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ABSTRACT

Sengon wood (Falcataria moluccana) is a fast-growing, low-quality
species. In this research, nanoparticle-based impregnation was used to
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1. Introduction

improve the quality and characteristics of sengon wood. SiO, nanoparticles
derived from bamboo leaves were synthesized using the sol-gel method,
while TiO; nanoparticles and SiO2/TiO, nanocomposites were synthesized
using the hydrothermal method. A mixture of citric acid, glycerol, and
nanoparticles (SiOz, TiO,, and SiO2/TiO, composite) was formulated as an
impregnation solution at 1% concentration. Sengon wood impregnation
was conducted using a vacuum-pressure method. The physical properties
tested included weight percent gain (WPG), bulking effect (BE), anti-
swelling efficiency (ASE), water uptake (WU), and density. The size of the
synthesized nanoparticles was analyzed using a particle size analyzer
(PSA). The impregnated sengon wood was characterized using Fourier
transform infrared spectroscopy (FTIR) to identify functional groups and
X-ray diffraction (XRD) to determine the degree of crystallinity. PSA
analysis showed that the material used in the impregnation process is
nanoscale (< 100 nm) and exhibits the best dispersion stability in the
SiO./TiO2 nanocomposite. Nanoparticle-impregnated sengon wood
exhibited reduced WU and improved dimensional stability compared to
untreated samples, especially in citric acid—glycerol and composite
nanoparticle treatments. FTIR analysis identified the formation of ester
bonds and the reduction of hydroxyl groups, and XRD analysis showed a
decrease in crystallinity upon impregnation with nanoparticles and a citric
acid-glycerol mixture. Overall, the use of citric acid—glycerol with the
nanocomposite showed effectiveness in improving the dimensional
stability and physical properties of sengon wood.

Environmentally friendly materials such as wood are widely used for various purposes,

including construction and furniture. The demand for wood in Indonesia continues to increase
every year. According to data from the Central Statistics Agency (BPS), roundwood production
increased by 5.52%, from 64.65 million m? in 2022 (BPS 2022) to 68.22 million m3 in 2023 (BPS
2023). Fast-growing wood currently dominates the wood production industry and has become an
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alternative for wood utilization in Indonesia. Sengon wood is a relatively fast-growing species and
is therefore widely cultivated and used. Sengon has a harvest cycle of under 10 years (Rahayu et
al. 2020), and its specific gravity ranges from 0.24 to 0.49, corresponding to strength and durability
classes IV-V (Handayani 2016). However, this fast-growing wood has inferior qualities, such as
low resistance to fire, weather, and wood-destroying organisms, which limit its use.

Improving the strength and durability, and extending the service life of wood, can be
achieved by modifying the wood as an alternative solution. Currently, the impregnation method is
one of the modifications under development to protect wood from external influences
(Belchinskaya et al. 2022), as it introduces chemicals into the wood to act as protective agents
(Asci and Keskin 2021). Several researchers have utilized this method with various materials. For
instance, Rahayu et al. (2021) reported increases in the physical, mechanical, and durability
properties of sengon wood using impregnation with a mixture of monoethylene glycol and silicon
dioxide (SiOz) nanoparticles. Similarly, Kacikové et al. (2021) successfully improved the fire
resistance of oak wood by combining SiO, titanium dioxide (TiO2), and ZnO nanoparticles with
sodium silicate. Additionally, Belchinskaya et al. (2022) showed improved wood resistance to
biological and water degradation by utilizing oils.

Moreover, nanoparticle-based materials have accelerated technological developments in the
field of wood impregnation. Impregnation with nanoscale particles is more effective because their
size is statistically smaller than the pore size of wood (Bossert et al. 2020). Other advantages of
using nanoparticles, such as the SiO.-TiO, combination, include enhanced hydrophobicity,
photocatalytic properties, and resistance to environmental factors, including humidity and
temperature, that accelerate weathering (Liu et al. 2021). Giirgen and Y1ldiz (2023) also reported
the effectiveness of SiO2 and TiO2 nanoparticles as impregnation materials for improving wood
quality. SiO. nanoparticles can be produced from bamboo leaves, a biomass waste. According to
Saputra et al. (2017), bamboo leaves contain around 77.96% to 92.56% silica. SiO2 nanoparticles
can improve the surface hardness, dimensional stability, and thermal stability of wood (Bak et al.
2018; Dong et al. 2014; Rahayu et al. 2021). In addition, TiO. nanoparticles can improve hardness,
fire resistance, density, photocatalytic activity, and resistance to UV radiation and organic
pollutants (Garskaite et al. 2019; Liu et al. 2021; Rahayu et al. 2022a).

Beyond improving wood quality, SiO2 and TiO2 nanoparticles, when combined, can produce
synergistic effects from their respective advantages. However, Horst et al. (2021) explained that
TiO2 nanoparticles tend to agglomerate when immersed in liquid, and accordingly, they may not
perform well on wood. This agglomeration can be avoided by the impregnation method. The Mn
(3 wt%)/MnO2 mixture is mixed with SiO, to improve dispersion in the step (Rosales and Esquivel
2020). Therefore, a citric acid—glycerol solvent was required to disperse the SiO2 and TiO>
nanoparticles used in this study.

