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Thermal Degradation of Four Bamboo Species
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Bamboo, among other natural plants, has a special structure, with different
characterization along the culms and between species. In this study, the
thermal stabilities of four bamboo species, named Dendrocalamus
pendulus (DP), Dendrocalamus asper (DA), Gigantochloa levis (GL), and
Gigantochloa scortechinii (GS), were investigated by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) under a
nitrogen atmosphere. Each species was divided into three different
portions: bottom, middle, and top, and fibres were manually extracted from
the specified sections of each species. The thermal analysis of extracted
bamboo fibres indicated that the thermal degradation behaviour of each
bamboo species varied from bottom to top and between species.
However, these variations were lower in DA species compared to GS, GL,
and DP, because of minor differences between lignocellulosic
components of its three portions. The top and middle portions of the four
species degraded at a higher temperature range (314 to 379 °C) than the
bottom portions. The results of this study suggest that DA and GS species,
according to their thermal stabilities, are most suitable for use as
reinforcement in composite materials.
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INTRODUCTION

In recent years, natural plant fibres have attracted the attention of engineers and
scientists to employ them as potential reinforcement in composite materials because of
their low cost, renewability, and sustainability. Natural plant fibres are divided into seven
categories: wood, leaf, stalk, seed, bast, fruit, and grass/reed fibres (Jawaid and Khalil
2011). The properties of these fibres can be determined by the relative ratios of their four
main constituents: cellulose, hemicellulose, lignin, and pectin (Saheb and Jog 1999).
Cellulose, hemicellulose, and lignin define the reinforcement, degradability, and rigidity
of the plant fibres, respectively (Zakikhani et al. 2014b). Lignin, in comparison with the
two former components, is more thermally stable (Saheb and Jog 1999). The thermal
stability of natural plant fibres that are used as reinforcement composite materials for
various applications, especially in the aerospace industry, is a critical issue (Eldridge 2013).
Therefore, thermal analysis of plant fibres needs to be widely investigated to increase the
applicability of natural fibres as environmentally friendly bio-composite materials.

In the category of natural plant fibres, bamboo culms belong to the grass family
Poaceae, subfamily Bambusoideae, tribe Bambuseae (Yu 2007). It is estimated that more
than 1000 bamboo species from 70 genera grow abundantly in Asia, South America, and
other diverse climates (Gratani et al. 2008; Khalil et al. 2012).
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Peninsular Malaysia, as a tropical state, has approximately 59 bamboo species from
approximately seven genera: Dendrocalamus, Gigantochloa, Racemobamboos, Bambusa,
Schizostachyum, Dinochloa, and Thyrsostachys (Forestry Department of Peninsular
Malaysia 2013). Bamboo culms, in comparison to other natural plant fibres, possess several
advantages, such as low cost, low density, high stiffness, high mechanical strength, and
atmospheric carbon dioxide fixing (Zakikhani et al. 2014a). Among the different types of
renewable plants, it is almost the fastest growing one (Ray et al. 2004).

The thermal properties of natural fibres used in reinforced composites can be
analysed through various methods. The two most common methods that are used by
researchers are thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). The TGA technique measures the weight loss and mass change of a substance as a
function of temperature. However, there are some reactions that may occur with no mass
loss. In this case, DSC is able to detect these reactions (Haines 2002).

In one study the thermal stability and degradation of banana fibres in two sizes of
macro fibres and nano fibres-reinforced composite were studied. The researchers found
that thermal stability of the fibres increased from the macroscale to the nanoscale (Thakur
and Thakur 2014).

Thermogravimetric analyzer coupled to mass spectrometer (TGA-MS) was used to
investigate the small scale of binders (lime or plaster) and cereal straw fibres (wheat and
barley) as construction materials. The results revealed that in thermal degradation
procedure the binders influenced the delaying of char formation of the composite
(Chetehouna et al. 2015). On the other hand, the thermal stability of natural plant fibres
has a significant effect on the fabrication process of natural fibre-reinforced composites
(Mohanty and Nayak 2010).

It has been revealed that the thermal properties, heat resistance, and heat distortion
temperature of bamboo fibre-reinforced polylactic acid (PLA) composites were improved
by the addition of bamboo fibres (Shi et al. 2012; Tokoro et al. 2008). The cellulose
structure and non-cellulosic components are particularly effective at increasing the thermal
stability of natural fibres (Ouajai and Shanks 2005). Although bamboo fibres exhibit
stability that is appropriate for use in reinforced polymeric composite materials, they have
different properties due to variation among species. In addition, the fibre percentage along
the wall area of a bamboo culm increases from the bottom to top portions (Londofio et al.
2002).

