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ABSTRACT

Wood modification treatment has grown in popularity over the last few years and continues
to expand as an industrial method for improving certain types of wood. As a result of
environmental concerns, the wood sector is under more pressure than ever to develop wood
alternatives. Nowadays, fast-growing wood species appear to have increasing potential as
substitute wood sources for bridging the supply-demand gap in the wood industry. Albasia
(Albizia falcataria), sometimes known as sengon wood, is a fast-growing wood widely planted
in Indonesia. However, specific characteristics of the wood, such as low density, low hardness,
and low strength, have been hindering its end-use applications as a building material.
Therefore, numerous technologies enhance wood's physical and mechanical qualities. This
paper summarizes the extensive literature on wood modification of Albizia falcataria and
synthesizes the major publications on wood properties, chemical changes, wood uses, and
quality control. Acetylation, furfurylation, thermal modification, and impregnation as wood
modification technologies have been utilized in Albizia falcataria studies. Based on recent
investigations, this article aims to review the current state of knowledge regarding wood
modification technologies for improving the Physical and mechanical properties of Albizia
falcataria. Identifying the research gaps would also aid in accelerating the research activities
for deploying these modification technologies on an industrial scale.
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1. Introduction

In 2013, the Indonesian forest product industry
consumed more than 64 million m3 of wood. However, less
than 24 million m? of natural forest logs were harvested in
the same year (Forestry, 2014). Consequently, there is a gap
between supply and demand, and wood businesses are
compelled to seek alternative sources of raw materials to
fulfill the rising need. One source consists of community-
owned and -managed forests. Community forests are
primarily composed of fast-growing plants with short
harvesting cycles (less than ten years).

Albizia falcataria is a fast-growing wood species
cultivated extensively in Indonesian forests and community
plantations. In 2019, the wood industry was supplied with
57.9 million m? of logs, more than 85% of which came from
forest plantations. Indonesia produced 5.4 million m? of
Albizia falcataria logs, representing 9.3% of the total
national log production (BPS, 2019).

However, the rapid growth of A/bizia falcataria results in
low density, poor hardness and strength, and perhaps a
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large amount of juvenile wood with numerous knots, which
has inferior physical and mechanical qualities to mature
wood (Zhang et al 2004; Julian et a/ 2019). Therefore,
increasing the density and characteristics of the wood is
essential, as denser wood is frequently selected for
commercial applications (Blomberg et a/ 2005; Laine et a/,
2016; Pelit et a/, 2017). Wood modification is a promising
strategy for improving the characteristics of fast-growing
species (Ratnasingam and Ioras, 2012; Candelier et al,
2015).

This review focuses on how wood modification has been
and could be utilized to advance our fundamental
understanding of the impact on the physical and
mechanical properties of Albizia falcataria. First, we briefly
describe the current state of knowledge regarding the
essential characteristics of Albizia falcataria wood and
wood modification technologies. Second, we demonstrate
how wood modification can enhance the physical and
mechanical properties of Albizia falcataria. Finally, the
objective is to compile a comprehensive compilation of all
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literature concerning the impacts and various modification
procedures on the physical and mechanical properties of
Albizia falcataria.

We discuss a focused selection of literature intending to
inspire future research in the critical field of A/bizia
falcatariawood modification research to advance the state-
of-the-art of Albizia falcataria potential. With a greater
understanding of the effects of wood modification
technologies, it will be feasible to create and refine wood
modification procedures to improve the physical and
mechanical properties of Albizia falcataria.

2. Methods

In this study, we have organized a narrative or semi-
systematic review (Wong et al, 2013). The pertinent
literature has been analyzed in two sequential steps: (i)
identifying literature from selected databases using a set of
criteria and (ii) mapping the content of the selected
literature using a series of particular queries. These
procedures are detailed below.

2.1 Identifying literature

The literature was searched using Google Scholar,
ScienceDirect, and ResearchGate portals between April and
June 2022. Some terms (in English and Bahasa Indonesia;
italics added) were mixed during the literature search,
including  Acetylation, Albizia  falcataria, albasia,
densification,  furfurylation,  impregnation,  physical
properties, plantation, mechanical properties, sengon,
thermal modification, wood modification. The articles
included were written in English and Indonesian (Bahasa
Indonesia). The study review consisted of 23 selected
literature on modified Indonesian Albizia falcataria wood,
which were then classified based on the type of treatment
used and properties achieved in each study.