Essoua et al. (2016) also explained that the combination of citric acid—glycerol as a solvent
for nanoparticles can further increase the hardness and weather resistance of wood and the
formation of ester bonds with hydroxy functionalities of cellulose and hemicellulose in wood, so
that the nanoparticles that have been dispersed are not easily leached. Rilda et al. (2020) showed
that the connector between the TiO>—SiOz/chitosan composite nanoparticles and cotton fibers is
citric acid, which serves as a binder. On the other hand, glycerol can improve the mechanical
properties of materials (Mousa and Taha 2022). Citric acid and glycerol are also categorized as
non-biocide chemicals.
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As previously mentioned, fast-growing sengon wood is widely used in Indonesia. However,
its durability is affected by its high susceptibility to weathering, biological degradation, and fire.
Therefore, the novelty of this study lies not in the individual use of SiO; or TiO2 nanoparticles, but
in the synergistic integration of a citric acid—glycerol matrix with SiO2/TiO. nanocomposites for
the dimensional stabilization of sengon wood (Falcataria moluccana), a fast-growing species with
limited prior modification studies. This study aims to analyze the potential of combining SiO and
TiO2 nanoparticles with citric acid as a solvent to improve the properties of sengon wood, which
has inferior quality.

2. Materials and Methods
2.1. Tools and Materials

The equipment used in this study included a furnace, porcelain dishes, analytical scales,
measuring cups, beakers, funnels, ovens, desiccators, calipers, ultrasonicators, magnetic stirrers,
and impregnation tubes. The analytical equipment included a particle size analyzer (PSA) (Horiba
SZ-100, Horiba, Ltd., Kyoto, Japan), X-ray diffraction analysis (XRD) (SMARTLAB RIGAKU,
Rigaku Corporation, Tokyo, Japan), and Fourier transform infrared spectroscopy (FTIR)
(Shimadzu IR-Prestige 21, Shimadzu Corporation, Kyoto, Japan).

The materials used in this study were 5-year-old sengon wood (Falcataria moluccana) from
Sukabumi (West Java), betung bamboo (Dendrocalamus asper) leaves from Bogor (West Java) as
the precursor for SiO2 synthesis, titanium dioxide (TiO2) (100% pure, Pure Supplement), citric
acid (99%, Weifang Ensign Industry Co., Ltd.), glycerol (97%, Ecogreen Oleochemicals), NaOH
(98%, EMD Milipore Corporation), ethanol (99%, EMD Milipore Corporation), and
demineralized water.

2.2. Sample Preparation

The wood used was sengon with a diameter of 28 cm, cut to a length of 100 cm from the
base to the branch-free height, and then split into boards. All test samples were obtained from the
same tree and cut without distinguishing between sapwood and heartwood (Fig. 1). The
dimensions of the test samples are shown in Table 1. The test samples were then dried in an oven
before impregnation treatment. The oven-dry weight obtained after drying at 103 +2 °C to constant
mass was used as the reference weight for calculating impregnation uptake. Each test was
conducted five times for each treatment (untreated, citric acid—glycerol (CA.G), CA.G-silicon
dioxide (S) 1%, CA.G-titanium dioxide (T) 1%, CA.G—composite (C) 1%, and water—composite
(©) 1%).

2.3. Synthesis of SiO, Nanoparticles

SiO2 nanoparticles were synthesized using the sol-gel method. Bamboo leaves were sun-
dried until dry (light brown in color) and weighed to a total of 1000 g. The dried leaves were then
ignited under controlled open-air conditions without the addition of external fuel and allowed to
undergo initial combustion for approximately 1 hour until charcoal formation was achieved. The
resulting charcoal was weighed and placed in a porcelain container, then burned in the furnace at
700 °C for 6 hours to produce ash. The ash from furnace combustion, weighing up to 1 g, was
weighed and mixed with 40 mL of 3 M HCI. After that, the mixture was stirred and heated at 80
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°C for 30 minutes using a magnetic stirrer. The mixture was cooled, filtered, and the precipitate
was collected. The precipitate obtained was added to 40 mL of 3 M NaOH, stirred and heated at
90 °C for 30 minutes (Cahyani et al. 2022). The filtrate obtained was added to 40 mL of
demineralized water and 20 mL of 96% ethanol, and the mixture was stirred until homogeneous
(Lu et al. 2017). The white precipitate was filtered, dried at 105 °C for 2 hours, and then calcined
at 450 °C for 3 hours (Manchanda et al. 2017).
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Fig. 1. Schematic illustration of the sampling and cutting pattern of sengon wood (Falcataria

moluccana).
Table 1. Sample sizes for each test
. i . Testing
Testing Dimensions Standards
Weight percent gain (WPG), anti-swelling 2cmx2cmx2cm (BS 373:1957
efficiency (ASE), water uptake (WU), bulking (longitudinal x 1999) '
effect (BE), density, and leachability radial x tangential)

2.4. Synthesis of TiO2 Nanoparticles

A 7 g sample of commercial bulk-phase TiO2. powder was weighed and mixed with 75 mL
of demineralized water. The mixture was placed in a steel autoclave (Andalan Lab Center,
Lampung, Indonesia) and heated in an oven at 75 °C for 4 hours. The suspension was subjected to
a low-temperature hydrothermal treatment to transform the bulk TiO: into nanosized particles and
improve particle uniformity and surface reactivity before composite preparation. After that, the
solution was cooled at room temperature for 24 hours. The resulting precipitate is then filtered and
washed (Rahayu et al. 2022a).
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2.5. Synthesis of SiO./TiO, Composite Nanoparticles

Weighting of SiO2 and TiO2 nanoparticles based on a 1:1 molar ratio. Weighed 1.5 g SiO-
nanoparticles were mixed with 15 mL of NaOH 1 M solution (Selvakumar et al. 2014). A3 g
sample of TiO, nanoparticles was weighed and added to 60 mL of ethanol. Both solutions were
mixed and sonicated (FS-250N, Henan Chuanghe Laboratory Equipment Co., Ltd., Henan, China)
for 30 minutes to obtain a homogeneous suspension (Garskaite et al. 2019). The resulting mixture
was placed in an autoclave (Andalan Lab Center, Lampung, Indonesia) and heated at 180 °C for 6
hours. Next, the mixed solution was washed with deionized water to remove unreacted precursors,
thereby improving the crystallinity and stability of the composite nanoparticles (Ranjbar et al.
2015).

