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ABSTRACT

All around the world, in both tropical and subtropical climates, bamboo grows to become one
of the most plentiful non-timber resources. The fact that it is highly recyclable, has strong
mechanical qualities, and is environmentally friendly all add to its growing popularity. The
natural hydrophilicity of bamboo, however, poses considerable hurdles, especially when it
comes to ensuring the best possible compatibility for uses like building materials. Important
methods for enhancing the surface qualities of bamboo have evolved, and they are both cost-
effective and eco-friendly. In this post, we will go over every single detail of how thermal
treatment circumstances, such as temperature, duration, and medium, affect the structural
features of bamboo. Its goal is to provide important information that will spur innovation and
increase the use of bamboo-based products.

Keywords: bamboo; heat treatment; thermal modification; physical, mechanical, & chemical
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INTRODUCTION

One of the most important forest products in Indonesia is wood, which is also a significant forest
resource. Furniture and building materials are two of its most common uses (Aszahrah et al.,
2022; Tjondro, 2014). Also predicted to keep to higher is the demand for wood supply (Mutaqin
etal., 2022). Nevertheless, the 45.8 million m®of wood available from both natural and plantation
forests falls short of the 57.7 million m*® national demand, as reported by the Ministry of
Environment in 2007 (Kaskoyo, 2009; Herwanti, 2015). There has to be a solution to the shortage
of wood, and this growing demand is bringing it to light.

Nugroho et al. (2022) explained that bamboo has the ability to replace wood. Several previous
studies have stated that bamboo also contains lignin, cellulose, and hemicellulose (Hidayat et al.,
2019; Hariz et al., 2021; Hidayat et al., 2022). The chemical components in bamboo are similar
to woods, which make it a good substitute for wood (Hidayat et al., 2022). The bamboo resource
is rich in Indonesia. Indonesia bamboo production hit 17,063,847 culms in 2019, as reported by
Statistics Indonesia in 2020 (Nugroho et al., 2022).

Sharma et al. (2013) indicated that bamboo has numerous benefits, including strong, lightweight,
versatile, affordable, environmentally friendly, and high production. In particular, Indonesia
extensively uses it due to its fast growth and simplicity of processing (Nugraha et al., 2014).
Furniture, animal feed, and construction materials are just a few of the many uses for bamboo
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(Murda et al., 2022). Several of bamboo’s drawbacks include its sensitivity to water, its weakness
against decay and pests (Tang et al., 2019a,b), its lack of dimensional stability, the fact that its
physical properties vary greatly across its three sections (base, middle, and tip), and its small
diameter (Febrianto et al., 2017; Sharma et al., 2013). Modification strategies can be used to
address these issues.

To improve the characteristics of wood while reducing its detrimental impact on the environment
is the general goal sought by wood modification (Hidayat and Febrianto, 2018). Among these,
higher decay resistance, better dimensional stability, reduction in water absorption levels, and
even greater strength can be achieved by employing different means. Chemical, surface,
impregnation, and heat treatments are some of the methods employed to modify wood. Heat
treatment is a popular method because it is so simple to do that anyone can do it. Among other
reasons are that the product has no toxic ingredients and thus can be used even in areas where
people live near trees or other plants (Hidayat et al., 2020).

With heat treatment, one can improve the quality of bamboo and wood (Kwan et al., 2014; Li et
al., 2015; Shangguan et al., 2016). This process requires specific parameters such as time and
temperature (Hendianto et al., 2020). The common range of heat treatment temperature is 180—
260°C. Wood quality will deteriorate if it overheats above 260°C (Hill, 2006; Lee et al., 2018;
Hendianto et al., 2020). Ways to implement heat treatment include various media methods, like
air, steam, a combination of air and steam, nitrogen, oil, and many others (Esteves et al., 2009;
Tian et al., 2021; Feliciano et al., 2011; Hakkao et al., 2005; Abdillah et al., 2020; Suri et al.,
2022).

In recent years, five separate approaches have been used commercially in Europe to use heat
treatment technology. Thermowood and Dutch Plato Wood are two examples from the
Netherlands and Finland that use steam; Bois Perdure and Rectification are two from France that
use nitrogen; and Oil Heat Treatment is one from Germany that utilizes oil (Sahin, 2017).

A great deal of research has demonstrated that wood heat treatment can change the chemical
properties of timber, and the weight or colour, resulting in weights and colours that are different
from their natural states (Hidayat et al., 2018; Suri et al., 2021a,b; Rahmawati, 2022). Hidayat et
al. (2018), Suri et al. (2021a, b), Rahmawati (2022) found that jabon wood treated during one
period or two units of time changed color and lost weight after air heat treatment (AHT), whereas
Suri et al. (2022) demonstrated the effect of AHT on the mechanical strength of Paulownia
tomentosa and Pinus koraiensis wood. Ma'ruf et al. (2023) urged treating low-grade wood with oil
heat treatment (OHT) to produce better quality timber, an approach described as feasible already
by Tang et al. (2019b). Afkar et al. (2023) found after treating modified jabon wood with OHT,
there was substantial real change.

