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Thermal Properties of Bamboo Cellulose Isolated from
Bamboo Culms and Shoots

Arif Naim, Cindy Soo Yun Tan, and Fui Kiew Liew *

The isolation of cellulosic fibers and their applications in composite
materials have drawn considerable interest due to their outstanding
thermal and mechanical properties combined with light-weight character,
biodegradability, and renewability. Bamboo is a fast-growing plant, and its
properties include sustainability and excellent tensile strength. In this
study, bamboo fibers from the culms and shoots of Dendrocalamus asper
were freated with 5 wt% sodium hydroxide and subjected to ultra-
sonication for 5 hours to obtain bamboo cellulose. Infra-red spectra
showed that lignin and hemicelluloses were removed after treatment. With
the removal of amorphous cellulosic regions, both cellulosic fibers
exhibited higher decomposition temperatures than the raw fibers.
Thermogravimetric analysis confirmed that both types of bamboo cellulose
had a peak decomposition temperature at 408 °C. Cellulose isolated from
the bamboo shoots exhibited similar chemical and thermal properties,
indicating its huge potential as an alternative to mature bamboo culms.
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INTRODUCTION

Natural cellulosic fibers have attracted attention due to their unique properties such
as biodegradability, flexibility, high mechanical strength, and stiffness (Thakur et al. 2020;
Jin et al. 2021; Noori et al. 2021). Bamboo is a fast-growing renewable resource (3 to 5
years for it to mature), readily available, with excellent material properties similar to that
of wood and can be processed by existing technologies (Muhammad et al. 2019; Liew et
al. 2020). Bamboo shoots are the young, edible parts of bamboo plants; they emerge from
the ground with a height of 20 to 30 cm with a tapered end.

Bamboo fiber typically consists of cellulose (73.8%), hemicellulose (12.5%), lignin
(10.1%), pectin (0.4%), and aqueous extracts (3.2%) (Chaowana 2013). The high cellulosic
content and fast growth rate of bamboo plants are advantageous for the broad utilization of
bamboo in household products, textiles, building and construction materials, food industry,
and composite manufacturing (Banik and Sastry 2018; Wijaya et al. 2019; Noori et al.
2021; Yang et al. 2021). However, bamboo fiber suffers from several drawbacks, including
low thermal stability, polar and hydrophilic natures, and poor compatibility with polymer
matrixes, leading to weakened interfacial bonding with other surfaces, thus hindering their
applications in bamboo-based composites.

Natural fibers can be modified chemically to improve the surface properties and
interfacial bonding of composite materials; these methods including acetylation, silane
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treatment, alkaline hydrolysis, and coupling reactions (Qian and Sheng 2017; Buson ef al.
2018; Hassan et al. 2020; Cruz-Riafo et al. 2021). Alkaline treatment, or mercerization, is
a popular approach to modify natural fibers. With the removal of lignin and hemicellulose
from the cellulose, the alkaline-treated fibers exhibit enhanced surface roughness,
hydrophobicity, and affinity for the polymeric matrix (Rebelo et al. 2019). The bundles of
fiber are broken down into smaller fibers in the mercerization, rupturing the ester bonds
form crosslinks involving xylan and lignin, which eventually reduce the porosity of
lignocellulose (Giacon et al. 2021). As a result, bulk mechanical properties of alkaline-
treated cellulosic fibers, mainly mechanical strength and stiffness, are improved.

In the present work, cellulose fibers were obtained from the culms and shoots of
Dendrocalamus asper bamboo using NaOH hydrolysis and mechanical treatments,
including ultra-sonication and homogenization. The chemical and thermal properties of
the bamboo cellulosic fibers isolated from both matured culms and young shoots via the
mechanical treatment and alkaline hydrolysis were analyzed and compared to see whether
the bamboo shoot fibers could be an alternate source of bamboo fibers, which are currently
isolated from mature bamboo culms.

EXPERIMENTAL

Materials

Bamboo culms (3 years old) and shoots (30 cm length) of Dendrocalamus asper
were obtained from the Forest Research Institute Sarawak, Malaysia. Analytical grade
sodium hydroxide and sulphuric acid (Sigma Aldrich, St. Louis, MO, USA) were used.

Preparation of Bamboo Fibers

The length of the bamboo culm trims, excluding the bamboo internode, was 1 m.
They were cut into chips using a planner machine (HC410G, Elektra-Beckum,
Niederschmiedeberg, Germany), which were then ground into powder. The bamboo shoot
was cut into 10 mm length and ground into powder. This was done by using a heavy-duty
food grinding machine (YS-150, JINFUDA, Henan, China). Both ground raw bamboo
culm (RBC) and shoots (RBS) were dried in an oven at 70 °C for 72 h. The oven-dried
samples were sieved, passed through a 100-um mesh sieve and kept in sealed vacuum bags
for further uses. The moisture content of raw bamboo culm was 60 to 65%, and the raw
bamboo shoot was 70 to 80%. After being ground and oven-dried, moisture contents were
8 to 10 % for both. All bamboo was freshly harvested, clean, and processed.