2.6. Preparation of Impregnation Solution

The solution mixture containing citric acid—glycerol (2:1) molar ratio and nanoparticles
(SiO2, TiO2 and SiO2/TiO2 composite) was then processed by ultrasonication (FS-250N, Henan
Chuanghe Laboratory Equipment Co., Ltd., Henan, China) at 40% amplitude for 2 hours. The
concentration of the citric acid—glycerol solution was 20%, and each treatment mixture was
prepared with 100 mL of demineralized water.

2.7. Nanoparticles Impregnation Process

Impregnation was carried out using the vacuum-press method (Rahayu et al. 2021). The test
samples were first oven-dried at 103 = 2 °C until the weight was constant. Subsequently, the
impregnated specimens were weighed and measured. The ready test samples and impregnation
solution were placed in the container inside the impregnation tube. The vacuum process was
carried out first for 60 minutes at —0.5 bar gauge (approximately 0.5 bar absolute), followed by a
press process for 120 minutes at 2.5 bar gauge. The impregnated samples were wrapped in foil and
placed in an oven at 60 °C for 12 hours. Afterward, the test samples were placed in an oven at 103
+ 2 °C until they reached a constant weight.

2.8. Dimension Stability and Density Testing

Dimensional stability testing and density of impregnated sengon wood were carried out to
determine the percentage value of weight percent gain (WPG), bulking effect (BE), and density
(p). In addition, impregnated sengon wood was soaked to determine the anti-swelling efficiency
(ASE) and water uptake (WU) (Rahayu et al. 2022a, 2022b). The calculation formulas used are
given in Equations 1-5.

weé (o) = 22— Wo 100 (%) (1)
Wo
where Wy is the oven-dry weight of the sample before impregnation (g), and W; is the oven-dry
weight of the sample after impregnation (g).

Su _St

ASE (%) =

X 100 (%) (2)
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where S is the volumetric swelling of the control sample soaked in water at room temperature for
24 hours (cm?), and S; is the volumetric swelling of the sample that has been treated with
impregnation (cm?).

W2 - W1
0, e

WU (%) W
where W is the oven-dry weight of the sample after impregnation (g), and W- is the weight of the

sample after being immersed in water for 24 hours (g).

X 100 (%) 3

v, —V,
BE (%) = —2

X 100 (%) 4)
0

where V is the oven-dry volume of the sample before impregnation treatment (cm®), and Vi is the
oven-dry volume of the sample after impregnation treatment (cmq).

p(g/em) = (5)

where p is the density of the wood g/cm?®, B is the weight of the sample after impregnation
treatment (g), and V is the volume of the sample after impregnation treatment (cmd).

2.9. Characterization of Nanoparticles

Particle size analysis was performed using PSA. Test samples of SiO», TiO2, and SiO2/TiO>
composite nanoparticles were sieved using a 100-mesh sieve. A 100 mL solution at 100 ppm was
prepared. The solution was stirred using a magnetic stirrer for 20 minutes. That was applied as a
pre-dispersion step to homogenize the suspension before analysis. Nanoparticle size analysis
required 10 mL of the solution for 2-10 minutes. PSA measurements were conducted at room
temperature (approximately 25 °C).

2.10. Characterization of Impregnated Sengon Wood
2.10.1. Fourier transform infrared spectroscopy

The untreated and impregnated samples were ground to 200 mesh and embedded in
potassium bromide (KBr) pellets at a ratio of 1:100. The pellets were analyzed using a Perkin
Elmer Spectrum One FTIR with a scanning range of 4000 to 400 cm™ at a resolution of 4 cm™ for
32 scans.

2.10.2. X-ray diffraction analysis

The wood sample was cut to a thickness of 2 mm in the tangential plane. The crystallinity
level of the wood sample was analyzed using an XRD-PAN Analytical Empyrean type with a
PIXcel 1D detector. The parameters used in the device were Cu Ka radiation with a graphite
monochromator, a voltage of 40 kV, a current of 30 mA, and a scanning range of 0-50° at a
scanning speed of 2°/minute. The degree of crystallinity (Crl) of wood samples was determined
from X-ray diffraction (XRD) patterns using the Segal method, which is widely applied for
lignocellulosic materials. The Crl was calculated from the intensity difference between the (200)
crystalline cellulose plane at 20 ~22.5° and the amorphous region at 26 ~ 18°, providing a relative
measure of cellulose crystallinity in wood (Salem et al. 2023).
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2.11. Data Analysis

Data analysis was performed using a completely randomized design and evaluated using
ANOVA, followed by Duncan’s multiple-range test at the 5% significance level (a = 0.05). The
analysis was conducted using IBM SPSS Statistics (Statistical Package for the Social Sciences)
version 25.0. developed in Stanford, California, CA, USA.