In the process of bio-composite preparation, thermal analysis of natural fibres is
important due to the fibres’ limited thermal stability during composite development.
Bamboo fibre composites are fabricated using various methods, such as hot press, cold
press, injection moulding, and moulding techniques (Zakikhani et al. 2014b). Heat is used
in different manners during all of these procedures; therefore, it is essential to ensure that
bamboo fibre-reinforced plastics have the ability to conserve their properties and withstand
the heat typical of composite preparation.

In this regard, the thermal stabilities (especially thermal degradation) of four
different bamboo species, namely, Gigantochloa scortechinii, Gigantochloa levis,
Dendrocalamus asper, and Dendrocalamus pendulus, divided into three sections each,
were investigated using thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC).
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EXPERIMENTAL

Bamboo

Four-year-old bamboo species Akar (Dendrocalamus pendulus: DP), Betong
(Dendrocalamus asper: DA), Beting (Gigantochloa levis: GL), and Semantan
(Gigantochloa scortechinii: GS) were collected from Pahang in Peninsular Malaysia. The
chemical composition of the bamboo species from literature are given in Table 1. The
selected bamboo culms were cut 150 mm above the ground level. The four bamboo species
were subdivided into three equal portions: bottom (B), middle (M), and top (T). The length
of each of the portions was determined by the length of the species. Tree Wound liquid, a
pruning sealer, was applied to the cross-section of every bamboo culm to prevent moisture
loss during transportation.

Table 1. Chemical Composition of Bamboo Species

Species  Holocellulose (%) Alpha cellulose Lignin Ash (%) References
(%) (%)

DA 74 - 28.5 15 (Chaowana 2013)

GS 74.62 46.87 32.55 2.83 (Wahab et al.
2013)

GL 85.08 33.80 26.50 1.29 (Wahab et al.
2013)

Unknown - 42.3-49.1 23.8-23.1 1.3-2 (Yao et al. 2008)

Extraction of Fibres

Bamboo nodes were removed using a wood saw to cut 2 cm above and 2 cm below
the diaphragms. The separated internodes of DA, DP, GS, and GL species and their bottom,
middle, and top portions were cut into strips using a cast iron bamboo splitter. The bamboo
strips were labelled and bundled separately. Then, the separated bundles were kept in water
for 72 h to soften the structure of the bamboo strips. After three days, the bamboo strips
were removed from the water and were sliced longitudinally into thinner lumber strips.
Subsequently, the fibres were manually extracted and air-dried. The prepared samples are
shown in Fig. 1.

Fig. 1. (@) Bamboo culms, (b) extracted bamboo fibres, and (c) prepared samples

Determination of Thermal Properties of Bamboo Fibres
Thermogravimetric analysis (TGA)

The thermal stability and composition of the initial samples were assessed using a
Mettler-Toledo International Inc., USA (TGA/SDTAB851°) device under a flowing nitrogen
atmosphere (10 mL/min) to prevent unwanted oxidation. The temperature range of the
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process was from 25 to 700 °C at a heating rate of 10 °C per min. The samples were placed
in platinum pans with an average weight of 10 mg.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry was conducted using a Mettler-Toledo
International Inc., USA instrument (DSC 823°) device to obtain thermal changes in the
samples at a heating rate of 10 °C per min with a temperature range of 30 to 300 °C. The
calorimetric measurements were performed under a nitrogen atmosphere at a 10 mL/min
flow rate; 6 mg was the average weight of the samples.

RESULTS AND DISCUSSION

Thermal Degradation by Thermogravimetric Analysis (TGA)

The differences in thermal degradation, characterised by peak temperature and
weight loss, for all bamboo species (Dendrocalamus pendulus (DP), Dendrocalamus asper
(DA), Gigantochloa levis (GL), and Gigantochloa scortechinii (GS)) and their divisions
(bottom, top, and middle) are shown in Fig. 2 and Table 2. The first stage of weight loss,
that is, the dehydration phase, was dependent on the temperature ranging from 25 to 150
°C; this stage was attributed to moisture evaporation from the bamboo fibres. The DTG
plot, which compares the rate of mass loss during the temperature scan, exhibited a distinct
peak for this phase (Biagiotti et al. 2004). The amount of moisture in a bamboo culm varies
between species, in individual culms within same species and in different parts along the
same bamboo culm (L6pez 2003), and this resulted in different weight losses during this
stage. The weight of bamboo fibres decreased because of the loss of moisture and release
of bound water. The highest weight loss (10.8%) was observed for DP B, and the lowest
was for DP T (4.77%).