Previous research showed that bamboo was heat-sensitive and needed modification. According
to Hao et al. (2021), using bamboo (Phyllostachys edulis) timber as the material with orthogonal
heat treatment (OHT) increased its dimensional stability and density. After reducing wettability, it
became slow, to mention some benefits. Baiti et al. (2021) found that hydrophobicity (water
resistance) and darker pigmentation were both improved by AHT modification in betung bamboo
(Dendrocalamus asper). This bamboo, being multi-ply in structure and with plenty of cells
intertwined so that the water will not escape into the outside layer, will even be more durable and
has a blemished surface. It's ideal for ware that must undertake long periods in damp
environments and has high aesthetic requirements—whether furniture or craftwork made from
laminated wood.

186



Jurnal Belantara Vol. 8, No.2, August (185-194)

This study aims to systematically review the published literature on the properties of bamboo
modified through air heat treatment and oil heat treatment. The specific objectives of this review
include: (1) exploring the potential of bamboo, especially in Indonesia, (2) highlighting the
importance of heat treatment, (3) reviewing heat treatment methods, and (4) analyzing the effect
of heat treatment on bamboo properties.

1. Potential of Bamboo in Indonesia

Itis noted that bamboo is an important item of NTFP (non-timber forest produce) with many uses;
in addition to lumber, it's also useful in crafts and musical instrument making, for example (Saputra
et al., 2022). Its great production capacity, rapid growth, and simple process of treatment make
bamboo a versatile resource, particularly in Indonesia (Fahrina and Gunawan, 2014; Nugroho et
al., 2022). There is a study emphasizing bamboo's structural superiority. Its flexible, elastic fibers
are ideal for bearing loads. When squeezed, bamboo's compressive strength equals that of wood;
while in the extension stage, its tensile strength exceeds timber's (Fahrina and Gunawan, 2014;
Lestari et al., 2014).

Bamboo belongs to the Gramineae (grass) family and is represented by approximately 200
species in Southeast Asia out of 1,000 species worldwide. Indonesia has approximately 60
bamboo species (Dransfield and Widjaja, 1995). According to a report from Statistics Indonesia
2017, the country produced 14 million bamboo culms. Recognizing its vast potential as a non-
wood resource, the Indonesian government has prioritized bamboo’s utilization in daily life while
fostering the growth of the bamboo industry (Park et al., 2018). Bamboo has long been used as
a construction material due to its availability, lightweight nature, and favorable mechanical
properties. It contains cellulose (42.4%-53.6%), lignin (19.8%-26.6%), pentosans (1.24%-3.77%),
ash (1.34%-3.75%), silica (0.10%-1.78%), and small amounts of other extractives (Hutapea et al.,
2017; Fatrawana et al., 2019)

Bamboo is generally known for its excellent properties, such as strong, straight, smooth, durable
culms, ease of splitting, workability, and lightweight nature (Park et al., 2019). Bamboo is primarily
used as a secondary construction material for scaffolding, roof battens, walls, and roofing (Fahrina
and Gunawan, 2014). This limited usage is largely due to a lack of public awareness regarding
bamboo’s mechanical and physical properties. However, bamboo can be used as a primary
material in foundations, columns, beams, flooring, and roof trusses (Tang et al., 2019a).
Commonly utilized bamboo species in Indonesia include waluh bamboo, legi bamboo, ampel
bamboo, and betung bamboo (Irnawan, 2022).

The ability of bamboo to adapt to diverse climates and its superior properties support its
widespread cultivation. Its rapid growth cycle is particularly notable. Depending on the species,
bamboo matures within 3-6 years, compared to wood, which requires up to 15 times longer to
reach harvestable maturity. This fast growth rate is a key factor driving bamboo’s increasing
utilization (Hidayat et al., 2024).

2. The Importance of Heat Treatment

In particular, there has been a recent surge of interest in the techniques of bamboo heating
treatments because it provides a simple way to modify the physical properties of natural products
and has minimal environmental effects. When subjected to temperatures between 160°C and
220°C, bamboo is partially pyrolyzed and condensed. Under this condition of heat and pressure,
a chemical reaction is triggered, and bamboo will begin to change. Thus, the chemical
composition as well as the structure of bamboo is altered during these processes. These changes
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make bamboo "compact" (some 50% of the hemicellulose and hydroxyl groups in the cell wall are
lost), which improves its properties in physics and chemistry. Particularly, it makes the reduction
of water and moisture absorption capacity clear.