3. Results and Discussion
3.1. Characteristics of Nanoparticles
3.1.1. Particle size analyzer (PSA) and zeta potential

Particle size analysis plays an important role in the impregnation process, ensuring its
effectiveness and efficiency. Particles that are too large will have difficulty penetrating the wood
structure and thus form only a surface layer. According to Nagraik et al. (2023), particles of 170
nm cannot efficiently penetrate the wood, whereas those of 70 nm can. Furthermore, in
nanotechnology applications, particle size analysis is very important because it is related to
effectiveness, stability, and quality control (Kastner and Perrie 2016). Detailed information
regarding the particle size distribution of SiO2> nanoparticles, TiO> nanoparticles, and SiO2/TiO>

composite nanoparticles can be seen in (Fig. 2).
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Fig. 2. The PSA analysis for the nanoparticles: (a) SiO2 nanoparticles, (b) TiO2 nanoparticles,
and (c) SiO2/TiO2 composite nanoparticles.
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The SiO. nanoparticles (Fig. 2a) obtained have a particle size distribution of approximately
39 nm-193 nm with an average particle size of 83 nm. The highest intensity was detected at 73
nm, and the lowest at 193 nm. The particles produced in this research are smaller than those in
previous studies, which reported SiO: particle sizes of 52 um and 207 nm, respectively (Haryono
et al. 2018; Prihatini et al. 2024). TiO2 nanoparticles (Fig. 2b) were identified in the particle size
range of 57-134 nm, with an average of 86 nm. The particle size distribution exhibited a peak at
approximately 82 nm and a valley at 134 nm. In contrast, Awad and Shaker (2021) reported an
average particle size of 883 nm, which is larger than the value reported in this study. This
significantly smaller particle size indicates that TiO2 nanoparticles were successfully synthesized
at low temperatures via a hydrothermal method, yielding uniform nanoscale particles with lower
heat input (Hidayat et al. 2019).

The SiO2/TiO2 nanocomposite (Fig. 2c) revealed a particle size distribution in the range of
27 nm to 218 nm, with an average of 78 nm. The particle size distribution exhibits a unimodal
profile, with a maximum at 64 nm. In comparison, particle sizes up to 218 nm correspond to the
upper tail of the distribution rather than a secondary peak. According to the result of this PSA
analysis, the nanoparticle synthesis was considered successful in maintaining an average particle
size below 100 nm (83 nm for SiO2, 86 nm for TiO2, and 78 nm for the SiO2/TiO2 composite),
although the particle size distributions indicate that some particles extend beyond 100 nm, reaching
approximately 200-220 nm (Khan et al. 2019; Rachman et al. 2024).

The zeta potential analysis was conducted to assess particle stability, interactions, and
behavior when dispersed in a commonly used solvent, water (Sikora et al. 2015). The stability of
dispersed nanoparticles that form colloidal systems is proportional to their potential zeta value. A
high potential zeta value indicates no agglomeration, and a low potential zeta value indicates an
attractive force between particles that triggers particle agglomeration (Juliantoni et al. 2020). The
zeta potential distribution shows a unimodal profile, with SiO2 nanoparticles (Fig. 3a) exhibiting
an average of —6.54 mV and a range of approximately —32.79 mV to 21.85 mV. The zeta potential
of TiO, nanoparticles (Fig. 3b) has an average of —7.94 mV with a distribution range of
approximately —38.08 mV to 16.67 mV. In addition to SiO, and TiO2 nanoparticles, the zeta
potential of SiO2/TiO, composite nanoparticles (Fig. 3c) showed an average value of —38.94 mV
with a distribution range of approximately —63.74 mV to —11.31 mV, indicating the overall
distribution range rather than discrete intensity peaks.

The average zeta potential value of each nanoparticle shows that the stability of SiO and
TiO2 nanoparticle dispersions is at a less stable level, so that the particles easily agglomerate, while
SiO2/TiO2 composite nanoparticles produce dispersion stability at a stable level that makes the
particles less prone to agglomeration. Generally, the zeta potential value can be said to have high
stability when the value is greater than +30 mV or less than —30 mV (Dipahayu and Kusumo 2021;
Zulfa et al. 2019). The negative zeta potential values obtained in this study are consistent with
those reported by Sikora et al. (2015), which ranged from —10 mV to —50 mV, indicating
negatively charged particle surfaces.

3.2. Dimensional Stability and Density of Sengon

Impregnation treatment using citric acid and glycerol solution (CA.G), CA.G-SiO, (CA.G—
S) 1%, CA.G-TiO; (CA.G-T) 1%, CA.G—composite (CA.G-C) 1%, and water-composite (water—
C) 1% showed their effectiveness in improving the dimensional stability of wood, as seen from
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the increase in weight percent gain (WPG), anti-swelling efficiency (ASE), and bulking effect
(BE) values. This treatment also contributed to an increase in wood density. All of these

improvements are shown in Fig. 4 to Fig. 7.
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Fig. 3. Curves of zeta potential analysis: (a) SiO2 nanoparticles, (b) TiO2 nanoparticles, and (c)
SiO2/TiO2 composite nanoparticles.

