process were
more obvious for the T,H values, which reduced to about 1.4
sec [Figure 8(B)]. These reductions of the T, values were caused
by introduction of free water in the interface, and formation of
hydrogen bonds between bamboo constituents. As shown in
Figure 9(B), the T;C values of carbohydrates also shortened in
the boiling process, probably due to the removal of water-
soluble spherical particles; the T,C values decreased from 16-40
sec to 11-30 sec.

Although the boiling process had a limited influence on the
spectroscopic data, the delignification process significantly
changed both the morphology and the spectroscopic data.
The major change in all the ?C MAS NMR spectra [Figure 7,
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Figure 8. Changes of T;H values (A: the standard materials; B: denatured bamboos). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

lines (iii)] appeared for the signals of OCHj, which decreased
to a very weak intensity. With regard to the other signals origi-
nating from lignin, the C=0 and olefinic or aromatic carbon
atoms remained, especially in the >C DD-MAS NMR spectra;
however, the latter olefinic or aromatic carbon atoms almost
disappeared in the ATR-IR spectra [Figure 4(B), line (v)].
Namely, the remaining lignin units existed not in the surface,
but in the bulk of the specimen. On the other hand, although
changes in the carbohydrate signals were unclear in the “*C
MAS NMR and ATR-IR spectra, the T;C values of carbohy-
drates further shortened in the delignification process (1640
sec — 11-30 sec — 8.5-23 sec), as shown in Figure 9(B). Cor-
relating these spectral changes with the morphological observa-
tions leads to the conclusion that the delignification process
disarranged the three-dimensional network structure of lignin
in the parenchymal cell, even though a part of the lignin unit
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remained. This disarrangement brought about the stretched
shape of parenchymal cell [Figure 2(iii’)] and made the microfi-
brils rise over the vascular bundles [Figure 3(iii’)].

The changes produced in the ’C MAS NMR by the hemicellulose
removal process were less decipherable than the deliginification pro-
cess because the hemicellulose signals overlapped with those of cel-
lulose: the reduced peak intensity of hemicellulose carbohydrates
modified the 70-80 ppm peak shape in the ?C CP-MAS NMR of
the hemicellulose-removed specimen [Figure 7(A), line (iv)]. On
the other hand, the T,C values of the hemicellulose-removed speci-
men (4.0-24 sec) were shortened more than those of the delignified
specimen (8.5-23 sec) [Figure 9(B)]. An apparent decrease in the
3C CP-MAS NMR intensity occurred not for the carbohydrate sig-
nals, but rather for those from substituents connected with hemicel-
lulose: the signals of CH; and C=O evanesced after the
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hemicellulose removal process. Similar to ATR-IR spectra
[Figure 5(B), line (iii)], the signals of the olefinic and aromatic car-
bon atoms of lignin were also reduced after the hemicellulose
removal process in the >C DD-MAS NMR spectra [Figure 7(B),
line (iv)]. This process occurred via attack on the acetate methyl
group first, and then, the hemicellulose unit was decomposed,
accompanied by decomposition of the lignin unit. These decompo-
sitions brought about the morphological changes in the SEM
images [Figures 2(iv') and 3(iv')]. The removal of hemicellulose
shrank the parenchymal cell; the simultaneous lack of hemicellulose
and lignin caused the thin leaf exfoliation from the surfaces of vas-
cular bundles.

Concerning the lignin/hemicellulose removed specimen, for any
pulse sequence used to measure ?C MAS NMR spectra [Figure 7,
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lines (v)], the characteristic signals of lignin (OCHj, olefinic or
aromatic carbon atoms) and hemicellulose (CH;, C=0) com-
pletely disappeared, similar to ATR-IR spectra [Figure 5(B), line
(iv)]. The *C MAS NMR spectra of the lignin/hemicellulose-
removed specimen showed almost the same spectra as cellulose
powder (20 um). The relaxation times TH and T,;C were also
lengthened by the lignin/hemicellulose removal process (Figure 8),
evidence that the lignin/hemicellulose removed-specimen retained
cellulose polymers came from the T, H values, which reached simi-
lar levels to those of cellulose powder. Losing lignin and hemicellu-
lose caused a shrinkage of the cellular tissue and the remaining
parenchymal cells distorted easily, so that both stretched and
shrunken shapes were observed in the SEM images of the lignin/
hemicellulose removed specimen [Figures 2(v') and 3(v)].
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DISCUSSION

