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Abstract
Wood bark is a source of extractives with potential for valorization based on their chemical functionalities. In this study, Acacia
mangium bark was extracted with distilled water. Then bark extract solutions in distilled water at various concentrations (5%,
10%, 15%, and 20% w/w) were vacuum impregnated into rubberwood. The color of the impregnated rubberwood was observed.
The retention of bark extract in rubberwood and weight percent gain (WPG) from it were calculated. The morphology, dimen-
sional stability, resistance to fungal decay, and subterranean termite resistance were determined for impregnated rubberwood
samples. It was found that a higher concentration of bark extract gave higher retention and WPG in vacuum-impregnated
rubberwood. The color of impregnated wood got darker with the concentration of bark extract, from light brown to red brown
and dark brown. The bark extract penetrated all the way to the center (in thickness direction) of the wood and remained in lumens
of vessels, parenchyma, and ray cells. The bark extract can improve dimensional stability of rubberwood. Weight loss caused by
the fungi Trametes versicolor andGloeophyllum striatum decreased with retention of bark extract in the impregnated wood. The
bark extract may be toxic to termites (Coptotermes gestroi) that consumed impregnated wood: termites died during the third and
fourth weeks after they attacked wood impregnated with bark extract at 15% or 20% concentration.
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1 Introduction

Acacia mangium is an economic fast-growing tropical planta-
tion tree that has been introduced to many countries, including
Indonesia, Malaysia, China, Philippines, Thailand, Vietnam,
Laos, India, and Sri Lanka [1]. Its desirable properties are
good wood quality, rapid growth, and tolerance of a variety
of soils and environments.Acacia mangiumwood is useful for
a variety of purposes and is used in furniture, cabinets, floors,
particleboard, plywood, veneer, fence posts, firewood, and
charcoal. Acacia mangium bark has not been utilized properly.

Currently, the bark is incinerated or landfilled. Mainly, it is
used as a low-cost resource of energy in saw mills. Acacia
mangium bark is composed of holocellulose (36.2%), cellu-
lose (22.4%), lignin (14.7%), and hot water-soluble extrac-
tives (17.4%) [2] and can serve as a renewable source of
chemicals. Because of restrictions on the use of synthetic
products, other environmentally friendly concepts, and
growth of renewable material consumption [3], many studies
have investigated potential value added products from bark
extracts. Ecofriendly solvents have efficiently extracted anti-
oxidant compounds from beech bark, which opens up oppor-
tunities for the utilization of bark extracts in wood technology
in the future [4]. Acacia mangium bark extracts could possibly
partially replace commercial phenol formaldehyde (PF) adhe-
sives (by up to 90%) in the plywood-manufacturing industry
[2]. Acacia confuse bark extracts can be used as antioxidant
agents [5]. The bark of Eucalyptus sideroxylon contains ex-
tractives with potential for valorization based on chemical
functionalities and bioactivities [6]. Mimosa and quebracho
bark extracts can be used as wood preservatives against wood
decaying fungi in indoor applications [7]. Tannin extracts
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isolated from Acacia crassicarpa and Acacia mearnsii barks
affected termite feeding as deterrent [8]. Mimosa bark extracts
improved thickness swelling of and formaldehyde emissions
from particleboard [9].

Rubberwood from rubber trees is white to pale cream col-
ored and sometimes has a pinkish tint. Its color changes to
yellowish after seasoning [10]. It is mainly used in furniture.
In addition, it also suitable for production of wood composite
panels, for example particleboard and medium-density fiber-
board [1, 11]. Rubberwood contains 36–43% alpha cellulose,
16–22% lignin, and 56–74% holocellulose [12, 13]. Fresh
rubberwood also has relatively high contents of starch (8–
10%) and free sugars (1–2%) [10, 14] and a low content of
phenolic compounds (0.1%) [15]. As a result, the natural du-
rability of rubberwood is low and it is prone to suffer attacks
by fungi and insects [11, 16].