Fig. 4 shows that the highest WPG value was obtained for the CA.G-C 1% treatment on
sengon wood, at 53.93%. This substantial weight gain occurs because citric acid and glycerol not
only act as solvents but also as reactive agents capable of forming ester bonds with the —OH groups
in the cellulose and hemicellulose of the wood cell wall, so that the modified material can bond
chemically, not just physically fill the lumen or nodules (Essoua et al. 2016). Glycerol is also
viscous and functions as a humectant, helping distribute SiO2 and TiO2 particles more evenly while
reducing agglomeration, thereby improving diffusion into the wood tissue. Basri et al. (2024) also
showed that non-biocide treatment with a mixture of citric acid, lactic acid, and glycerol on short-
rotation teak wood can significantly increase WPG and wood density compared to the control.

The lowest value of 4.82% was observed for the 1% water—C treatment on sengon wood, as
the use of water destabilized the SiO2 and TiO2 nanoparticles, leading to agglomeration and lower
material retention in the wood. Statistical analysis shows that the WPG value of sengon wood is
significantly influenced by the type of impregnation treatment with CA.G solution, SiO:
nanoparticles, TiO2 nanoparticles, and SiO2/TiO> composite nanoparticles. Based on Duncan's
further analysis, the water treatment of sengon wood is significantly different from that with CA.G.
In addition, the polar nature of water tends to accelerate the agglomeration of SiO2 and TiO>
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nanoparticles, preventing the particles from evenly entering the wood tissue (Liu et al. 2023). Xu
et al. (2020) reported a maximum WPG of approximately 30% using a particle-free
citric-acid-based modification system, in which chemical esterification contributed significantly
to mass uptake. A more appropriate comparison can therefore be made with the particle-free citric
acid—glycerol (CA.G) treatment used in the present study, which resulted in a WPG of 23.65%. In
contrast, the water—particle system exhibited a much lower WPG (4.82%), reflecting the limited
contribution of non-reactive water-based impregnation to overall mass gain.
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Fig. 4. Weight percent gain (WPG) of sengon wood across various impregnation treatments.
Different letters above the bars indicate significant differences (p < 0.05) according to Duncan’s
post hoc test.

Fig. 5 indicates that the 1% G-C treatment achieved a maximum BE of 11.37% in sengon
wood. Although the CA.G-C 1% treatment exhibited the highest BE value, it was not statistically
different from the CA.G-S 1% treatment, indicating that adding TiO> to the SiO2 system did not
significantly improve bulking performance under the conditions studied. The high BE value for
the 1% CA.G-C treatment likely resulted from the penetration of a blended mixture of citric acid,
glycerol, and SiO»/TiO2 nanoparticles into the wood cells, with citric acid acting as a binder by
forming ester linkages with hydroxyl groups on cellulose and hemicellulose. In contrast, glycerol
acts as a co-reactant or softener, improving the physical interaction between chains to maintain a
certain index of material stability within the cell wall (Essoua et al. 2016). Simultaneously, SiO>
and TiO2 nanoparticles are responsible for micropore filling and reinforcement of the structure of
the wood cell wall. This dual mechanism is consistent with the study by Liu et al. (2023), which
reported that a silica-impregnated composite resin can enhance the development effect by allowing
particles to penetrate the wood cell walls. Furthermore, Essoua et al. (2016) explain that the use of
citric acid and glycerol can increase material retention, resulting in a greater wood volume than
when using a single solvent.

The lowest BE values were obtained in the untreated treatment on sengon wood at 1.19%,
and in water—C 1% on sengon at 3.41%. The low BE values in the untreated and water-C 1%
treatments occurred because water lacks functional groups that can react with wood components,
so the filler is only physically retained in the pores and is easily washed out during drying.
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Statistical analysis shows that the BE value of sengon wood is significantly influenced by the type
of impregnation treatment with CA.G solution, SiO. nanoparticles, TiO2 nanoparticles, and
SiO2/TiO2 composite nanoparticles. Based on further Duncan analysis, untreated sengon wood
differs significantly from wood treated with CA.G solution and nanoparticles. Additionally, the
CA.G—C 1% treatment did not differ significantly from the CA.G-S 1% treatment.
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10.95d
11.37d
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Untreated CA.G CA.G-S 1% CA.G-T1% CA.G-C1% Water-C 1%
Treatment

Fig. 5. Bulking effect (BE) of sengon wood across various impregnation treatments. Different
letters above the bars indicate significant differences (p < 0.05) according to Duncan’s post hoc
test.

The use of water as a solvent tends to accelerate the agglomeration of SiO, and TiO:
particles, which limits particle penetration into the cell wall (Essoua et al. 2016; Liu et al. 2023).
As a result, the increase in wood volume from material deposition is relatively small, yielding a
low BE value. The addition of impregnation solution, especially citric acid and glycerol, in this
study caused the wood cell walls to expand and increased bulking in sengon wood, resulting in
better dimensional stability. Thus, the wood maintained its dimensions, remaining unaffected by
shrinkage or expansion, due to the treatment. According to Hill (2006), a higher BE value indicates
that more polymers fill the wood cell cavities, thereby increasing dimensional stability.