This study integrated multiscale information, from the mor-
phology at the microscale to chemical structure and dynamics
at the molecular- and nano-scale. The SEM results (section
“Morphological analysis of bamboo due to delignification and
hemicellulose removal processes”) indicated that the parenchy-
mal cells were stretched by the delignification and were shrunk
by the hemicellulose removal process. The ATR-IR analysis (sec-
tion “ATR-IR spectra changes of bamboo due to delignification
and hemicellulose removal processes”) showed how the charac-
teristic function groups were changed in the vicinity of the sur-
face by the removal of various amounts of lignin and
hemicellulose. Solid state NMR (section “Changes in solid state
NMR spectra and relaxation time 7 in the delignification and

hemicellulose

lignin

4% NaClO, solution

cellulose
microfibril

(ii) Boiled bamboo

0.4% NaOH solution

shrinked
the parenchymal cell

hemicellulose removal processes”) revealed the composition and
chemical bonds of each component in the bulk, and changes in
molecular dynamics and environment caused by the removal
processes. In the case of the nanostructure built by cellulose,
hemicellulose, and lignin in woody materials, previous reports
have provided various schematic diagrams of its structure.’*~”
Taking those descriptions of the nanostructure into account, we
attempted to explain the relationship between the microscale
morphology and the chemical structures at the molecular- to
nano-scales based on the structure model of cellulose, hemicel-
lulose, and lignin in bamboo shown in Figure 10. Basically, the
nanostructure of bamboo is composed of cellulose microfibrils
gathered together by single cellulose chains. Hemicellulose bun-
dles the cellulose microfibrils and a three-dimensional network
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Figure 11. Relationship between the morphology and relaxation times with delignification and hemicellulose removal processes. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of lignin connects further the outside portions of the hemicellu-
lose. Each cellulose microfibril is bridged by hemicellulose and
lignin [Figure 10(i)]. In the boiling process, such a nanostruc-
ture built by carbohydrates and lignin does not change but new
hydrogen bonds, revealed by the reduction in T;H values, were
formed at the interface of the nanostructure [Figure 10(ii)].
However, the °C CP-MAS NMR and ATR-IR spectra scarcely
changed, except for the new hydrogen bonding, because the
inside of the nanostructure was stable against boiling.

In contrast, both delignification and hemicellulose removal
processes significantly changed the nanostructure built by carbo-
hydrates and lignin. The changes taking place in the nanostruc-
ture of each cellulose microfibril unit containing hemicellulose
and lignin are summarized in Figure 11; the relationships
between morphological and relaxation time changes are also
described. The delignification process removes most of the lig-
nin from the cellulose microfibril while causing little damage to
the hemicellulose chain. The removal of lignin was considered
to be involved in the observed morphology changes, such as the
stretched shape of parenchymal cell [Figure 2(iii’)], due to a
reduction of the stiffness in the longitudinal direction of the
microfibril [Figure 11(iii)]. On the other hand, the hemicellu-
lose removal process removed lignin as well as hemicellulose,
thereby shrinking the parenchymal cell [Figure 2(iv')] due to a
decreasing stiffness in the transverse direction of the microfibril
[Figure 11(iv)]. These reductions of stiffness were caused by
increasing flexibility of the cellulose microfibril, which also
shortened the T,C values. Furthermore, the delignified specimen
more easily released hemicellulose than the boiled specimen
because the three-dimensional structure of lignin protected
hemicellulose against the NaOH solution. The lignin/hemicellu-
lose-removed specimen had lower stiffness in both the trans-
verse and cross-section directions [Figure 2(v')], which resulted
in the parenchymal cell breaking up into small pieces [Figure
3(v)]. Relaxation via the hydrogen bonding of the more hydro-
phobic cellulose elongated the T;H and T;C values of lignin/
hemicellulose-removed specimen [Figure 11(v)].

Considering these results, we would argue that the knowledge
obtained by these multiscale instrumental analyses about bam-
boo specimens is very helpful for the understanding the modifi-
cation of bamboo and in the development of production
processes for bamboo composites. In order to extend the appli-
cation of our multiscale instrumental analyses, we are now
planning analysis of other modified bamboos that are useful as
industrial raw materials.

SUMMARY

Several processes to extract bamboo constituents were investi-
gated by multiscale instrumental analyses. SEM images showed
that spherical particles were removed from the parenchymal
cells of bamboo by boiling and a reduction of the T,H values
indicated that free water formed new hydrogen bonds with car-
bohydrates and lignin. During the delignification process, SEM
images showed stretched parenchymal cells made by the disrup-
tion of the three-dimensional lignin network, an event that also
influenced the ATR-IR and ">C MAS NMR spectra and lead to
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decreased T,C values. SEM images taken during the hemicellu-
lose removal process showed a compression of parenchymal
cells in the transverse direction of the microfibril due to
removal of hemicellulose, accompanied by a loss of lignin,
which was monitored by ATR-IR, '>C MAS NMR, and T; analy-
ses. In a combined lignin/hemicellulose removal process, com-
plete removal of hemicellulose and lignin were observed by
spectroscopic methods that correlated with the parenchymal cell
breaking into pieces which retained vascular bundles in the
SEM images. These changes of vascular bundles and parenchy-
mal cells could be explained by a nanostructural model in
which cellulose covered by hemicellulose was further connected
on the exterior by lignin, whereas lignin in the outermost shell
could be extracted on its own, removal of hemicellulose in the
middle shell was accompanied by lignin loss.
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