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Abstract The effects of chemical treatments (H,O, + CHj
COOH, acidified NaClO,, and NaOH) and freeze-drying on
bamboo fibers were studied at a submicron level, to char-
acterize chemical and mechanical changes to the secondary
cell wall. Specifically, a field emission environmental
scanning electron microscope (FE-ESEM) and imaging
fourier transform infrared spectroscopy (FTIR) were used to
demonstrate degradation in morphology and molecular
structure, and nanoindentation was used to track changes in
micromechanical properties. The results showed that cellular
structures after chemical treatments clearly displayed wrin-
kles, pores, and microfibrils. The decreased bands at
1508 cm™ and 1426 cm™' showed that lignin was degraded
on treatment of H,O, + CH;COOH and acidified NaClO,,
which directly resulted in a decrease in hardness (H) in the
secondary cell wall for treated fibers. In addition, a dimin-
ishing peak at 1733 cm ™' caused by NaOH solution indi-
cated that hemicellulose was seriously degraded. It resulted
in a decreased modulus (E;) by 13.71 % in bamboo fibers,
while no obvious reduction was observed in the first two
steps.
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Introduction

Bamboo fiber is ideal for use as a reinforcement material in
composites, given its relatively low density and energy
consumption, high strength and flexibility, biodegradability
and relatively reactive surface [1-4]. The natural fiber is
mainly consisted of cellulose microfibrils embedded in
matrices composed of lignin and hemicellulose [5]. Among
these fiber constituents, cellulose is the primary load-car-
rying component, while hemicellulose (xylan and gluco-
mannan) and lignin play essential roles as binder to hold
cellulose to the cell wall. Therefore, there is an increasing
need to better understand the influence of hemicellulose
and lignin on the mechanical properties of bamboo fibers at
the microstructural level.

Nanoindentation has been demonstrated to be an effec-
tive method of measuring the mechanical properties of
biomass, including wood and bamboo, at the submicron
level [6-10]. It is mainly conducted on the embedded cross
section of fibers. Nanoindentation studies have been con-
ducted to characterize fiber-reinforced composites [11],
wood adhesive bonds and adhesives [12], and the effects of
delignification [13], while only a few studies have men-
tioned raw bamboo fibers [14]. In addition, the mechanical
functions of matrix components on the fiber’s cell wall
have not been properly characterized with nanoindentation,
given the amorphous nature of fibers.

Therefore, it is common practice to chemically alter
matrix components and conduct mechanical tests for dis-
criminating treated fiber from raw fiber. In previous stud-
ies, it was found that at least 35 % of cell wall materials
were removed if chemically treated [15]. Tensile tests on
samples with lignin and hemicellulose extracted have also
been conducted to analyze the influence of individual
matrix components [16-19]. Using nanoindentation, Gindl
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et al. [20] suggested that lignification had an obvious effect
on the mechanical properties of the cell wall. Later studies
[7, 21] on hydrothermally or chemically modified wood
supported the argument that material hardness depended on
cell wall matrix properties. All of these results demonstrate
that the behavior of and modification to the matrix can
significantly impact the micromechanical properties.
However, studies on the effects of chemical treatment on
matrix components and the micromechanical properties of
bamboo cell walls, at the submicron level, have been
limited.

This study analyzes the influence of combining freeze-
drying and chemical treatments [hydrogen peroxide and
glacial acetic acid (H,O, + CH3;COOH), acidified sodium
chlorite (acidified NaClO,) and sodium hydroxide
(NaOH)] on the changes in the chemical and mechanical
properties of moso bamboo fibers. Fourier transform
infrared spectroscopy (FTIR) and a field emission envi-
ronmental scanning electron microscope (FE-ESEM) were
used to characterize the degradation of chemical compo-
nents and morphological changes in treated fibers. In
addition, nanoindentation was used to evaluate the modulus
(E,) and hardness (H) of the secondary cell wall.