Fig. 6 showed that the largest ASE value for sengon wood was also achieved with CA.G-C
1%; specifically, the percentages for the samples in the first, second, and third soaking-drying
cycles were 80.21%, 67.37%, and 56.40%, respectively, showing distinct trends among the
different impregnation treatments. The high ASE value in this treatment indicates that the
synergistic effect between citric acid and glycerol with SiO2 and TiO2 nanoparticles can provide
optimal protection of wood dimensional stability. This observation is consistent with that of
L’Hostis et al. (2019), which also demonstrated that the ASE can increase by up to 64% for beech
wood irradiated with citric acid and tartaric, attributed to the formation of stable chemical bonds
on cell walls. Likewise, wood treatment with silica aerogels has resulted in an ASE value of
39.64% in the radial direction, due to the permanent swelling of wood cells (Bak et al. 2022).
Furthermore, a preservative solution containing citric acid can even enhance the water resistance
of the wood (Lee et al. 2020). Therefore, wood treated in this way is more resistant to decay even
after several cycles of soaking and drying.
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Fig. 6. Anti-swelling efficiency (ASE) of sengon wood across various impregnation treatments
with 3 cycles. Different letters above the bars indicate significant differences (p < 0.05) based on
Duncan’s post hoc test.

The lowest ASE value was observed in the untreated sample, at only 29.33% in the first
cycle and decreasing drastically to 14.56% in the third cycle. This low value is due to untreated
wood still containing many free hydroxyl groups, which are highly hygroscopic and readily absorb
water (Hill 2006). The low ASE in the water—C 1% treatment is consistent with Gémez et al.
(2020), who found that water immersion can limit particle penetration through agglomeration,
resulting in less effective pore filling and reduced chemical bonding to cell walls. Statistical
analysis shows that the ASE value of sengon wood is significantly influenced by the type of
impregnation treatment with CA.G solution, SiO. nanoparticles, TiO> nanoparticles, and
SiO2/TiO2 composite nanoparticles. Based on further Duncan analysis, sengon wood without
impregnation treatment differs significantly from that treated with CA.G solution and
nanoparticles. In addition, the analysis of variance indicates that the cycle factor has no significant
effect on the ASE value, and Duncan's test shows no difference.

Although two-way ANOVA indicated that the soaking—drying cycle factor did not have a
statistically significant effect on ASE (p > 0.05), a clear decreasing trend in mean ASE values was
observed across cycles. This statistical outcome is attributable to the relatively large standard
deviation and to overlapping confidence intervals across cycles. The pronounced reduction in ASE
during the initial cycle is likely due to leaching of physically deposited nanoparticles and unreacted
citric acid—glycerol components during the first water immersion. Conversely, the remaining
covalently bonded matrix contributes to the more stable ASE observed in subsequent cycles.

Fig. 7 shows that the CA.G—C 1% treatment achieved the highest density in sengon wood at
0.39 g/cms, whereas the untreated treatment exhibited the lowest density at 0.29 g/cm3. Consistent
with Augustina et al. (2023), these results confirm that impregnation successfully increases wood
density. This improvement is largely driven by the use of citric acid, whose carboxyl groups
interact with the wood's hydroxyl groups, thereby strengthening the overall structure (Larasati et
al. 2017). Furthermore, Tobing et al. (2024) demonstrated that modification with both glycerol and
citric acid significantly enhances density. This physical improvement occurs because the
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modifying materials fill the lumens and cell walls, creating a denser and more compact internal
structure.
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Fig. 7. Density of sengon wood across various impregnation treatments. Different letters above
the bars indicate significant differences (p < 0.05) according to Duncan’s post hoc test.

The addition of nanoparticles serves as a micropore filler, strengthening the wood structure
(Essoua et al. 2016). Bowyer et al. (2007) stated that treatments that increase wood density are
also associated with thicker wood cell walls. This increase in density indicates that the
impregnation solution used in this study can effectively penetrate and fill the micro-pores in the
wood cell wall, which, in turn, causes the cell wall to swell and become thicker (Hadiyane et al.
2018; Hill 2006). The density value of sengon wood was significantly influenced by the type of
impregnation treatment with CA.G solution, SiO. nanoparticles, TiO> nanoparticles, and
SiO2/TiO2 composite nanoparticles. Based on further Duncan analysis, the water treatment of
sengon wood differs significantly from that added with CA.G solution, and the composite
nanoparticle treatment differs significantly from other nanoparticle treatments.

The observed rise of WPG, density, BE, and ASE is accompanied by the drop in water uptake
(WU) (Fig. 8). Reduced WU was observed on sengon wood following the treatment. This result
reveals that treated wood exhibited greater resistance to water absorption from the environment
into the wood substance. Simply put, wood is hygroscopic- it can take up and retain water. The
highest WU value for sengon wood was observed in the untreated sample at 114.14%, whereas the
lowest value was recorded for the CA.G—C 1% treatment at 59.16%, indicating that the SiO.—TiO-
composite effectively filled the wood pores and improved wood hydrophobicity. Our findings are
analogous to those reported in (Liu et al. 2023) and (Sharma et al. 2022), which showed that
organic acid impregnation-based soaking and silica nanoparticles effectively reduced wood water
absorption by cross-linking and by particle deposition in the lumen. Liu et al. (2023) reported a
40% reduction in WU in poplar wood after impregnation with organic acids and nanoparticles,
attributed to cross-link formation and particle deposition within the lumen.
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Fig. 8. Water uptake (WU) of sengon wood across various impregnation treatments. Different
letters above the bars indicate significant differences (p < 0.05) according to Duncan’s post hoc
test.

