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ABSTRACT: Randu wood is a fast-growing wood species with a low density, ranging from 0.21 to 0.28 g/cm’. This
limits the utilization of this species, particularly for structural purposes. Improving the quality and strength of wood
can be done by applying a densification process. The effectiveness of this process may be improved by applying
in-situ delignification using peracetic acid as a pretreatment. Therefore, this study aimed to analyze the physical
(moisture content and density), dimensional stability (TR-ratios, water absorption, and thickness swelling), spring-
back (compression set, and compression-set recovery) and mechanical properties (Modulus of Rupture/MOR and
Modulus of Elasticity/ MOE) of densified randu wood (Ceiba pentandra L. Gaertn.) with an in-situ peracetic acid assisted
delignification process as a pretreatment, as well as determining the optimum densification parameters for this species.
The process begins with the application of the delignification process using a mixture of CH; COOH and H,O, (1:1) at
concentrations of 20% and 25%, as well as distilled water (0%), followed by densification at 150°C and 160°C for 30 min
with a pressure of 3.43 MPa. The results showed that the application of an in-situ peracetic acid assisted delignification
process as pretreatment following the densification process was able to improve the physical and mechanical properties,
as well as the dimensional stability of randu densified wood with minimum spring-back (below 10%). The pressing
temperature at 150°C combined with a 25% delignification solution concentration (D25-150 treatment) proved to be
the most effective treatment for enhancing the properties of densified randu wood.
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1 Introduction

The increasing need for sustainable architecture and high-performance materials has intensified interest
in wood-based resources as renewable alternatives due to their minimal environmental impact, high carbon-
sequestering capacity, low embodied energy [1], low emissions, and enhanced energy efficiency during
service life [2]. These attributes position wood as a viable substitute for conventional construction and
engineering materials, such as cement, concrete, steel, etc. [3]. Wood is categorized as a complex three-
dimensional biopolymer with a porous structure, composed mainly of cellulose (40%-45%), hemicellulose
(19%-26%), lignin (23%-34%), along with a few amount of extractives and inorganic compounds [4]. Its
inherent properties, such as lightweight, favourable strength-to-weight ratio, excellent insulating capability,
and ease of processing, constitute key advantages of wood-based materials [5]. However, the utilization
of wood is often constrained by its low density, limited mechanical strength, and dimensional instability,
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particularly in fast-growing tropical species. Randu, also known as Kapok (Ceiba pentandra L. Gaertn.), is a
fast-growing wood species categorized by a low density ranging from 0.21-0.26 g/cm® [6-8], high porosity
around 77% [9] with a surface area of 2.57 m*/g [10], and weak intercellular bonding [11]. These characteristics
are reflected in its low strength and stiffness, as well as its high brittleness [9]. Such limitations have driven
the development of wood modification technologies aimed at enhancing performance while maintaining
environmental compatibility.

Among wood modification technologies, the densification process is a promising technique that exploits
the viscoelastic properties of wood to transform low-density wood species into high-performance materials
through mechanical, chemical, or combined treatments [12]. This process is carried out by pressing wood
under transverse compression (radial or tangential direction) at a certain temperature and pressure for
a predetermined period of time. The densification process can be divided into four stages: softening or
plasticizing of the cell wall, followed by compression perpendicular to the grain in the softened state, setting
by cooling and drying in the deformed state and fixing the deformed state [13]. The important things on
densification process are the softening or plasticizing stage before compression, which is usually performed
at temperatures exceeding the glass transition temperature () of the cell wall components. Several studies
have suggested that the glass transition temperature for lignin is 60°C [14], 73°C-95°C [15], or even ranges
from 55°C t0100°C [16,17]. When the temperature of wood reaches Ty, the stiffness decreases rapidly, and the
characteristic of the material becomes more rubbery. This condition promotes polymer mobility and permits
re-arrangement of the molecules, therefore large deformation can occur without elastic fractures [18].
However, according to Scharf et al. [19], wood densification remains unstable due to thickness recovery
(springback), which often occurs when densified wood is exposed to varying environmental temperature
and humidity. Research by Handono [20] explained that densification of randu wood can improve several
properties, such as density (0.23-0.28 g/cm®) and mechanical properties, however, the wood does not
achieve perfect fixation (unstable/spring back). Therefore, this study incorporates a pretreatment step prior to
densification to produce densified randu wood with enhanced properties through a delignification process.