As proved by Wang et al. (2020) and Meng et al. (2016), changes that can improve surface
properties, raise dimensional stability, and obviously improve resistance against biodegradation
are taken. Its chemical composition and mechanical performance are changed by bamboo heat
treatment in various methods. This makes efforts at achieving bamboo materials capable of being
put to use for all kinds of product needs. To solve the problem of wood supply and demand,
promoting environmental sustainability, and expanding the use of fiber composites from bamboo,
heat treatment of bamboo material is absolutely necessary.

3. Heat Treatment Methods

Heat intensity (time and temperature) and treatment medium (vacuum, gas, air, or oil) are the
most important variables in determining how heat treatment processing affects bamboo
properties. All these things matter regarding how heat treatment turns out and how bamboo acts
once heated (Suri et al., 2022).

Qil, air, and steam treatments are the main methods of treating bamboo with high-temperature
heat. Despite their great usefulness in improving the physical and chemical qualities of bamboo,
the first two approaches have only had limited industrial application globally (Hidayat and
Febrianto, 2018).

Heat treatments using air or oil, on the other hand, are laborious and intricate. It becomes more
difficult to process and use bamboo after it absorbs a lot of water and oil during processing. There
are a number of problems with these systems, including increased complexity in waste
management and high operational expenses (Yang et al., 2021; Wang et al., 2021).

4. The Effects of Heat Treatment on Bamboo Properties
a. Heat treatment impact on bamboo’s physical properties

There is as study reported that betung bamboo (Dendrocalamus asper) becomes more
hydrophobic if it is kept heated after boiling for some time. Baiti et al. (2021) reported that when
bamboos are treated with heat, the surface wettability of bamboo changes between 100°C and
180°C. Under experimental conditions, at a temperature of 140 degrees Celsius, water drops on
bamboo stick like small beads (Shao et al., 2009). The glass transition temperature of lignin, an
amorphous thermoplastic polymer, is 150°C (Zheng et al., 2020). Bamboo loses hygroscopicity
as it gets hotter. This is because the hydroxyl groups in cellulose microfibrils break down (Meng
et al., 2016). As Baiti et al. (2021) explained, hygroscopicity is the ability of surface materials to
absorb and retain water molecules.

Previous studies on bamboo have shown that heating affects surface wettability and coloring.
When bamboo is left under hot conditions for long enough, it turns black. On the other hand, when
cellulose, hemicellulose, and lignin undergo oxidation and condensation, the red-green
chromaticity parameter (a*) increases (Baiti et al., 2021). Cademartori et al. (2014) found that by-
products of lignin condensation intensify the color redness.
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In their study, Chen et al. (2019) found that bamboo subjected to dry heat treatment with a
moisture content of 5% did not experience any changes in color intensity (AE). On the other hand,
significant changes in color (higher AE values) were seen when wood with a high moisture content
was heated. Sundqvist (2004), Cademartori et al. (2014), and Pelit (2017) reported that the
surface of wood darkening, it could be caused by the amorphous microfibril degradation and
higher lignin levels. Wood loses some of its surface brightness when heated at 220°C (Huang et
al., 2012).

Cell wall components, layer orientation, microfibril alignment, chemical compounds within the cell
walls, and environmental growth conditions are among the factors that affect the physical
properties of bamboo (Fahrina and Gunawan, 2014). Dimensional stability, acoustic properties,
insulating capacity, density, and moisture content are the primary physical qualities of bamboo.

b. Heat treatment impact on bamboo’s mechanical properties

Factors such as species, harvesting age, culm moisture distribution, culm section, and node
arrangement and spacing affect bamboo's mechanical qualities (Fahrina and Gunawan, 2014).
Important metrics for assessing the mechanical and physical properties of bamboo include the
modulus of elasticity (MOE), proportional and elastic limits, shear strength, compressive strength,
tensile strength, and the stress-strain relationship (Ndale, 2013).

Tung oil heat treatment enhanced modulus of rupture (MOR) and modulus of elasticity (MOE)
when temperatures were kept below 140°C, according to Tang et al. (2019b). These values
remained higher than untreated samples even after being heated to 200°C, indicating that heat
treatment in tung oil below 200°C helps preserve desirable mechanical qualities.

Zhang et al. (2013) conducted a heat experiment in air at a temperature of 100-220°C for 1-4
hours. Several results were reported in this study. MOR started to increase first and then began
to fall off. 160°C was the temperature point at which MOR began to decline. Its rate of decline
also increased with time: 80 hours at 160°C would see MOR drop to about one-twentieth of that
at 10 hours at the same temperature. As the treatment temperature ascended above 200°C, even
more MOR was lost. However, the MOE after heat treatment had a smaller impact. 140°C
represented the maximum MOE value; at 200°C, an inflection point was reached, and this began
to fall away rapidly. Dense materials and greater crystallinity in the cellulose all served to increase
MOE and MOR at first. Lower mechanical values than before were found for bamboo samples
heated to 200-210°C using a muffle furnace (or equivalent treatment method per the conditions).
The main reason behind this loss was due to cellulose destruction. Bamboo heat treatment
resulted in a reduction of the hydroxyl group peak, soon followed by a continued decline in
cellulose and other moisture-absorbing groups as the heat grew more severe. Chemical changes,
such as those reported in several studies (Fazita et al., 2016; Zhang et al., 2016; Yang et al.,
2016; Yang et al., 2019b), caused the low degree of crystallinity in bamboo, leading to damage
to its mechanical properties. Although mechanical intensity was reduced, how much was lost
varied greatly from treatment medium to medium (Yang et al., 2016).