Following the dehydration stage, the rate of mass loss was rapid in the next zone
(157 to 357 °C), determined as active pyrolysis stage which may correspond to the
decomposition of hemicellulose, cellulose, and lignin components of the four bamboo
species (Mansaray and Ghaly 1998; Kumar et al. 2008). The TGA curves displayed the
decomposition of hemicellulose at first and degradation followed with the breakdown of
cellulose. The lignin components decomposed slowly over the entire temperature range,
which typically started at 100 to 900 °C (Yang et al. 2007). In the next stage, the rate of
mass loss was slow due to the minor order of the reaction. Hence, this zone is defined as
the passive pyrolysis region (Kumar et al. 2008).

DA and GS exhibited two decomposition stages from bottom to top, compared with
DP and GL; an exception was DP B, where there were only two stages of degradation. In
the first degradation stage, the mass losses that began in DP M, DP T, and GL species were
negligible between temperatures of 157 to 187 °C. Therefore, heating continued into the
second stage of weight loss for DP M (7.41%), DP T (9.14%), and GL (B: 13.76%, M:
8.06%, and T: 14.19%). The weight loss percentage of bamboo fibres varied among the
species and their bottom, middle, and top sections. The DTG curves of the zone between
315 and 700 °C displayed a single noticeable peak for all species. In Fig. 2, it can be seen
that thermal degradation for all bamboo species occurred at higher temperatures but over
different ranges because of the thermo-chemical changes of hemicelluloses in the four
species.
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Table 2. Thermal Degradation Data of DP, DA, GS, and GL Fibres at 10 °C/min in a Nitrogen Atmosphere
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Dehydration Active pyrolysis Passive
pyrolysis
Bamboo Bamboo Weight loss First degradation Second degradation Third degradation Charred
species culm (%) at residue (wt.%)
sections temperature at temperature
range of 25- range of 400 to
150 °C 700 °C
T1(°C) Weight Tpeak T2(°C) Weight Tpeak T3(°C) Weight Tpeak
loss (%) (Tp/ °C) loss (%) (Tp/ °C) loss (%) (Tl °C)
DP B 10.80 243-292 10.36 280 292-370 49.41 342 - - - 21.62
M 7.34 180-239 0.8 211 239-319 7.41 300 319-379 61.62 356 17.69
T 4.77 187-217 1.57 204 217-315 9.14 292 315-375 59.67 352 19.75
DA B 6.86 200-317 10.51 288 317-377 51.59 354 - - - 24.49
M 5.77 207-315 12.17 284 315-376 50.48 352 - - - 25.72
T 7.62 215-323 14.91 296 323-378 47.74 357 - - - 23.76
GS B 5.66 210-316 10.33 292 316-374 54.82 351 - - - 22.86
M 6.54 203-315 10.89 280 315-373 53.95 351 - - - 22.42
T 10.72 223-314 10.32 288 314-372 49.27 350 - - - 22.9
GL B 6.97 157-239 3.90 207 239-322 13.76 288 322-376 44.24 353 23.30
M 9.47 173-242 5.60 207 242-320 8.06 284 320-373 43.50 352 20.99
T 8.25 181-240 2.10 210 240-323 14.19 290 323-378 45.22 356 22.61
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Fig. 2. TG and DTG curves of DP, DA, GS, and GL fibres

Hemicellulose is a heterogeneous polymeric network that has an amorphous
structure and, in contrast with cellulose, has a lower molecular weight; therefore, it
degrades easily at low temperatures (Yang et al. 2007). It decomposed in DP T at a
temperature as low as 204 °C; however, the decomposition of DA T occurred at the highest
temperature (296 °C). Moreover, the highest weight loss occurred in DA T at 14.91%. This
indicated that the top section of DA has higher cellulose content than the other bamboo
species. In all four bamboo species, the cellulose structure degraded at a higher temperature
because of its higher thermal stability compared to hemicellulose. The starting points of
hemicellulose decomposition in both DA and GS species and for all three sections were
higher than 200 °C; however, GS B and T fibres decomposed at higher temperatures (210
and 223 °C) than DA B and T (200 and 215 °C). Additionally, the middle part of GS
decomposed at a lower temperature than DA M. Meanwhile, the onset degradation of DP
B occurred after 243 °C, which was the highest temperature among the four species.