Materials and methods
Specimen preparation

Four-year-old moso bamboo (Phyllostachys heterocycla
(Carr.) Mitford cv. Pubescens Mazel ex H.de leh.), col-
lected from a public welfare forest located in Huangshan
District, Anhui Province, China, was used in this study.
Bamboo strips were cut from disks to final dimensions of
20 mm (longitudinal) and 2 x 2 mm (cross section).
Samples were obtained from bamboo at 2 m above the
ground.

Fig. 1 Morphology of the fiber
bundles

Control

Sample F-A was composed of small strips of bamboo
treated with hydrogen peroxide and glacial acetic acid
(H,O, + CH3COOH), mainly for removing lignin. The
bamboo strips were immersed in solution for 18 h and
heated at 60 °C. Then, they were washed in distilled water
until neutral.

Sample F-B was prepared by an additional treatment to a
portion of Sample F-A, where an acidified sodium chlorite
(NaClO,) solution of 1 wt% concentration was used to
further remove lignin and heated at 75 °C for 4 h in a water
bath. Two droplets of CH3;COOH were added to the
NaClO,-impregnated strips, per hour, to maintain an acidic
environment. The strips were then washed with distilled
water until neutral.

Sample F-C was prepared by an additional treatment to
a portion of Sample F-B, where the samples were
sequentially immersed in a sodium hydroxide (NaOH)
solution of 5, 10 and 25 % concentration for further
removing hemicellulose and heated at 75 °C for 2 h in a
water bath. The strips were also washed with distilled water
until neutral.

The washed strips were then kept in saturation water and
subjected to freeze-drying using high vacuum equipment
(Lanbconco Free Zone, USA). Their morphologies are
shown in Fig. 1. Compared to air-drying, freeze-drying is a
more effective approach to fiber structure preservation,
which is also beneficial to reduce microstructural changes
caused by microfibril aggregation in cell walls during water
loss.

Finally, a control sample of raw fiber bundles was pre-
pared mechanically from bamboo blocks.

Characterization by FTIR

The four groups of fibers (samples F-A, F-B, F-C and
control) were examined using pressed potassium bromide
(KBr) pellets containing 5 % of samples, using FTIR

F-A F-B F-C
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(Nexus 670, Thermo Nicolet, USA) in the scanning range
of 4000-650 cm™".

Nanoindentation test

Nanoindentation samples were prepared by placing
chemically treated fiber bundles (F-A, F-B and F-C) and
control raw bundles in a vacuum desiccator for 30 min
and then cured in an oven at 70 °C for 8 h. This sealing
procedure made it easier to mount the fibers inside the
embedding mold of the nanoindentation apparatus parallel
to the longitudinal axis of the cell wall. The cured samples
were then mounted onto an ultramicrotome fitting (UC7,
Leica, Germany) using a diamond knife in the middle of
the cross section. Finally, the four specimens were
smoothed down to a roughness of less than 0.5 nm to
ensure good contact.

Nanoindentation tests were performed using a Hysitron
Tribo-Indenter system (Hysitron Inc., Eden Prairie, MN,
USA) equipped with a three-sided pyramid diamond
indenter tip (Berkovich type) at an ambient temperature of
23 °C and relative humidity of 30 %. Under a force-con-
trolled setting, the trapezoidal load function was set at a
maximum of P, = 250 uN, with loading, holding, and
unloading times shown in Fig. 2a. According to the method
developed by Oliver and Pharr [22], the modulus (E,) was
calculated from the unloading slope S (Fig. 2b) evaluated
at 50-90 % of Pp,.x, and hardness (H) was obtained by the
P...x and projected contact area Ay, at peak load from the
following equations:

Pmax
H =M 1
o (1)
£ =S )
24/ Ape

where P,y is the peak load and Ay, is the projected contact
area.