Isolation of Cellulose from Bamboo Fibers

Ground bamboo culms and shoots were treated with NaOH as described previously
(Liew et al. 2017). Ground bamboo (10 g) was weighed and immersed in a flask of NaOH
(5 wt.%) solution for 8 h. The mixture was heated for 2 h at 80 °C under continuous stirring
and then was left to cool down to room temperature with stirring at 150 rpm overnight.
After that, the mixture was filtered and added with H2SO4 (1%) stirred for another 2 h.
Finally, the treated mixture was rinsed with distilled water until pH 7. The treated product
was obtained through vacuum filtration.

The alkaline pre-treated product (0.2% w/w solid content) was soaked in distilled
water. The solution (120 mL) was then placed in an ultrasonic generator (Elma T310, 35
kHz) for 4 h at an output power of 70 W to produce a suspension. The sonicated suspension
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was centrifuged to separate the large bundles from the cellulose fibrils; slender cellulose
fibrils were obtained from the supernatant fraction. The ultrasonic treatment was further
carried out in an ice/water bath throughout the entire ultrasonication for 1 h.

Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectra were obtained using an ATR-FTIR spectrometer (Spectrum 100,
Perkin Elmer, Waltham, MA). The transmittance range of the scan was from 4000 to 650

cm™.

Thermogravimetric Analysis (TGA)

Thermogravimetric measurements were performed using a Perkin Elmer system
(Pyris 1 TGA). All measurements were obtained under a nitrogen flow of 20 mL-min™!
between 30 and 800 °C.

The activation energy (E.) was calculated from TGA graphs using the Broido
equation as given below,

1 Eq
In (ln ;) = -, T constant (1)

where y is the fraction of undecomposed non-volatilized material, 7 is the absolute
temperature (K), and R is the gas constant (8.314 J mol! K™!). The values of y have been

taken from the TGA data. The values of In (ln i) were plotted on the Y axis, while the

temperatures as 1/T (K™!) were plotted on the X axis. The activation energy of the composite
was calculated from the slope of the trend line.

Differential Scanning Calorimetry (DSC)

The calorimetric tests were conducted using a differential scanning calorimeter
(DSC 8000, Perkin Elmer). The temperature programmes were run from 50 to 230 °C at
the heating rate of 20 °C-min™' under a 20 mL-min™' nitrogen atmosphere using 5 mg to 10
mg of sample.

RESULTS AND DISCUSSION

Fourier Transform Infrared Spectroscopy

The FTIR spectra of alkaline treated bamboo fibers isolated from its culms and
shoots were compared to observe changes in their functional groups (Fig. 1). The
absorption band at 3346 cm! represents the stretching vibration of OH, and the band at
2900 cm™! is attributed to the asymmetric stretching vibration of -CHz and -CH in cellulose,
hemicellulose, and lignin (Xie et al. 2016). The prominent peaks at 893 and 1165 ¢cm’!
were observed only in the raw bamboo culms (RBC), and not in raw bamboo shoots (RBS),
due to the presence of lignin, which contributes to higher cellulosic crystallinity in the
bamboo culms. As the bamboo matures, the cellulose in the bamboo cell walls gradually
develops increasing lignin content, thus its cellulose crystallinity changes from the base to
the top of the bamboo as evidenced by the stronger C=C band (1508 cm™) of lignin
aromatic ring in the culms than that of the young bamboo shoots (Toba et al. 2015).

Reduced intensity of a band as well as appearance or disappearance of any peaks
in the FTIR spectra indicates the chemical changes in the cellulosic samples after a
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chemical modification. The absence and/or decreased peak intensity of the characteristic
absorbance peaks of lignin (1596, 1508 and 1450 cm™) and hemicellulose band at 1735
cm’! in all alkaline treated bamboo samples clearly indicate the successful removal of lignin
and hemicellulose from the treated bamboo fibers. The presence of significant bands at
1033 and 1055 cm™! representing the C-O-C pyranose ring stretching vibration indicates
the higher content of cellulose in the mercerized fibers, which agrees with the findings by
Mohamed et al. (2015) and Javier-Astete et al. (2021). The peaks between 1240 and 1260
cm! were assigned to C-O stretch and O-H in plane of the polysaccharide. Generally,
sharper and more intense peaks were observed in the bamboo shoots cellulose (BSC) (Fig.
1) compared with those of the bamboo culms cellulose (BCC), which shows that the
crystallinity of the bamboo shoot was higher than bamboo culm after the alkaline treatment.