Following the hemicellulose degradation stage, but in the same phase, cellular
breakage was observed as the third thermal degradation for DP M, DP T, and GL (B, M,
and T) occurred at maximum temperatures of 356, 352, 353, 352, and 356 °C, respectively
(Razali et al. 2015). Cellulose, in contrast to hemicellulose, is a long linear chain of
polysaccharides; hence, it is more thermally stable. In Fig. 2, it can be seen that the major
weight losses of bamboo species occurred above 340 °C and were approximately 40% to
62%. The second degradation of DA, GS, and DP B was observed from 292 to 378 °C and
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corresponded to the decomposition of cellulose and lignin in the fibres with the highest
weight loss of approximately 47% to 55%. Lignin contains aromatic compounds and,
unlike hemicellulose and cellulose, is a main component of the cell wall (Peng et al. 2012).
It has a complex structure, and its role is to hold the hemicellulose and cellulose together.
Therefore, the decomposition of this component is more difficult, and it occurred slowly
for all samples during the entire temperature range up to 700 °C (Alwani et al. 2013).

The residual char of DA species in the B, M, and T portions was 24.49%, 25.79%,
and 23.76%, respectively, which was the largest among the species tested as a result of its
high lignocellulose content. The char left from the GS and GL species and DP B was
approximately 20% to 23%. The lowest amounts of charred residues were observed for DP
M (17.69%) and DP T (19.75%). This diversity in the amount of residual char existed due
to differences in the chemical composition of the four bamboo species (Alwani et al. 2013).
In this TGA analysis, the starting point of decomposition and the onset of degradation for
all bamboo species showed that GL species, DP M, and DP T degraded at lower
temperatures than GS, DP B, and DA species, which indicated that the thermal stabilities
of GL species, DP M, and DP T were lower than those of the rest of the examined bamboo.

The comparison of thermal degradation of four bamboo species with other natural
fibres can be seen in Table 3. It can be concluded that thermal degradation of DA, DP and
GS species commenced at a higher temperature than GL species. Bamboo fibres in
comparison with other natural plant fibres have good thermal stability, even better than
sugarcane bagasse in the same plant family.

Table 3. Thermal Degradation of Different Natural Fibres

Natural fibre T initial (°C) T maximum (°C) References

Okra 220 359 (Maria et al. 2010)
Hemp 250 390 (Ouajai and Shanks 2005)
Coir 228.6 384.1 (Alwani et al. 2013)
Pineapple leaf 128.7 319.8 (Alwani et al. 2013)
Sugarcane bagasse 167 357.1 (Alwani et al. 2013)
Mean DP 203 350 From present investigation
Mean DA 207.3 354.3 From present investigation
Mean GS 212 350.66 From present investigation
Mean GL 170.3 353.66 From present investigation

Differential Scanning Calorimetry (DSC) Analyses of Four Bamboo Species

Differential scanning calorimetry (DSC) analyses performed on the different
portions (bottom, top, and middle) of DP, DA, GL, and GS are shown in Fig. 3 and Table
4. In the DSC analysis, different chemical activities of lignocellulosic fibres occurred as
the temperature increased. These activations were presented through a sequence of positive
and negative displacements, namely, exothermic and endothermic peaks. For the examined
bamboo species and their portions, broad endothermic peaks could be observed in the
temperature range of 30 to 135 °C.

Negative displacement occurred when heat absorption by the bamboo fibres led to
the evaporation of free water located within cellulose. The transition temperature of
unbound water or free water in natural polymers is equal to pure water, while it is higher
than bound water (Nakamura et al. 1981).
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From Fig. 3, it can be observed that in the first endotherm, the endothermic peak of DA B
(82.82 °C) is the highest and that of GL M (67.10 °C) is the lowest compared to other
species and their portions. This peak is also high for GL T (79.56 °C), GS T (79.41 °C),
and DP B (79.22 °C). Thus, DA B has the highest lignocellulose content, which was
supported by the TGA analysis data in Table 2. Moreover, the peak temperature of DA B
and DA M in the first and second endothermic reactions indicated that the
depolymerisation of cellulose molecules followed by volatilisation in these sections of
bamboo required higher temperatures due to their higher stabilities, as shown in Table 4.