The WU value decreased more with SiO2 nanoparticle impregnation than with TiO:
nanoparticle impregnation; however, the difference between the two treatments was not
statistically significant. This is consistent with the work of Rahayu et al. (2025), which found that
a TiO2 coating on wood can greatly reduce water absorption and dimensional swelling. The study
by Lemaire-Paul et al. (2023) shows that SiO, impregnation can also increase wood density and
reduce porosity, leading to a lower WU value. The reduction in WU is attributed to the interaction
of citric acid with cellulose and lignin in the wood, which decreases the availability of hydrophilic
hydroxyl groups for moisture absorption. Statistical analysis revealed that impregnation with citric
acid (CA) significantly reduced the WU of sengon wood. Furthermore, the addition of glycerol
(G), SiO:2 nanoparticles, TiO2 nanoparticles, and SiO2/TiO» composite nanoparticles contributed to
a further reduction in WU. Duncan’s multiple range test confirmed that the water-impregnated
sengon wood differed significantly from samples treated with CA.G solution and CA.G-based
nanoparticle systems, whether applied as single or composite nanoparticle treatments (p < 0.05).

3.3. Characteristics of impregnated Sengon wood
3.3.1. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis (Fig. 9) was performed to identify
functional groups present in untreated and treated sengon wood. The OH group peak of untreated
sengon wood is at wavenumber 3272 cm™® and lies within a fairly wide range. According to
Kaygusuz (2019) and Rilda et al. (2020), extensive O—H absorption elongation vibrations occur in
the range of 3600 cm™ to 3100 cm™. In samples that underwent treatment, especially CA.G—C 1%,
CA.G-T 1%, CA.G-S 1%, and CA.G, the wave numbers were 3417 cm?, 3414 cm?, 3414 cm?,
and 3408 cm, respectively. This wavenumber indicates low absorption intensity. The FTIR
spectra of treated sengon wood showed distinct chemical changes compared with the untreated
samples, confirming successful chemical modification. The broad O-H stretching band in the
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region of 3200-3500 cm™ decreased in intensity after CA.G-based treatments, which is attributed
to esterification reactions between the modifying agents and the hydroxyl groups of cellulose,
hemicellulose, and lignin. Rather than reflecting the mere presence of citric acid or glycerol, this
esterification consumes free hydroxyl groups. Consequently, the reduced availability of hydroxyl
groups limits the wood’s ability to interact with water molecules, explaining why the treated wood
absorbs less moisture than the untreated sample (Essoua et al. 2016).

The wavenumber at 2915 cm™ in untreated sengon wood corresponds to the C—H stretching
region (Rahayu et al. 2022a). The decrease in intensity in the treated wood indicates that the OH
groups in cellulose and glycerol form esters, reducing the number of alkyl groups and thereby
decreasing the C—H vibration intensity. Esterification introduces new carbonyl and ester C-O
vibrations while consuming hydroxyl groups, but does not chemically consume alkyl (C-H)
groups. Any apparent decrease in C—H band intensity is therefore more reasonably attributed to
baseline shifting or peak overlap arising from the broad O—H and C=0 absorption bands, rather
than to the loss of C—H bonds (Lee et al. 2020).
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. 1 . i
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Fig. 9. FTIR analysis of sengon wood: untreated (A), CA.G (B), CA.G-S 1% (C), CA.G-T 1%
(D), CA.G-C 1% (E), and Water—C 1% (F).

The wavenumbers 1738-1782 cm correspond to the carbonyl (C=0) stretching band, and
377 cm? is consistent with ester bonds. The ester linkages are formed as a result of a
polymerization reaction between glycerol and citric acid molecules, and the carboxylate group of
the citric acid reacts with the hydroxyl group in wood (Essoua et al. 2016). For untreated sengon
wood, a peak at 1738 cm™ was assigned to the ester carbonyl groups of hemicellulose (Piqueras et
al. 2020). In addition, the FTIR spectrum of wood samples treated with citric acid—glycerol showed
high-intensity peaks at 1775-1782 cm™. This heightened intensity is attributed to the presence of
citric acid anhydride (Cai et al. 2019) and reduced water adsorption.

A weak absorption band observed at approximately 1782 cm™ is assigned to carbonyl (C=0)
stretching vibrations, which may originate from ester or anhydride-like structures formed during
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citric-acid-based esterification reactions (Lee et al. 2020). This band is not associated with SiO>
or TiO2 nanoparticles, as inorganic oxides typically exhibit characteristic vibrations in the lower
wavenumber region below 1100 cm™. Therefore, the presence of this peak is more reasonably
attributed to citric-acid-derived carbonyl functionalities within the modified wood matrix rather
than to water-related effects or direct contributions from inorganic nanoparticles (Yang and Woll
2017). The absorption band located at 1626—1639 cm™ is primarily associated with the bending
vibration of absorbed water in wood and overlaps with vibrations of conjugated carbonyl and
carboxylate groups generated during citric-acid-induced esterification. Contributions from lignin
aromatic skeletal vibrations may also occur in this region; therefore, this band should not be
assigned exclusively to lignin C=0 stretching, and the peak at wave numbers 1040 cm? is a
stretching vibration of C—O and C-C functional groups of cellulose skeleton in wood (Freixas-
Jambert et al. 2024).

The band around 1037 cm™ corresponds mainly to C-—O stretching vibrations of
polysaccharides, particularly cellulose and hemicellulose. Although glycerol does not generate a
unique FTIR peak, its participation in ester bond formation modifies the intensity and shape of this
region through overlapping C—O-C and ester-related vibrations (Chen et al. 2018; Essoua et al.
2016). In the spectra of the treated wood, the intensity of this band decreases drastically, a
reduction most likely driven by the addition of citric acid (Bernard et al. 2019; Essoua et al. 2016).
The absorption peaks observed at approximately 676 cm™ and 682 cm™ are attributed to Si—O
stretching vibrations, which are characteristic of silica-based structures. Similarly, the presence of
TiO: is evidenced by absorption bands corresponding to Ti-O and Ti—O-Ti vibrational modes in
the lower wavenumber region. These bands confirm the incorporation of silica- and titania-based
components within the treated wood matrix (Prihatini et al. 2024). Meanwhile, FTIR analysis of
samples impregnated with nano-TiO: also shows peaks at 546 cm™, 537 cm™, and 538 cm™'. These
wavenumbers correspond to Ti—O functional groups, which are consistent with the findings of
Prihatini et al. (2024) and Rahayu et al. (2022a).