The band at 1638 cm™! was attributed to the H-O-H stretching vibration of absorbed
water and hydroxyl groups in the fibers (Elmas and Yilgor 2020). More specifically, the
hydrophilic cellulose strongly interacts with water on molecular level (Galiwango et al.
2019). The more intense peaks at 3346 cm™ (-OH) and 2900 cm™ (-CHz, -CH) indicate the
presence of more -OH groups in the treated cellulose fibers than in the raw samples. The
broader OH peak in BSC and BCC was likely due to the hydrogen bonding among multiple
-OH groups on the cellulose backbones formed from the cleavage of phenolic ether links
between cellulose and lignin moieties during the alkaline treatment (Zannen et al. 2016).
Although hemicellulose and part of the lignin (matrix components) were removed from the
bamboo fibers during the chemical treatment, the original molecular structure of cellulose
remained intact.
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Fig. 1. FTIR spectra of raw bamboo shoots (RBS), raw bamboo culms (RBC), bamboo culm
cellulose (BCC) and bamboo shoot cellulose (BSC)

Naim et al. (2022). “NaOH-treated bamboo cellulose,” BioResources 17(3), 4806-4815. 4809



PEER-REVIEWED ARTICLE bi oresources.com

Thermogravimetric Analysis

Figure 2 shows the TGA and derivative thermogravimetric (DTG) output of RBS,
RBC, BCC, and BSC. An initial weight loss in all bamboo samples at the low temperature
range (75 to 100 °C) corresponds to moisture evaporation from the fibers. The weight loss
was observed between 4.5 to 7.7% of the total weight, with BSC showing the lowest weight
loss at 4.5%. Both raw and treated samples exhibited 2 to 3 stages of decomposition.
Following the evaporation stage, a high rate of weight loss occurred between 150 to 425
°C on account of active pyrolysis of hemicellulose, lignin, and pectin in the samples. The
thermal decomposition of biomass components mainly occurs between 180 to 380 °C for
hemicellulose, 320 to 400 °C for cellulose, and above 400 °C for lignin (Zhou et al. 2017).

Both raw samples (RBS and RBC) exhibited lower degradation temperatures
compared with the treated samples that had undergone partial removal of hemicellulose
(Liew et al. 2015). Hemicellulose is a heterogeneous branched polymer of low molecular
weight with a degree of polymerization between 80 and 425, which can degrade readily at
low temperatures (Wang et al. 2019).
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Fig. 2. TGA and DTG curves of RBC, BCC, RBS, and BSC
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It is worth noting that RBS showed four stages of peak decompositions at 188, 307,
346, and 497 °C (Fig. 2, DTG curve), representing the decomposition of initial
hemicellulose (188 °C), hemicellulose and the cleavage of glycosidic linkages of cellulose
(307 °C), followed by cellulose (346 °C) and lignin (497 °C). In contrast, only one peak
of decomposition at 409 °C was observed in BSC, which is mainly attributed to
decomposition of cellulose (Huang et al. 2020). With the higher content of heat-resistant
cellulose obtained by mercerization, the initial decomposition temperature of cellulose in
BSC was substantially increased by approximately 60 °C (Table 1). Similar phenomenon
was reported by Alothman et al. 2021.
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RBC only exhibited two peaks of decomposition at 359 and 561 °C, which can be
attributed to the decomposition of cellulose and lignin, respectively. Two peaks of
decomposition for cellulose and lignin were reported for BCC at 408 and 560 °C,
respectively. Most cellulose I is converted to cellulose II after the NaOH treatment, which
is often associated with the higher peak decomposition temperature. Lignin was not
completely removed in the mercerization and could be observed in BCC (Fig. 2, shown
with an arrow) implying the presence of lignin in the treated bamboo culms, but not in
treated bamboo shoots (BSC). Interestingly, BCC and BSC showed similar decomposition
extents of cellulose (19 to 19.5%, Fig. 2, DTG graph), implying that cellulose derived from
the bamboo culms and shoots are of comparable thermal properties regardless of its growth
stages. It is worth noting that the average yield of cellulose obtained from the oven-dried
bamboo shoot was 32.5%, comparable to the average yield of cellulose obtained from
oven-dried culms (34%). Moreover, cellulose isolation of the young bamboo shoots is
relatively simpler compared to the processing of bamboo culms. The bamboo shoots could
also be harvested at 2 to 4 weeks, which is 39x shorter harvesting period compared to
bamboo culms which typically take 3 years to mature.