To address these problems, it is necessary to perform
preservative treatment of rubberwood to prevent infesta-
tion by biodeteriorating agents. Several methods are used
for protective treatment, such as dipping, dip diffusion,
pressure treatment, vacuum pressure, and double vacuum
processes. Protection of rubberwood is achieved mainly
through use of chemical wood preservatives. An econom-
ical alternative in industrial-scale treatment of rubberwood
is provided by boron compounds [11]. The esterification
of rubberwood with hexanoylchloride, decanoyl chloride,
and tetra-decanoyl chloride exhibited very good resistance
to brown-rot (Polyporus meliae) and white-rot (Coriolus
versicolor) fungi [16]. Phenylisothiocyanate-modified
rubberwood showed good dimensional stability and was
very resistant to decay fungi [17]. Rubberwood impreg-
nated with zinc oxide and copper oxide dispersion in pro-
pylene glycol effectively resisted white-rot (Trametes
hirsuta) and brown-rot (Polyporus meliae) decay and
showed some reduction in moisture adsorption with lower
equilibrium moisture content than untreated wood [18].
Rubberwood impregnated with micronized copper azole
at minimum retention of 2.8 ± 0.3 kg/m3 by vacuum pres-
sure full-cell process was found to be comparable to that
subjected to chromated copper arsenate treatment at 15.1
± 2.3 kg/m3 [19]. The health hazards and environmental
pollution caused by chemical wood preservatives require
alternative environmentally friendly approaches to wood
protection. The application of tapioca starch coating in-
corporated with peppermint oil and lime oil at 1:3 ratio on
rubberwood box surfaces suppressed mycelial growth and
spore formation with minimum water absorption, stable
wood composition, and structure after transportation
[20]. Anise oil and garlic oil (10–100 μL mL−1) influ-
enced the growth of Aspergillus niger on rubberwood
surfaces [21]. Wettabil i ty of thermally modified
rubberwood was enhanced from that of unmodified wood.
It had higher contact angle, and the round-shaped water

droplets on the surface of modified wood only slowly
absorbed into wood [22].

According to the reviewed positive effects of bark extracts
applied to wood, the aim of this study was the valorization of
Acacia mangium bark extracts as wood preservatives.Water is
generally recognized as a safe and low-cost solvent and was
selected as solvent for the bark extraction. The chemical com-
ponents in bark extracts were ident i f ied by gas
chromatography–mass spectrometry analysis. Then various
concentrations of the bark extracts were prepared in water.
This may be the first report on vacuum impregnating
rubberwood with Acacia mangium bark extracts. The mor-
phology of vacuum-impregnated wood was studied. The ef-
fects of Acacia mangium bark extracts on dimensional stabil-
ity, termite resistance, and fungal resistance of vacuum-
impregnated wood were evaluated.

2 Materials and methods

2.1 Acacia mangium bark extraction

The bark of 12 years old Acacia mangium was obtained from
Suratthani Silvicultural Research Station in Suratthani
Province, Thailand. The bark was ground to particles passing
through 40 mesh size and then extracted with distilled water
(1:15 w/v) at 80 °C for 4 h. Approximately 100 g of ground
bark and 1500 mL of distilled water were used for each ex-
traction. At first, the solution was screened through Whatman
filter paper no. 1 and further filtered through sintered glass
(40–100 μm). The extract solution was then evaporated to
retain its solids, at 50 °C in an oven until constant weight.
The extraction yield was 14.49 (± 0.32)% of the initial dry
weight of the bark. The solid concentrated extract from the
bark of Acacia mangium was dissolved in distilled water at 4
concentration levels: 5%, 10%, 15%, and 20% by weight.