2.2 Mapping of contents
The following questions were utilized to map the

contents of the selected studies:

e What wood modification technologies have been
implemented in Albizia falcataria?

e How is the treatment applied to modified A/bizia
falcataria wood?

e How are wood properties achieved and what are the
challenges from different types of treatment on modified
Albizia falcataria?

e What is the future of wood modification technologies on
Albizia falcataria?

3. Outline and Current Situation
3.1 Albizia falcataria

Albasia or Sengon (Albizia falcataria) is a fast-growing
tree extensively planted in community forests in Indonesia.
The species originated in Indonesia, Papua New Guinea,
the Solomon Islands, and Australia (Soerianegara, L. and
Lemmens, 1993). As a result of the tree's fast growth, the
wood has poor density, strength, and durability, and a large
proportion of it is juvenile wood. The wood has a 0.3-0.5
g/cm? density and a hardness of 112-122 kg/cm?, while the
trees include up to 100% juvenile wood (Kojima et a/, 2009).
Albizia falcataria has durability and strength classes of IV-V
(Martawijaya et a/, 2005). Albizia falcataria is now utilized
in Indonesia for pulpwood, lightweight building, and wood
composite. However, its application is limited to original,
unaltered wood that is widely distributed in the wood
industry sector.

3.2 Wood Modification Technologies

Wood modification has been defined by Hill (Hill, 2006)
as a procedure that "requires the effect of physical,
biological, or a chemical agent on the wood species,
resulting in the desired property enhancement during the
life span of the modified wood". This is commonly regarded
as a different technique from the conventional biocide-
based wood preservation treatments (Eaton and Hale,
1993). The wood modification sector is developing
significantly, driven partly by environmental concerns.

Four primary types can be constructed as wood
modifications (see Figure 1). These wood modifications
consist of many advanced procedures now utilized in the
wood preservation industry or various stages of
development. Several systems are well developed and
commercially available, including thermal modification —
the method of modifying hygroscopicity by the application
of elevated temperatures (160 °C to approximately 230 °C)
in an anaerobic environment, steam, or vacuum (Esteves
and Pereira, 2009; Lekounougou and Kocaefe, 2014);
Acetylation — the esterification of wood with acetic
anhydride (Rowell, 2014).

Based on data from Jones and Sandberg, Table 1
summarizes the main wood modification and annual
expected commercial volumes worldwide. Thermal
modification accounts for a global production volume of
1,608,000 m? per year. According to consumer demand,
technology licensing, and the relative simplicity of
producing thermally treated wood utilizing stand-alone
treatment chambers, a rise in production is expected in the
future years.

Table 1. Estimated overall global production of modified wood (Jones and Sandberg, 2020)

Treatment Estimated Volumes (m3)
Europe China N America Oceania/Japan Other
Thermally modified wood 695,000 250,000 140,000 15,000 10,000
Densified wood 2,000 <1,000 - <1,000 -
Acetylation 120,000 - - - -
Furfurylation 450,000 - - - -
Other methods 35,000 290,000* - 5,000 TBD*

(*) Figures combine furfurylation processes other than Kebony® and NobelWood®, DMDHEU, and other resin treatments.
() Empty fields indicate that no data are available or that the authors of the cited work are unaware of this type of modified wood in this region.
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| Wood modification |

| 1. Chemical processes | | 2. Thermally based processes | | 3. Physical processes | | 4. Other processes
— A. Active Modification  A. Thermo-treatment | 4. Electromagnetic t—| A. Biological treatment
* Acetylation « Charring of wood surfaces irradiation * Fungal incising
« Furfurylation « Ultraviolet light (UV) » Fungi antagonists
* Resin impregnation — B. Thermo-hydro proc | = Infares light (IR) « Enzyme treatment
- Compreg * Releasing internal stresses * High-frequency (HF) * Bacterial incising
- PF-resin * Softening * Microwaves (MW) + Natural extracts
* DMDHEU based * Drying * Degradation
+ Silicate/silane based * Ageing B. Laser treatment metabolities
- - - * Thermal modification * CO,-laser \ [B. Brometics
| B. Passive Modification (under high temperature and * UV-laser ablation . Wat I
* Resin impregnation pressure treatment) * Surface melting aler reperiency
- Melamin resin * Self cleaning
- Other chemicals e.g. — C. Thermo-mechanical proc  C. Plasma treatment \"C Mineralisation
methacrylate + Self-bonding of veneer * Cold plasma « Silica-based
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+ PEG-based proc treatment impregnation . Super(:_nqtcal fluids
* Chitosan * Bending + lonic liquids
- Solid wood | E. New methods
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* Moulding chitosan
- Surface . * Graft polymerisation
i Cmss-se.:cnox}al » Click chemistry
* Bulk dens1ﬁ§atmnA * Rhodium catalysis of
* Surface densification hydroxyls