Table 1. Comparison of Activation Energies of the Raw Bamboo Shoots (RBS),
Raw Bamboo Culms (RBC), Bamboo Culms Cellulose (BCC) and Bamboo
Shoots Cellulose (BSC)

Samples | Ti(°CFE | Tm(°C) | THCYK | Wri(%)! | Wim (%) | War (%) ACt"’a(tlfJ”rEgl‘ir)gy’ Ea
RBC | 2236 | 3580 | 4459 | 898 59.6 33.9 27.0
BCC | 2830 | 407.7 | 4674 | 895 525 23.4 473
RBS | 237.0 | 3068 | 4454 | 774 65.3 421 12.0
BSC | 2995 | 4002 | 4615 | 878 52.8 313 428

@ Temperature corresponding to the beginning of decomposition

b Temperature corresponding to maximum rate of mass loss

¢ Temperature corresponding to the end of decomposition

4Mass at temperature corresponding to the beginning of decomposition
¢Mass at temperature corresponding to the maximum rate of mass loss
fMass at temperature corresponding to the end of decomposition

All untreated raw bamboo fibers revealed low activation energies compared with
bamboo cellulose fibers (Table 1). Among those samples, RBS showed the lowest
activation energy (12.0 kJ mol ™), followed by RBC (27.0 kJ mol™). The low activation
energy values indicate lower thermal stability of the raw fibers. After alkaline hydrolysis,
both BSC and BCC reported higher activation energies between 42 to 47 kJ mol™!, which
were 1.5 to 3.5 times higher than those of raw bamboo fibers, indicating higher thermal
stability among the treated bamboo cellulose. From these preliminary findings, the
comparable thermal properties between BSC and BCC suggested that the young bamboo
shoots are a potential alternative of bamboo cellulose, which can be available at the early
stage of bamboo growth (2 to 4 weeks).

Differential Scanning Calorimetry

DSC analysis was carried out to further investigate the thermal energy released or
absorbed by the bamboo fibers, in exothermic and endothermic reactions. While the
exothermic reactions provide insights of the crystallization, oxidation, combustion,
decomposition, and chemical reactions of the sample, the endothermic reactions represent

Naim et al. (2022). “NaOH-treated bamboo cellulose,” BioResources 17(3), 4806-4815. 4811



PEER-REVIEWED ARTICLE bi oresources.com

the melting, phase transitions, evaporation, dehydration, and pyrolysis (Kabir et al. 2012).

The DSC curves of BCC and BSC fibers show three significant peaks (Fig. 3). Two
minor exothermic peaks were observed at the region from 160 to 180 °C, owing to the
degradation of hemicellulose in treated samples (Zhang et al. 2015). Two exothermic
peaks at 161.9 and 177.8 °C were observed for BSC fibers. Broader exothermic peaks were
observed for BCC at the same temperature range. The sharp endothermic peaks observed
for the BSC and BCC at 190.0 and 190.5 °C, respectively, support that the alkaline
treatment had successfully removed the amorphous polysaccharide, leaving behind
crystalline and more heat-resistant cellulose macromolecules (Karthik and Murugan 2013).
From the comparison of the DSC curves, those peaks in BCC were broader than those of
BSC, which agree with the higher cellulose content in the matured bamboo fibers, thus, the
higher thermal stability of BCC compared to the younger fibers from the bamboo shoots
(BSC). This finding is also supported by the higher activation energy for BCC than that of
BSC (Table 1).
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Fig. 3. DSC curves of fibers derived from bamboo culms and shoots before and after NaOH and
mechanical treatments
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CONCLUSIONS

1. Bamboo cellulose was isolated from bamboo culms and shoots of Dendrocalamus
asper using a combination of NaOH hydrolysis and ultra-sonication.

2. The alkaline hydrolysis successfully removed the non-cellulosic polysaccharides in the
bamboo fibers. The alkali-treated bamboo fibers exhibited more intense infrared (IR)
peaks of the crystalline cellulose at 1033 cm™!. The intense IR peaks in bamboo shoot
cellulose (BSC) imply higher crystallinity than that of bamboo culm cellulose (BCC).

3. With the increase of cellulose II content, the initial decomposition temperatures of
cellulose in the BSC and BCC were increased by approximately 60 °C, demonstrating
higher thermal stability and activation energies for treated bamboo fibers.

4. Based on the differential scanning calorimeter (DSC) results, broader peaks seen in
BCC implied higher cellulose content compared to the BSC.

5. Based on the comparison of the chemical and thermal properties of both types of
bamboo cellulose, BSC is deemed highly suitable as an alternate and quick source of
bamboo cellulose to substitute BCC in composite manufacturing.
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