2.2 Preparation of wood specimens

Rubberwood logs were taken from a local saw mill in
Suratthani Province, Thailand, and then cut into small-sized
specimens. The specimens for dimensional stability test, ter-
mite resistance test, and fungal decay resistance test were of
20 (R) × 20 (T) × 20 (L) mm3 size, in which R, T, and L stands
for radial, tangential, and longitudinal directions of the origi-
nal log. All specimens were oven-dried at 105 ± 2 °C until
constant weight. Then they were conditioned at 20 ± 2 °C and
65 ± 3% relative humidity until stable weight. The weights
and dimensions of samples in both dry and equilibrium states
were measured, before the subsequent vacuum impregnation
with Acacia mangium bark extracts.
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2.3 Acacia mangium bark extract impregnation

Rubberwood specimens were vacuum impregnated with the
diluted bark extracts according to ASTM D1413-07e1 [23].
They were placed in desiccators and the air cooped up in the
wood cells was removed with a 93.32-kPa relative vacuum for
30 min. Then a diluted bark extract solution was filled into the
desiccator and the vacuumwas held at 93.32 kPa for 1 h. After
that, the solution was sucked from the desiccator and excess
solution on the surfaces of impregnated wood was allowed to
dry under 93.32 kPa vacuum level for 10 min. Finally, the
impregnated wood samples were taken out from the desicca-
tor. The weights of the samples were determined after impreg-
nation, and they were oven-dried at 105 ± 2 °C until constant
weight. Then the impregnated samples were conditioned at 20
± 2 °C and 65 ± 3% relative humidity until stable weight. The
weights and dimensions of samples in both dry and equilibri-
um conditions were measured. The retention of bark extract
(kg/m3) was calculated as follows:

R ¼ M f −M0

� �� C
V

� 10 kg=m3 ð1Þ

In equation, M0 is the stable weight of wood at 20 ± 2 °C
and 65 ± 3% relative humidity before vacuum impregnation
(g), Mf is the weight of impregnated wood before drying at
105 ± 2 °C (g),C is the concentration ofAcacia mangium bark
extract solution (%), and V is the volume of wood before
vacuum impregnation (cm3).

The weight percent gain (WPG) of wood was determined
as follows:

WPG %ð Þ ¼ W2−W1ð Þ
W1

� �
� 100 ð2Þ

where W1 and W2 are the oven-dried weights (g) of sample
before and after the vacuum impregnation, respectively.

2.4 GC-MS analysis of Acacia mangium bark extracts

Analysis of chemical composition of the Acacia mangium
bark extract was carried out using the GC-MS apparatus at
the Scientific Equipment Center, Prince of Songkla
University, Songkhla, Thailand. The Trace GC Ultra-ISQ
Mass Spectrometer (Thermo Scientific, Austin, TX, USA)
was connected with a direct capillary column AT-Wax MS
(30 m × 0.25 mm, × 0.25 μm film thickness). Fine powder of
Acacia mangium bark extract was dissolved in methanol and
then filtered through a 25-mm polypropylene disposable sy-
ringe filter and a nylon filter before injecting in the GC-MS.
The column temperature was primarily held at 50 °C for 10
min. After that, the temperature was increased at 5 °C/min rate
to 200 °C, held for 2 min, and then increased to 250 °C at 10
°C/min and held for 1 min. The injector and detector

temperatures were 250 °C. Helium was used as the carrier
gas at a constant 1.5 mL/min flow rate. The solvent delay
was 2 min and diluted samples of 1 mL were injected auto-
matically in the splitless mode. EI mass spectra were collected
at 70 eV ionization voltage over the 35–500 m/z range in full
scan mode. The ion source and transfer line temperatures were
set at 240 and 250 °C, respectively. The components were
identified by comparison of their retention times and mass
spectra with those in WIELY 09 database.

2.5 FTIR spectral analysis

Chemical analyses of surfaces of rubberwood and
rubberwood vacuum impregnated with 10% Acacia mangium
bark extract were performed using a Fourier transform infra-
red spectrometer (FTIR) (VERTEX 70, Bruker, Germany) in
an ATR-FTIR mode. The spectra were recorded with a reso-
lution of 4 cm−1 from 400 to 4000 cm−1 and were analyzed
using the Spectrum software.