Hemicellulose, a component that binds to cellulose, plays a crucial role in imparting structural
stability to the cell wall. As it breaks down, you compromise the reinforcing material, and that then
affects how well the composite as a whole performs. The stiffness of a material can be measured
as the Modulus of Elasticity (MOE), and the addition of lignin results in harder and stiffer matrices.
Note that the relative content of lignin increases with respect to polysaccharide content during
heat treatment. So, MOE is unaffected by this adjustment (Zhang et al., 2013; Meng et al., 2019).
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Additional research by Suri et al. (2022) compared the effects of air and oil heat treatments on
Korean white pine and royal paulownia woods. At 180 °C, the axial compressive strength of the
wood samples that were heat-treated in either oil or air was found to be the highest, according to
their research. After that, they went downhill as the treatment time and temperature went up.
Unlike Paulownia tomentosa wood, Pinus koraiensis wood became harder when heated in oil.
After being heated in the air, the two wood samples became less hard. They said that
hemicellulose degradation and oxidation reactions in wood might be to blame for the altered
mechanical qualities.

c. Heat treatment impact on bamboo’s chemical properties

According to Murda et al. (2018), hemicellulose and low-molecular-weight extractives are reduced
when subjected to heat. A weakening of the bamboo's structure is caused by the breakdown of
cellulose and hemicellulose chains, which increases the relative lignin concentration (Meng et al.,
2016; Shao et al., 2009; Baiti et al., 2021). The mechanical properties of bamboo strands are
improved due to an autocatalytic reaction within the cell walls. This process increases the polymer
crystallinity (Nishida et al., 2017; Yun et al., 2016; Baiti et al., 2021).

Water loss and volatilization of extractive components occur in lignocellulosic materials, including
wood, when continually subjected to heat below 140°C (Baiti et al.,, 2021). The alignment of
polymer chains improves mechanical qualities when bamboo is heated to a temperature close to
its glass transition temperature (Tg), seen at the macroscopic level. According to Baiti et al.
(2021), this process causes the bamboo structure to become denser and less porous, making it
more resistant to liquid penetration and diffusion.

Bamboo fibers are chemically and anatomically identical to other raw materials used to make pulp
and paper, and their length is about 3 to 4 mm. Bamboo has strands that are longer than pine
and about the same length as red spruce. Cellulose makes up 42.4% to 43.6% of bamboo. Lignin
(19.8%—26.6%), pentosans (1.24%—-3.77%), ash (1.24%—3.77%), silica (0.10%—1.78%), and
extractives (0.9%-6.9% benzene-alcohol solubility, 4.5-9.9% cold water solubility, and 5.3%—
11.8% hot water solubility) are among the other components found in bamboo (Nafitri and
Lukmandaru, 2014). The distribution of bamboo's chemical properties coincides with the vertical
location along the culm of Dendrocalamus asper (Nafitri and Lukmandaru, 2014).

CONCLUSIONS

Bamboo is a promising alternative to wood due to its sustainability, rapid growth, and strong
mechanical properties. However, its high water absorption, susceptibility to degradation, and
dimensional instability limit its broader applications. Heat treatment has proven to be an effective
and eco-friendly modification technique that enhances bamboo’s physical, mechanical, and
chemical properties. Thermal treatment addresses many of bamboo's inherent weaknesses by
reducing moisture absorption, increasing dimensional stability, and improving surface
hydrophobicity. Moderate heat treatment temperatures improve mechanical strength, but
excessive heating above 200°C can degrade cellulose and reduce structural integrity. Chemically,
heat treatment alters bamboo’s composition by breaking down hemicellulose and extractives
while increasing lignin content, affecting both stiffness and hardness.

Despite these benefits, challenges such as treatment cost, efficiency, and variations in processing
outcomes remain. Future research should focus on optimizing heat treatment methods to
maximize bamboo’s performance while ensuring economic viability. Exploring hybrid treatments
and alternative processing techniques could further enhance bamboo’s mechanical and physical
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properties, expanding its applications in construction, furniture, and engineered composites.
Bamboo can become a more competitive and sustainable material in the global market by refining
thermal treatment strategies.
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