3.3.2. X-ray diffraction analysis

X-ray diffraction (XRD) analysis of sengon wood, treated and untreated with CA.G solution
and nanoparticles using the impregnation method (Fig. 10), was conducted to observe changes in
its characteristics, including the identification of crystal phases of impregnated nanoparticles and
the degree of cellulose crystallinity in the wood. Untreated sengon wood exhibited three peaks at
20 values of 15.32°, 22.22°, and 34.62°. The same peaks were identified in wood treated with
CA.G solution and SiOz and TiO2 nanoparticles, but with different intensities. These peak results
are consistent with the research by Rahayu et al. (2022a), which identified the Miller indices at
these peaks as (020), (012), and (131). Based on a comparison with the JCPDS No. 03-0226
standard cellulose diffractogram (Osman et al. 2019), these peaks were confirmed as cellulose,
indicating that the crystal structure remained the same as in untreated wood. These findings
indicate that the impregnation treatment did not have a significant effect on the cellulose phase of
sengon wood, despite differences in intensity. Changes in peak intensity after citric acid—glycerol
(CA.G) treatment reflect structural modification of the wood matrix rather than the removal of
amorphous cellulose.
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Fig. 10. Diffractogram of impregnated sengon wood.

Table 2. Degree of crystallinity of impregnated sengon wood

No Treatment Degree of Crystallinity (%)
1 Untreated 76.3
2 CA.G 51.0
3 CA.G-S 1% 42.4
4 CAG-T 1% 42.1
5 CA.G-C1% 43.3
6 Water—C 1% 46.8

The XRD analysis results show that sengon wood impregnated with the CA.G solution and
nanoparticles exhibited decreased crystallinity (Table 2). The crystallinity of wood samples was
evaluated using the Segal peak height method based on XRD data. The crystallinity index (Crl)
was calculated using the intensity of the (012) crystalline plane (Io12) at approximately 22° and
the intensity of the amorphous background (L..) at approximately 18°. It should be noted that this
method provides a relative crystallinity index rather than an absolute cellulose crystallinity value,
and it may yield higher numerical values when applied to complex lignocellulosic systems.
Consequently, the crystallinity values reported in this study are intended for comparative analysis
between treatments, not as absolute measures of native cellulose crystallinity (Salem et al. 2023).

The highest crystallinity value in untreated sengon wood was 76.3%, while the lowest was
in the CA.G-T 1% treatment, which was 42.1%. XRD analysis reflects the bulk crystalline lattice
structure of cellulose within the wood matrix and is not influenced by surface wettability or
hydrophobicity. While TiO. nanoparticles have been reported to improve wood hydrophobicity
through micro-/nano-scale surface roughness, such surface phenomena do not affect XRD peak
intensities or crystallinity indices. Therefore, any observed changes in crystallinity are attributed
to chemical modification of the wood cell wall polymers and reorganization of crystalline and
amorphous cellulose domains during impregnation and curing, rather than to surface
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roughness-induced hydrophobic behavior (Cui and Li 2020). The decrease in crystallinity
observed after CA.G treatment is attributed to the incorporation of a semi-crystalline/amorphous
citric acid—glycerol polymer network within the wood structure. The presence of this polymer
increases the proportion of amorphous regions relative to crystalline cellulose, thereby reducing
the crystallinity index from 76.3% to 51.0%. Therefore, the XRD results indicate matrix dilution
and disruption of cellulose crystalline order rather than removal of amorphous cellulose
(Athanasoulia and Tarantili 2017).

4. Conclusions

The nanoparticles in this study were successfully synthesized with average particle sizes
below 100 nm, despite a broader size distribution observed in the PSA results. SiO./TiO:
composite nanoparticles have smaller particle sizes than SiO, and TiO2, with the best particle
stability that can minimize agglomeration, as indicated by the zeta potential value. Sengon wood
treated by impregnation with a citric acid—glycerol solution and 1% SiO2/TiO> composite
nanoparticles (CA.G-C 1%) was the most effective in improving the physical properties and
dimensional stability of the wood. This is demonstrated by an increase in wood density of 0.39
g/cmd, weight percent gain (WPG) of 53.93%, bulking effect (BE) of 11.37%, the highest anti-
swelling efficiency (ASE) of 80.21% (cycle 1), and a decrease in water uptake (WU) by 59.16%.
FTIR analysis confirmed the presence of chemical modification in the impregnated wood,
evidenced by the formation of ester bonds that reduced free hydroxyl groups and decreased
hydrophilicity. In addition, XRD analysis showed a decrease in the overall relative crystallinity in
the treated wood, indicating that the amorphous impregnation polymer was successfully deposited
and bound within the wood structure. Overall, sengon wood modified through (vacuum-pressure)
impregnation with a combination of citric acid—glycerol and SiO2/TiO2 nanoparticle composites
proved to be highly effective and has the potential to improve the quality of fast-growing wood.
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