2.6 Dimensional stability test

The dimensional stability of impregnated wood was calculat-
ed from dimension changes along all edges from dry condition
(105 ±2 °C) to equilibrium condition (20 ± 2 °C and 65 ± 3%
relative humidity) by using the anti-swelling efficiency (ASE)
method as reported previously [24]. ASE was calculated as
follows.

ASE %ð Þ ¼ Su−Smð Þ
Su

� 100 ð3Þ

Here, Su and Sm are the dimensional swelling of unmodi-
fied wood (%) and dimensional swelling of impregnated
wood (%), respectively [25].

The moisture exclusion efficiency (MEE, %) is based on
the equilibrium moisture content of impregnated wood
(EMCm, %) compared with that of unmodified wood
(EMCu, %). MEE was calculated as follows:

MEE %ð Þ ¼ EMCu−EMCmð Þ
EMCU

� 100 ð4Þ

Ten replicates were tested for each treatment.

2.7 Fungal decay resistance test

Fungal decay resistances of rubberwood and rubberwood im-
pregnated with Acacia mangium bark extract, against the
white-rot fungus, Trametes versicolor, and the brown-rot fun-
gus, Gloeophyllum striatum, were examined in accordance
with ASTM D1413-07e1 standard [23] with some modifica-
tions. Soil block culture bottles were prepared using 90 g of
sieved oven-dried soil filled in 8-oz culture bottles. Sterile
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water was added to maintain 130% of the water-holding ca-
pacity of soil in the bottle during the test. Rubberwood feeder
strips (35 mm × 28 mm × 3 mm in tangential, radial, and
longitudinal directions) were placed on the soil. The prepared
bottles were then autoclaved at 121 °C for 30 min. After
cooling down, the feeder strips placed in the sterilized bottles
were inoculated with the fungal inoculum sections from fresh-
ly grown cultures. The bottle was incubated at room temper-
ature for 2 weeks until mycelia of the decay fungus complete-
ly colonized the feeder strip. The dried wood specimens (di-
mension of 20 (R) × 20 (T) × 20 (L) mm3, in which R, T, and
L stand for radial, tangential and longitudinal directions, re-
spectively), steam-sterilized at 100 °C for 20 min, were placed
on the feeder strips in contact with fungal mycelia. The bottles
containing specimens were incubated at room temperature for
12weeks. After incubation, the surface mycelia were removed
and the damaged wood specimens were dried at 105 ± 2 °C
until stable weight. Test results are expressed as mass loss
percentages of wood specimens during the decay test. Ten
replicates were used for each treatment group.

2.8 Termite resistance test

Termite resistance tests of wood and wood impregnated with
Acacia mangium bark extract were carried out in the labora-
tory using the method described in ASTM D3345-17 [26]
with slight modifications. Aseptic containers with 200 g of
sand were filled with sufficient distilled water until the satu-
ration point of sand. A total of 1 ± 0.05 g of Coptotermes
gestroi including 90% workers and 10% soldiers from strong
laboratory cultures were introduced into each test container.
Then a wood specimen was placed at the center of a test
container. The assembled containers were maintained at room
temperature for 4 weeks in the dark. At the end of the first and
fourth weeks, the containers were observed and the positions
of the termites in the container, the existence of tunneling and
termite mortality were recorded. After 4 weeks, the tested
wood specimens were removed, cleaned, and visually rated
using the rating system in ASTM D3345-17 [26]. The mass
loss of each sample due to termite attack was calculated. Tests
were performed in ten replicates and averages are reported

3 Results and discussion

3.1 Chemical components in Acacia mangium bark
extract

In a GC-MS analysis of Acacia mangium bark extract, 70
chemical components were identified. The 30 chemical com-
pounds (72.53%) specified by name are presented in Table 1,
while 40 chemical compounds (27.47%) could not be identi-
fied by name based on their retention times and mass spectra

with reference to the WIELY 09 database. The main constit-
uents were 1,3,5-cycloheptatrienemethanol (14.93%), nitro-
methane (12.49%), 1,2,3-propanetrio (9.23%), hexadecanoic
acid, ethyl ester (8.62%), acetol (2.61%), phenol, and 2-
methoxy (2.05%) and methyl glycolate (1.78%). Gabr et al.
[27] found that catechin is commonly present in the acacia
bark. Several components of Acacia mangium bark extracts
have been used as fungicides and insecticides. Nitromethane
is a hazardous component in insecticides [28]. Li and Kubo
[29] reported that benzaldehyde can be used as an insect
(Sacrophaga neobelliaria) control agent.