For each specimen, data were only considered valid for
indents performed in the secondary cell wall of bamboo fibers,

which plays the biggest role in fiber volume and mechanical
performance. Indents performed in the embedding epoxy and
borders of the cell wall were discarded. Scanning probe
microscopy (SPM) was used to determine the indent positions,
assembled in the indentor (Fig. 3) and checked after unload-
ing to ensure a validity of at least 25 tests.

Results and discussions
Morphology analysis

To investigate the relationship between the morphology of
fibers and its mechanical properties, images were obtained
by visual examination and micro-morphology analysis. A
visual examination of bamboo strips (Fig. 1) clearly
demonstrates that the natural pale yellow of the strips
gradually turns white throughout chemical treatment,
indicating a significant removal of lignin. The change in
color directly reflects changes in the constituents of bam-
boo fibers, in which a light brown color generally indicates
the presence of lignin while white fibers generally indicate
holocellulose. The additional treatment of acidified
NaClO, and NaOH combined with the freeze-drying
method also resulted in air voids inside the cell wall
because of the removal of hemicellulose and lignin.
Morphology analysis by FE-ESEM (Fig. 4) on the
chemically treated fibers clearly reveal that surficial wrin-
kling and slight transverse shrinkage are the most promi-
nent results, which can be correlated to microfibril
aggregation during air-drying [23]. Freeze-drying, how-
ever, could decrease this negative effect. During the
chemical treatment processes, the degradation of cell wall
components could result in the dissolution of material,
leaving the cell wall more porous. This may also result in a
lower density of the cell wall with less support for cellulose
crystalline aggregation and lower strength and stiffness
[24]. Moreover, a denatured fiber surface subjected to
NaOH solution (sample F-C) results in a clear exposure of
microfibrils. Microfibrils are also observed in F-A and F-B

Fig. 2 Typical load—time a b P
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Fig. 3 Nanoindentor images
showing indenting sites on the
secondary cell walls of the
bamboo fiber

Fig. 4 The surface images of chemically treated fibers by FE-ESEM

fibers, but the roughness is lower than that of the F-C
samples.

FTIR spectrum analysis

FTIR spectroscopy is an effective technique for establish-
ing the differences in bamboo fiber structure and chemical
composition under various chemical treatments, which are
important factors to achieve an in-depth understanding of
the mechanical performance of cell walls.

As indicated by FTIR spectra images (Fig. 5) in the
range of 1800800 cm ™!, chemical changes are observed
for the three chemically treated fiber samples in compar-
ison to the control raw bundle sample. For F-A fiber with
H,O, + CH3COOH treatment only, the distinct peaks at
1508 cm™ and 1426 cm™' show a clear decrease in the
aromatic skeletal vibrations of lignin, indicating a large
degradation of lignin. For F-B fiber with the additional
treatment of acidified NaClO,, the peak at 1508 cm”!
disappears and the peak at 1426 cm™" decreases. Further-
more, F-C fibers treated with NaOH solution show a
diminishing peak at 1733 cm™' owing to C=0O stretching
vibrations in the O=C-OH group of the glucuronic acid
unit in xylan [25, 26] and a larger decrease can be seen at
1426 cm™!. For all treated fibers, the cellulose bands at

—— Control
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1
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1800
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Fig. 5 The FTIR spectra of fibers (800-1800 cm")

1160 cm™' ascribe to antisymmetric C—O-C bridge
stretching, while bands at 895 cm™' show C-H deforma-
tion vibration [27] where small changes can be seen.

Nanoindentation hardness and modulus
The load—depth curves for F-A, F-B, F-C and the control

fiber with the same loading—holding—unloading conditions
are plotted in Fig. 6a. Obvious differences are exhibited in
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Fig. 6 The load—depth curves of nanoindentation tests for four
typical specimens

the indentation responses of the chemically treated and
control fibers. For the chemically treated samples, the
curves shift from left to right and increase in maximum
penetration depths and residual depths, as supported by the
data in Fig. 6b, c. A 25 % of deformation recovery in the

that plastic deformation is the main mechanism for
indentation in the fiber cell wall. In general, a weaker
deformation resistance is also found with an increasing
penetration depth, at the same loading mode. On this basis,
it is concluded that chemically treating fibers that partially
remove lignin and hemicellulose reduces the fibril elastic
recovery of the matrix as stress is released.