Figure 1. A brief overview of wood modification technology
Source: modified from (Jones et a/ 2019)

Table 2. Commonly achieved properties of modified A/bizia falcataria from various wood modification technologies.
Achieved Properties
"} c o
1A g\ ﬁ [ 3 2 (7] g 3
2 8 g5 2| £ o & 8 & s
Process Type Treatment Reference 2 2 & F| 2| o w £ ¢
gl w G| ¢ 2| £ & B 2| &
of # | 2| o & o & 9
[a] ol ¢ =S| o @ o O
= - [} c I -
8 c = () o =
& £ £
(%) fa) ]
Thermally Thermo-hydro Thermal (Muthmainnah, 2017) IRZARZAR4R4
based Modification (Karlinasari et a/ 2018) v v v
(Karlinasari et a/ 2018) v 4 v
(Iskandar et al, 2018) V4 Vi v v v
(Iskandar et al, 2019) v Vi v Vv
(Julian et a/, 2022) ViVvIivIiviv v
(Iskandar et al, 2021) V4 V| v ViV
Drying (Adzkia et a/ 2020) v 4
Thermo- Mechanical Bonded (Karliati et al, 2019) v N4
Chemical Active Modification Acetylation (Asdar, 1999) v v v
(Hadi et a/ 1994) v v v/
Impregnation (Sumardi et al, 2020) vV iVv|Vv| Vv V| v v v
Furfurylation (Hadi et a/ 2005) v
(Hadi et a, 2020) v
(Hadi et al, 2021) v v| v v
(Hadi et al, 2021) v|v| v v
(Hadi et al, 2022) V| v v v v | v| V]
(Sabrina et al, 2021) v| v v
Passive Mod Impregnation (Nandika et a/, 2015) v vIiviv| vl v V4
(Budiman et al, 2020) v v v 4
(Rahayu et al, 2020) Vi v Vi v
(Nurhanifah et al, 2020) v v
(Rahayu et al, 2021) V] v v v v
Empty fields indicate that no benefit is claimed according to the references, to the best of the authors’ knowledge
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4. Results and Discussion

The effects of Albizia falcataria wood modification
technology that has been carried out in several studies are
summarized in Table 2. Wood modification aims to
improve its physical and mechanical properties, including
density improvement, wood mass loss, color change,
thickness changes, moisture, morphology, dimensional
stability, hardness, compressive strength, modulus of
rupture, and modulus of elasticity.

4.1. Acetylation

One of the best ways to improve the technical properties
of less durable wood species is acetylation, which has been
the subject of extensive research (Hill, 2006; Rowell and
Dickerson, 2014). Additional research and
commercialization have been conducted on the acetylation
reaction, and these efforts are still ongoing.

The simplified reaction of Albizia falcataria wood
components with acetic anhydride is shown in Figure 2. The
acetylation of wood is a chemical alteration in which an
external pressure forces an electrophilic reagent (often
acetic anhydride) to migrate through the wood pits and
react with accessible nucleophilic hydroxyl groups, then
diffuse and react deeper into the cell wall (Rowell, 1983).
Therefore, thickening the cell wall and removing
hydrophilic hydroxyl groups decreases the wood's ability to
absorb moisture and enhance its resistance to swelling and
decay (Hill and Jones, 1996; Hill, 2006). A more detailed
description of the acetylation modification of A/bizia
falcatariais shown in Table 3, along with the type of sample
and acetylation method.