3.2 The penetration of diluted Acacia mangium bark
extracts into rubberwood

The penetration of diluted Acacia mangium barks extracts into
rubberwood is reported in terms of solution uptake, retention,
and WPG (Table 2). Acacia mangium extract solution uptake
varied in the range from 132.34 to 137.17 kg/m3. Both reten-
tion and WPG of Acacia mangium bark extracts in wood
depended on the concentration of diluted bark extract.
Retention and WPG were both proportional to the concentra-
tion of extract.

A higher concentration bark extract gave higher retention
in wood than a lower concentration. Visual inspection re-
vealed that the bark extract solution changed the color of
rubberwood from cream shade to red brown shade, depending
on the concentration (Fig. 1).

Possibly a 10% concentration of bark extract was near op-
timal, because most of the bark extract penetrated into the
wood instead of caking on the outer surfaces of wood speci-
mens. Tondi et al. [30] found that the impregnation of tannin
solution into the wood with a highly concentrated solution
released a high amount of tannin content in the wood struc-
ture, but the high viscosity prevented deep penetration. When
rubberwood was impregnated with Acacia mangium bark ex-
tracts at 15 and 20% concentrations, most of the extracts cov-
ered the outer surfaces of wood and were easily wiped off. A
microscope investigation showed that the bark extract solution
penetrated longitudinally along large and easily accessible
vessels and across the radial direction trough ray cells. Then
the red brown or dark brown bark extracts were deposited in
the lumens. In the middle of the wood specimen (Fig. 2), not
all vessels were entirely filled but only the larger vessels were
impregnated. Possibly the smaller ones were plugged by the
bark extract.

3.3 FTIR spectra

The FTIR spectra of the Acacia mangium bark extract,
rubberwood, and rubberwood vacuum impregnated with
10% Acacia mangium bark extract are shown in Fig. 3. The
spectrum of rubberwood is similar to the spectrum of
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rubberwood vacuum impregnated with 10% Acacia mangium
bark extract, indicating similar functional groups. A broad
band at 3200–3500 cm−1 was seen, which corresponds to

−OH stretching vibrations in phenolic and aliphatic structures.
Small peaks at 2920 and 2853 cm−1 were generated from –CH
stretching vibrations in aromatic methoxyl groups and in

Table 1 List of chemical
components in Acacia mangium
bark extract as identified by GC-
MS analysis

Compound Retention time (min) Area (%)