Figure 7a shows the average E, values of F-A, F-B, F-C
and control fibers in the longitudinal direction of the sec-
ondary cell wall, as determined by nanoindentation. The E,
value of F-A fibers (21.79 GPa) shows little difference
when compared with control fibers (21.86 GPa). Although
a weak increase in E, can be seen after treatment with
acidified NaClO, in F-B, no statistically significant dif-
ference is found in comparison to the control and F-A
fibers. This can be attributed to the low influence on E.
changes after lignin is removed during chemical treatment.
The treatment to remove hemicellulose with NaOH in F-C
fibers results in a significant decrease, by 13.71 % com-
pared to the control. This can be due to the fact that within
the bamboo fiber, a higher concentration of NaOH
degrades the long chain cellulose molecules at the fiber
interface and, consequently, weakens fiber load transfer
[28]. Another explanation is that the loss of hemicellulose
at the inter-microfibril region makes the fiber less dense
and rigid.

As can be seen in Fig. 7b, the values of H in chemically
treated fibers (F-A, F-B and F-C) are lower than those of
the control fibers, indicating that the removal of the matrix
components impairs the mechanical behavior of fibers. In
comparison with the average H of the control fibers at
550 MPa, the average H of F-A decreases by 19.27 % and
F-B by 17.64 %. These declines show that a large removal
of lignin significantly reduces the ability of fibers to resist
deformation, while at the same time the removal of dif-
ferent proportions of matrix components can influence fiber
mechanical properties in different ways. After NaOH
treatment to F-B fibers, H increases by 9.22 % compared to
F-A fibers, but it is certainly lower than that of the control
fibers. This enhancement can be attributed to the fact that
alkali treatments result in fiber fibrillation and microfibril

longitudinal direction can also be seen, which demonstrates ~ marginal aggregation during freeze-drying, which
Fig. 7 The nanoindentation 30 700
modulus (E;) and hardness a 600l
(H) for the fiber secondary cell . - T
wall g ol A x 2 T = S00r
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increases the hardness. This is also indirectly supported by
the smaller maximum and residual depths than the other
two treated samples. However, there is little difference
observed in H among any chemically treated fibers, which
strongly suggests that H,O, + CH3COOH plays a major
role in removing the majority of lignin, while the additional
treatments of acidified NaClO, (which removed a small
part of the remaining lignin) and NaOH (which removed
hemicellulose) play relatively minor roles.

Conclusions

It was demonstrated that bamboo fiber matrix components
are one of the major factors that affect bamboo mechan-
ical properties at the microstructural level. Images of
chemically treated and denatured fiber surfaces clearly
revealed that wrinkles, pores and microfibrils resulted
from the dissolution of matrix materials. From the FTIR
spectra, the disappearing peak at 1733 cm™' and
decreased bands at 1508 cm™ and 1426 cm ™" also proved
the degradation of xylan and loss of C=0 groups linked to
the aromatic skeleton in lignin. Compared to the con-
trolled raw fiber (E, at 21.86 GPa), there were little dif-
ferences  observed  for  treated  fibers  with
H,O0, + CH;COOH and acidified NaClO, solutions,
while a pronounced decrease of 13.71 % was found for
those treated with NaOH solution. The fibril E, largely
decreased after the raw fiber was first treated with H,_
O, + CH3;COOH, and the subsequent modulus had minor
change. All of the above results indicate that the loss of
hemicellulose has greater effect on modulus than hard-
ness, while lignin degradation has more influence on
hardness at the submicron level of bamboo fibers.
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