According to the A/bizia falcataria acetylation study,
older Albizia falcataria trees and acetylation conferred
more excellent resistance to fungal infection (Hadi et a/
1994). The higher the level of acetylating agent (acetic
anhydride), the lower the moisture content and swelling of
the wood (Asdar, 1999). Moreover, Albizia falcataria with a

higher WPG (weight percent gain) resulted in increased
density, modulus of rupture, modulus of elasticity, and
internal bonding; however, this overall score was lower
than the control.

4.2. Furfurylation

Another chemical modification technique that enhances
the resistance of wood is furfurylation, which has been
widely explored and demonstrated to produce high-
performing, sustainable wood material (Esteves et a/ 2011).
Furfurylation is a wood modification process that involves
impregnating wood with a combination of furfuryl alcohol
(FA) and catalysts and then heating the wood to produce
polymerization (Sandberg et a/, 2017). FA can be made by
hydrogenating agricultural and timber byproducts
containing pentosans (Baysal et a/ 2004).

The furfurylation aims to enhance resistance to
biological degradation and dimensional stability by using a
proprietary formula to apply a non-toxic, furfuryl alcohol-
based polymer (Sandberg et aj 2017). Regarding
ecotoxicity, physical and mechanical qualities, dimensional
stability, and product durability, the furfurylation of wood
has been deemed an exemplary process (Lande et a/, 2004).
The method offers several benefits and is safe for the
environment, with a good potential for furfurylation,
providing excellent and environmentally friendly material
(Dong et al, 2014; Gérardin, 2016).

Table 4 provides an overview of furfurylation treatments
for selected Albizia falcatariawood. Based on subterranean
termite field tests conducted in Bogor, Indonesia (Hadi et
al, 2005), discovered that furfurylated wooden stakes (Pinus
sylvestris, Agathis dammara, and Albizia falcataria)
experienced a 40% increase in personal weight (WPG) and
their condition remained good after a one-year test period
in the field, during which termites did not appear to be able
to eat the stakes.

Table 3. Summary of selected studies of Albizia falcataria acetylation.

Sample

Acetylation method

Reference

Medium-density fiberboard (MDP)

Acetic anhydride, subsequently heated at 120°C for 2 hours

(Asdar, 1999)

Flakeboards

Acetic anhydride, subsequently heated at 120°C for 24 hours

(Hadi et a/ 1994)

Table 4. Summary of selected studies of Albizia falcataria furfurylation.

Sample

Furfurylation method

Reference

Wood stakes

Vacuum-pressure impregnation (30-L capacity), 92, 48, and 15% FA, vacuum (45 min),
pressure 12 bars (2 h), wrapped in aluminum foil, and heated 103 °C (16 h & 8 h)

(Hadi et a/ 2005)

Flat sawn lumber

FA + tartaric acid (20:1, v/v), streamed into the tank during vacuum release, and
pressure at 10 kg-cm-2 (30 min)

(Hadi et a/, 2020)

Flat sawn timber

FA + 5% tartaric acid (5%), vacuum 600 mmHg (30 min), pressure 10 kg-cm-2 (30
min), wrapped in aluminum foil, and heated 100 °C (24 h)

(Hadi et al, 2021)

Flat sawn timber

Tartaric acid + FA (1:20; v/v), pressure 9.81 bars (30 min), wrapped with aluminum (30
min), and heated 100 °C (24 h)

(Hadi et a/, 2021)

Flat sawn timber

Tartaric acid + FA (5:100 by weight), vacuum 600 mmHg (30 min), immersion in FA,
pressure 10 kg/cm? (30 min), wrapped with aluminum foil, and heated 100 °C (24 h)

(Hadi et a/, 2022)

Flat sawn timber

FA + tartaric acid 5% (b/v), oven-dried 60+2°C (48 h), pressure at 5 atm (30 min),
wrapped with aluminum foil (30 min), and heated 100 °C (24 h)

(Sabrina et al, 2021)

Untreated wood Acetic anhydride Acetylated wood Acetic acid

o o ) o
J . — Y Albiziafalcataria | +  JI_
H,C o CH, H,C OH

| |
OH  OH o OH
o

Albizia falcataria | +

HC

Figure 2. Schematic view of the acetylation of A/bizia

= . Control

Figure 3. Control and furfurylated wood samples
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In Figure 3 (Hadi et a/, 2021), furfurylation increases the
resistance of wood to subterranean termites, as shown by
a lower amount of termite damage, a higher wood
resistance class (from class IV to class I, according to
Indonesian standards), and a substantially lower
percentage of weight loss (control wood lost 17.30 % of
weight loss, while furfurylated wood lost 1.92 %).