Undecane 5.82 0.52

Benzaldehyde 7.14 0.51

Nitromethane 10.69 12.49

1,3,5-Cycloheptatrienemethanol 13.44 14.93

Acetol 14.83 2.61

Methyl lactate 15.76 2.01

Diacetone alcohol 17.12 1.71

Methyl glycolate 18.05 1.78

O-Nitroacetophenone 18.26 1.69

Tetradecane 18.55 0.5

Ethylic acid 20.14 2.03

Methyl ester of acetoxyacetic acid 20.64 0.59

Hexadecane 24.13 0.34

Ethyl N-methylcarbamate 27.47 1.07

2(5H)-furanone 27.61 0.39

Isomeric dihydro-methyl-furanone 28.00 0.54

Dihydro-3-methylene-5-methyl-2-furanone 29.31 0.64

Phenol, 2-methoxy- 29.99 2.05

Benzenemethanol 30.33 0.30

Phenol 32.98 0.95

Ethyl myristate 33.94 0.28

1,3-Dioxol-2-one, 4,5-dimethyl 35.07 0.76

Phenol, 2-methoxy-4-(2-propenyl) 36.06 0.55

2-Methoxy-4-vinylphenol 36.58 1.50

Methyl palmitate 37.09 1.75

Dimethyl terephthalate 37.57 0.30

Hexadecanoic acid, ethyl ester 37.77 8.62

2-Propen-1-ol, 3-phenyl 38.12 1.24

1,2,3-Propanetrio 38.57 9.23

Methyl stearate 40.77 0.65

Total 72.53

Table 2 Solution uptake, retention, and weight percent gain (WPG) of Acacia mangium bark extracts by rubberwood and moisture exclusion
efficiency (MEE) and anti-swelling efficiency (ASE) of vacuum-impregnated rubberwood

Bark concentration (%) Solution uptake
(kg/m3)

Retention
(kg/m3)

WPG (%) MEE (%) ASE (%) (dry condition to equilibrium condition at 20 °C,
65%RH)

Radial direction Tangential direction Longitudinal
direction

5 132.3 ± 4.60a1 5.49 ± 1.30a 0.88 ± 0.34a 19.56 ± 3.83a 55.05 ± 12.20b 57.21 ± 8.52a 88.10 ± 9.78ba

10 137.17 ± 3.01a 16.55 ± 4.79b 3.15 ± 0.71b 58.09 ± 1.76b 89.02 ± 15.37c 86.79 ± 15.32b 92.32 ± 7.53c

15 134.47 ± 2.72a 20.45 ± 6.31c 3.48 ± 0.99b 16.07 ± 4.41a 49.09 ± 9.22b 46.92 ± 13.75a 85.92 ± 10.01b

20 136.25 ± 3.41a 47.81 ± 3.47d 6.81 ± 0.40c 19.23 ± 3.35a 38.29 ± 12.47a 50.45 ± 12.13a 80.35 ± 12.01a

1 The values followed by the same letter are not significantly different in the same group (P < 0.05)
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methyl and methylene groups of side chains [31]. The peaks
between 1400 and 2000 cm−1 show the aromatic nature of the
structure [32]. Bands at 1505 cm−1 are attributed to aromatic
squeal vibration, 1452 cm−1 corresponding to −CH deforma-
tion, and aromatic ring vibration [31]. Prior studies have re-
ported that IR band around 1022 cm−1 represents cellulose
[33]. Peaks at wavelengths 500–600 cm−1 are for aromatic –
CH stretching vibrations that are intense in rubberwood. The
lower intensities of IR bands at 1022 cm−1 and 500–600 cm−1

of Acacia mangium bark extract-impregnated rubberwood in-
dicate that some water-soluble low-molecular weight carbo-
hydrates were dissolved and removed by water during the
vacuum impregnation. The higher intensity of IR band at
3200–3500 cm−1 is attributed to phenolic compounds in
Acacia mangium bark extract-impregnated rubberwood.
These may enhance the dimensional stability and fungal decay
resistance of impregnated rubberwood. However, some bands
are more intense on impregnated rubberwood, as indicated at
the wave numbers 1600 and 841 cm−1, due to some bark
extracts deposited in rubberwood. The results confirmed that
the bark extracts were impregnated into the rubberwood by
using vacuum impregnation method.

3.4 Dimensional stability of rubberwood and Acacia
mangium bark extract-treated rubberwood

Dimensional stabilities of rubberwood and Acacia
mangium bark extract-treated rubberwood are reported in
terms of moisture exclusion efficiency and anti-swelling
efficiency in Table 2. The results show that Acacia

mangium bark extract can improve the dimensional stabil-
ity of rubberwood. It is possible that dry bark extract
deposited in the lumens of wood cells slowed down the
sorption of moisture into the wood. However, the highest
concentration bark extract (20%) did not give the best
dimensional stability of treated wood. The dimensional
stabilities of rubberwood treated with Acacia mangium
bark extract at 5%, 15%, and 20% concentrations were
similar (P < 0.05). The rubberwood treated with Acacia
mangium bark extract at 10% concentration showed the
highest ASE and MEE. ASE in radial, tangential, and
longitudinal directions were 89.02 ± 15.37%, 86.79 ±
15.32%, and 92.32 ± 7.53%, respectively. The MEE was
58.09 ± 1.76%.