In the regions between 121 and 226 °C for DP M, between 120 and 195 °C for GL
B, and between 123 and 189 °C for GS B, no exothermic or endothermic peaks were
observed. This indicated that the fibres of DP M, GS B, and GL B were thermally stable in
these regions. In contrast, continuous endothermic reactions occurred in DP T and the
middle portions of GS and GL species.

All bamboo species exhibited two or three continuous endothermic peaks that might
be associated with a rapid devolatilisation process (Ball et al. 2008; Glass 1954); an
exception to this observation involved GS B and GL B portions that exhibited exothermic
reactions after 262 and 234 °C, respectively, which was indicative of the charring process
and resulted in little residual material (Yang et al. 2007). The exothermic events in these
portions might be related to breakage of cellulose chains in a crystalline region (highly
ordered) of their microfibrils.
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Fig. 3. DSC thermograms of Dendrocalamus pendulus (DP), Dendrocalamus asper (DA),
Gigantochloa levis (GL), and Gigantochloa scortechinii (GS) bamboo species
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Table 4. DSC Data of DP, DA, GS, and GL Fibres at 10 °C/min in a Nitrogen Atmosphere

First endotherm

Second endotherm

Third endotherm

Bamboo Tinitial Tpeak (°C)  Tinal Delta Tinitial Tpeak (°C)  Tinal Delta Tinitial Tpeak (°C)  Tinar (°C) Delta
species (°C) (°C) enthalpy (°C) (°C) enthalpy (°C) enthalpy
(J/g) (J/9) (J/9)
DP B 30.64 79.22 12476  326.05 181.84 235.22 277.81 28.05 - - - -
M 2997 75.58 120.66 278.38 225.95 239.47 294,98 11.69 - - - -
T 30.39 69.64 111.89 331.37 133.83 158.64 176.33 4.20 225.62 252.05 287.36 24.58
DA B 30.59 8282 134.49 207.12 179.67 239.17 28252 15.81 - - - -
M 30.07 75.19 123.07 263.25 163.77 241.72 287.65 33.40 - - - -
T 30.33 75.27 121.10 271.56 168.85 238.54 265.79 42.98 - - - -
GS B 30.23 73.89 122.68 208.20 188.53 199.16 214.48 1.87 22219 240.29 259.5 28.42
M 30.32 71.83 116.63 333.46 162.49 172.17 203.82 1294 215.31  230.09 268.73 27.92
T 30.86 79.41 129.73 285.38 180.97 228.60 244.09 9.90 247.63 259.61 284.36 1.45
GL B 30.31 77.57 120.03 165.19 194.75 215.16 251.56 3.10 - - - -
M 30.58 67.10 114,70 85.03 140.95 203.08 256.33 54.24 264.70 272.59 289.15 2.02
T 30.58 79.56 127.11 236.15 176.89 238.03 284.72 32.02 - - - -
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CONCLUSIONS

1.

Thermogravimetric analysis and differential scanning calorimetry were used to
investigate the thermal degradation behaviour of four types of bamboo species divided
into three portions along the length of their stalks. The decomposition of each species
varied from bottom to top because of differences in their cellular structures. The TG
and DTG curves showed a low temperature shoulder (hemicelluloses), a broad peak
(cellulose), and an increasing temperature up to the end (lignin).

In addition to the degradation of the lignocellulosic components, the early mass loss of
bamboo species was related to the dehydration and vaporisation of the moisture content
in the fibres. The pyrolysis and major weight loss of Dendrocalamus pendulus (DP),
Dendrocalamus asper (DA), Gigantochloa scortechinii (GS), and Gigantochloa levis
(GL) species occurred from 292 to 379 °C, 315 to 378 °C, 314 to 374 °C, and 239 to
378 °C, respectively.

The obtained results demonstrated that the differences in thermal stabilities of the three
portions of every species were insignificant when compared to the differences between
species.

The thermal stabilities of bamboo species can be ranked DA > GS > DP > GL. The
three portions of DA and GS species have suitable properties to be used as
reinforcement composite materials in the preparation of polymer composites.
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