4.3. Thermal Modification

Thermal modification of wood has a long history, dating
back to the 1920s (Esteves and Pereira, 2009), and since the
1990s, Europe has developed new technologies for
producing these types of products, resulting in increased
industrial production and commercialization of wood
species (Sandberg et a/ 2017).

It has been thoroughly studied that wood that has been
thermally modified will typically experience beneficial
changes in properties such as decreased equilibrium
moisture content, increased dimensional stability (Srinivas
and Pandey, 2012; Uribe and Ayala, 2015), and enhanced
durability (Esteves and Pereira, 2009). In addition, thermal
modification can reduce hygroscopicity (Bal and Bektas,
2013) and cause hydrophobic alteration of wood (Wang
and Piao, 2011). Hydrophobicity is associated with surface
qualities and influences wood's coating, absorbency,
adhesion, and finishing properties (Esteves and Pereira,
2009; Hubbe et a/ 2015). A summary of recent thermal
modification studies into Albizia falcataria species is given
in Table 5.

Among the physical properties of wood, color is crucial
for wood applications because it determines its aesthetic
market value (Huang et a/, 2012). The high demand for
Albizia falcataria wood supplied by the Indonesian
processing industry is due to the wood's bright colors and

rough texture (Nemoto, 2002). In addition, the wood's
original color may change during processing and thermal
modification. As seen in Figure 4, the thermally modified
Albizia falcataria was darker than its control. As the density
of the wood grows, its chemical components, specifically
hemicellulose, decompose, darkening its color (Julian et a/,
2022). In general, the temperature and time of exposure to
the modified thermally treatment performed on Albizia
falcataria caused color changes in all studies. Nevertheless,
based on the thermal treatment set, the interaction of pre-
treatment factors, temperature, and time of heat treatment
had no significant effect on the color and hardness changes
of the wood (Karlinasari et a/ 2018; Adzkia et a/ 2020;
Julian et al, 2022).

The morphology structure of Albizia falcataria before
and after thermally modified is presented in Figure 5.
Scanning Electron Microscopy (SEM) analysis revealed that
the treatment increased wood morphology (Julian et a/,
2022). Comparing the control without treatment to the
thermal modification and subsequent compaction, the
cavity's microscopic structure changes are Vvisible
(Muthmainnah, 2017). This alteration in cell shape does not
reduce the strength of the wood; in fact, it increases its
strength. This is because the cell structure becomes denser,
and the lignin remains undamaged, which increases the
strength of the wood, decreases its moisture content, and
enhances its dimensional stability.

4.4. Impregnation Modification

One way to overcome the low physical and mechanical
properties of fast-growing wood is to modify it by
impregnating it with impregnation material, which
modifies the properties of the wood by intervening at the
level of the cell wall (Hill, 2006).

Table 5. Summary of selected examples of thermal modification of Albizia falcataria.

Sample Temperature (°C) Duration Others Reference
Board 170 3 min Hot oil (Muthmainnah, 2017)
Board 120, 150, 180 2 h,sixh - (Karlinasari et a/, 2018)
Lumber 120, 150, 180 2h,6h - (Karlinasari et a/, 2018)
Board 100 45 min Pressure (Iskandar et a/, 2018)
Board 100 45 min Pressure (Iskandar et al, 2019)
Tangential board 100, 120, 140 30 min Vacuum, Pressure (Julian et a/, 2022)
Board 100 45 min Pressure (Iskandar et al, 2021)
Board 165 2h,6h Drying (Adzkia et a/ 2020)

!
:
100°C 120°C 140°C
140°C 140°C Control
S[1] S[2]

Figure 4. Color differences of Albizia falcataria thermally
modified at different temperatures and pressures
Source: (Julian et a/ 2022)

Figure 5. Morphology of A/bizia falcataria thermally modified
by SEM micrographs 500 pm:
(a) control; (b) 100 °C; (c) 120 °C; (d) 140 °C
Source: (Julian et a/ 2022)
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Table 6. Summary of selected examples of impregnation modification of A/bizia falcataria.