This agrees with a previous report, which found that di-
mensional stability of wood was positively correlated with
chemical (resin) concentration, but the largest effects on in-
creasing stability per unit of chemical were at the lower con-
centration levels [34]. It was found that only lumen filling with
rosin could not improve dimensional stability of wood, but the
penetration of rosin in wood cell walls improved the ASE of
wood [25]. In this study, ASE of treated woods was improved,
so it is possible that Acacia mangium bark extracts penetrated
wood cell walls to thereby enhance the dimensional stability
of rubberwood. The bark extracts reduced hygroscopicity and
enhanced dimensional stability of wood, because of reactions
that mainly occurred between the fibers in amorphous regions
of the cell wall [35]. However, chemical bonding between the
bark extract and chemical components of wood cell walls,
such as cellulose, hemicellulose, and lignin, is difficult to

Fig. 1 Color of rubberwood illustrated by photographs. aRubberwoodwithout treatment and impregnatedwithAcaciamangium bark extracts at 5% (b),
10% (c), 15% (d), and 20% (e) concentrations

Fig. 2 Microscopic structure of specimens (100×): a in cross-section, b tangential section, and c radial section of rubberwood impregnated with Acacia
mangium bark extracts at 10% concentration. R, ray cell; V, vessel; scale bar = 100 μm
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describe, so this is a potential topic for further studies. Prior
research has found that condensed tannin from Pinus radiata
bark improved the hydrophobicity of beech wood [9].

3.5 Fungal decay resistance

Mean mass losses of rubberwood specimens caused by
T. versicolor and G. striatum are given in Fig. 4. The results
indicate that rubberwood impregnated with Acacia mangium
bark extracts had remarkably improved fungal decay resis-
tance against the white-rot and brown-rot fungi, when com-
pared to untreated rubberwood.

Rubberwood had an average mass loss of 28.26% or
26.36% after exposure to T. versicolor or G. striatum for
12 weeks. This indicates that damage from the white-rot
fungus, T. versicolor, was more severe than that caused

by the brown-rot fungus G. striatum. White-rot fungi can
degrade lignin and cellulose components [36], while
brown-rot fungi selectively attack cellulose and hemicel-
luloses, with little effect on lignin [37]. It was found that
increased bark extract retention resulted in a significant
reduction in mass loss. The highest concentration of
Acacia mangium bark extract (20%) with 47.81 kg/m3

extract retention reduced mass loss of rubberwood from
28.26 to 9.23% and from 26.36 to 5.18% on exposure to
T. versicolor and G. striatum for 12 weeks, respectively.
The results of the present work agree with Rosdiana et al.
[38], where Acacia mangium bark extracts were more ef-
fective against brown-rot fungi than white-rot fungi. The
antifungal activity was attributed to phenolic compounds
in the Acacia mangium bark extracts. Prior research has
also found that Acacia mollissima bark extract-treated
Scotch pine wood with 59.3 kg/m3 retention level had
only 4.4% mean weight loss f rom exposure to
T. versicolor for 16 weeks [7].