Sample Impregnation

Compregnation Reference

Chitosan solution 0.5% under 100 °C,
120 °C, 140 °C

Tangential board

Compressed to be 1.5 cm thickness under

(Nandika et a/ 2015)
150 °C, 170 °C, 190 °C

Tangential board Polystyrene under vacuum 600

Immersion in monomer styrene pressure at

(Budiman et al, 2020)

mmHg (30 min) 10kg/cm? (30, 60, 90 min)
Small wooden block Mono-ethylene glycol (MEG) and Pressure 10 and 400 Pa, under a low vacuum (Rahayu et al, 2020)
nano-Si0o2 mode

Glulam Polystyrene, made into 2 layers using

isocyanate adhesives

Cold pressing with specific pressure of 10

(Nurhanifah et al/, 2020)
kg/cm?2.

Small wooden block | MEG and nano-silica originated from

betung bamboo leaves

0.5 bar of vacuum (60 min), 2.5 bar of pressure

(Rahayu et al, 2021)

(120 min)

The impregnation method includes treating wood with a
monomer solution, which diffuses through the cell wall,
followed by polymerization. The bulking of the cell wall by
the impregnation is the primary cause of property
enhancements.

Chemical compounds containing formaldehyde, such as
PF, MF, and UF, have typically been utilized as wood
impregnation materials (Deka and Saikia, 2000; Gabrielli
and Kamke, 2010; Fukuta et a/, 2011). Due to the potential
health concerns posed by formaldehyde emissions
generated by these items, their use must be restricted.
Therefore, alternative chemical substances that are less
harmful to the environment are required. The use of
chitosan as a preservative and to improve the dimensional
stability of wood has increased during the past decade
(Guo et al, 2006; Arinana et al, 2009). According to studies
conducted on this species of timber, many physical and
mechanical properties of Albizia falcataria wood can be
enhanced by impregnation with chitosan (Nandika et a/,
2015)(Usman et a/, 2007).

Monoethylene Glycol (MEG) and Silica (nano-SiO2)
materials are other environmentally friendly alternatives for
the impregnation process. Silica is a chemical that has
several applications in a variety of industries, notably as a
polymer in wood impregnation. According to research
(Dirna et al, 2020), silica can be acquired from commercial
marketplaces or natural substances such as bamboo leaf
ash. MEG is fully soluble in water, colorless, odorless, liquid,
and volatile, and it has a molecular weight of 62.07 g/mol.
The impregnation of sengon wood with MEG and nano-
SiO2 also significantly affects dimensional stability and
density (Rahayu et a/, 2020, 2021). Furthermore, it can be
concluded that low-density species, such as Albizia
falcataria, are typically easier to impregnate (Budiman et
al, 2020).

5. Conclusion

According to recent studies, Numerous technologies
are used to modify Albizia falcataria, an indigenous
Indonesian wood. The modification processes include
acetylation, furfurylation, thermal modification, and
impregnation treatments. The acetylation process involves
the migration and reaction of acetic anhydride through the
wood pores of Albizia falcataria. Another chemical
technique, furfurylation, involves impregnating wood with
a combination of FA and a catalyst and then heating the
wood for polymerization. In addition, thermal modification
requires heating with varying heat settings and durations.
Furthermore, the impregnation procedure involves the
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diffusion of a monomer solution into the cell wall, followed
by polymerization. Based on the study of acetylation of
Albizia falcataria, the wood's moisture content and swelling
decrease as the acetylating material (acetic anhydride) level
rises. Meanwhile, the furfurylation of Albizia falcataria
boosted the wood's resistance to subterranean termites
and its class according to Indonesian standards. On the
other hand, thermal modification is the most used method
for modifying Albizia falcataria wood since it s
environmentally friendly, increases wood density, and
darkens its color. Finally, the modification of wood by
impregnation and  compregnation improves the
dimensional stability of the wood with non-hazardous,
alternative chemicals such as chitosan, MEG, and silica.
Even though the results of wood modification on A/bizia
falcataria have not yet achieved market acceptance in the
wood industry, current research shows that it can
potentially improve the physical and mechanical properties
of Albizia falcataria wood.
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