3.6 Termite resistance

Table 3 summarizes mean mass loss, visual rating, and
pattern of termite attack on a tangential section of bark
extract-impregnated rubberwood. According to statistical
analyses, rubberwood impregnated with bark extract at
concentrations of 5%, 15%, and 20% did not have signif-
icantly reduced mass loss compared with untreated
rubberwood. However, impregnation with bark extract at
10% concentration showed a significant reduction in mass
loss, with the lowest mass loss of 20.50%. It was found
that the visual rating depended on the retention of bark
extract in rubberwood. The highest retention of bark ex-
tract in rubberwood was when impregnated with 20%
concentration, and this case was only rated as 8.6 with a
light attack by termites. Rubberwood samples impregnat-
ed with 10 and 15% concentrations were rated as 6.9 and
6.0, respectively, indicating moderate attacks by termites.
The samples impregnated with 5% concentration were
rated as 3.6 for heavy attack by termites. The visual rating
scale of termite attack on rubberwood was 0.8, which
means that these samples suffered from a strong attack.
The bark extract may be toxic to termites (Coptotermes
gestroi) that consumed impregnated wood. It was found
that termites died during the third and fourth weeks after
they attacked wood impregnated with bark extracts at
15% or 20% concentration. It might be concluded that
bark extracts covering the outer surfaces of rubberwood
annoyed the termites. Removing the bark extracts from
the outer surfaces of rubberwood might make it easier
for termite attacks to penetrate into wood. The microscop-
ic investigation showed that bark extract at 10% concen-
tration had deeply penetrated into the rubberwood

Fig. 3 FTIR spectra of rubberwood, vacuum-impregnated rubberwood
with 10% Acacia mangium bark extract, and Acacia mangium bark
extract

Fig. 4 Mean mass losses of rubberwood and rubberwood vacuum
impregnated at 4 concentration levels of bark extract, after 12-week
exposure to T. versicolor or G. striatum. (Means within each group
followed by the same letter are not significantly different, P < 0.05)
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specimens, while the bark extracts at 15 and 20% concen-
trations mostly covered outer surfaces of the rubberwood
specimens. When termites entered into wood impregnated
with bark extract at 10% concentration, the good penetra-
tion and distribution of the extract helped reduce mass
loss. The bark extract may be toxic to termites
(Coptotermes gestroi) that consumed impregnated wood:
termites died during the third and fourth weeks after they
attacked wood impregnated with bark extracts at 15% or
20% concentrations. Several studies have reported that
bark extracts affect termite infestations on wood, such as
extracts from Lawsania inermis bark [39], Acacia

crassicarpa and Acacia mearnsii bark [8], mimosa
(Acacia moll is ima Willd.) bark , and quebracho
(Shinopsis lorentzii Gresep.) bark [40].

4 Conclusions

This study evaluated the possibility of vacuum impregnating
rubberwoodwithAcacia mangium bark extracts. Distilled wa-
ter as an ecofriendly solvent was used in the extraction and in
preparation of solutions of the bark extracts. The results show
a positive correlation between the concentration of bark

Table 3 Mean mass loss, visual rating, and pattern of termite attack on a tangential section of bark extract-impregnated rubberwood

Concentration of

Acacia mangium
bark extract (%)

Mass loss

(%)

Visual rating Pattern of termite attack

on tangential section of wood

0

(Rubberwood)
27.24±5.51b

1
0.80±1.69 (0)

5% 29.46±6.06b 3.60±1.26 (4)

10% 20.50±3.02 a 6.90±1.20 (7)

15% 24.09±5.21 b 6.60±1.51 (7)

20% 25.18±7.89 b 8.61±1.17 (10)

Numbers in parentheses after averages of the visual rating indicate visual ratings according to ASTM D3345-17 testing method [26].
1 The values followed by the same letter are not significantly different in the same group (P < 0.05)
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extract solution and the retention and WPG of bark extracts in
rubberwood. With vacuum impregnation, aqueous solutions
of Acacia mangium bark extracts penetrated deeply into the
center of wood samples and remained in the lumens of ves-
sels, parenchyma, and ray cells. In addition, the rubberwood
components such as water-soluble low molecular weight car-
bohydrates were dissolved and removed by water during the
vacuum impregnation. This may have improved the ASE and
MEE of impregnated wood. The Acacia mangium bark ex-
tracts can enhance fungal resistance and termite resistance of
rubberwood. The bark extract may be toxic to fungi and ter-
mites because of chemical components in the bark extracts
that have been used as fungicides and insecticides, such as
nitromethane and benzaldehyde. Further research is needed
to determine whether they are effective alone or act synergis-
tically with other bark components. However, the application
of pressure impregnation process and bonding of the Acacia
mangium bark extracts with wood are important aspects re-
maining for future studies.
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