In-situ delignification as pre-treatment for the wood densification process facilitates homogeneous
deformation and minor damage by partially removing lignin, which reduces cell wall stiftness and enhances
the viscoelastic behavior of the wood. The primary chemicals used include NaOH-only [21] or a combination
between NaOH/Na,SO; [22,23], Na,CO; [24], NaCl, and H,0,/NaCl, [25], organic solvents, and any
other common solvents [26]. This process can be applied in the alkaline-, oxidative-, organosolv-, and
solvent-based delignification [26]. Despite their effectiveness, those chemicals present several limitations,
alkali-based treatments often lead to excessive carbohydrate degradation or severe cell wall damage [26],
while NaOH/Na,SO; and systems may introduce sulfur-containing residues and environmental con-
cerns [22,23], as well as Na,CO; exhibits relatively weak delignification capability, requiring harsher
processing conditions to achieve comparable lignin removal [24]. Among them, in situ delignification using
peracetic acid is a promising option, as it is a strong oxidizing agent that can be prepared by mixing
hydrogen peroxide with acetic acid, with or without a catalyst [27]. According to Liu et al. [26], oxidative
delignification proceeds through radical-driven reactions that oxidize and preferentially break down the
aromatic backbone of lignin, thus enabling more rapid reaction kinetics at relatively lower temperatures
(60°C-100°C), or even room temperature, with lignin removal levels of up to 95%. According to Yunianti
etal. [28], the application of pretreatment by soaking in a mixture of acetic acid (CH;COOH) and hydrogen
peroxide (H,O,) at a 20% concentration at 80°C for 24 h followed by densification at 150°C increases the
flexural strength of pine and gmelina wood. Moreover, peracetic acid/PAA treatment is an environmentally
friendly oxidizing agent, as hydrogen peroxide decomposes into water (H,O) and oxygen (O,), while the
hydronium ion (HO+) functions as the active reactive agents in the oxidation process [29]. Delignified wood
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cells show fewer cracks when delignified compared to untreated cells. Frey et al. [30] observed that after
delignification and densification, initially thin wood cells tend to fold homogeneously, signaling significant
structural changes. However, the temperature and duration of treatment must be carefully considered, as
densification phenomena vary among different wood species.

The use of in situ PAA allows better control over the reaction process and improves the effectiveness
of delignification. Li et al. [31] reported that in situ chemical treatment can effectively remove lignin and
significantly modify the wood structure, particularly when combined with densification. The removal of
lignin enhances the effectiveness of the densification process, resulting in improved wood performance.
Previous studies on PAA delignification have primarily focused on temperate wood species such as Larix
kaempferi and Quercus mongolica, native to Korea [32], as well as eucalyptus wood [33]. However, the
application of in situ PAA delignification in low-density tropical wood has not been widely explored,
particularly in the context of improving wood performance through the combined approach of in situ PAA
pretreatment and densification. In addition, only limited studies have specifically investigated its application
in low-density tropical species, such as randu wood, with respect to improving densification stability
and reducing spring-back behavior. Furthermore, the mechanistic role of mild oxidative delignification in
modifying the hierarchical structure, cell wall integrity, and subsequent densification behavior of low-density
tropical wood remains insufficiently understood.

Therefore, this research focuses on analyzing the effect of the in situ delignification process using
peracetic acid solution (CH;COOH and H,0,) for enhancing physical (moisture content and density),
dimensional stability (TR-ratios, water absorption, and thickness swelling), spring-back (compression set,
and compression-set recovery) and mechanical properties (Modulus of Rupture/MOR and Modulus of
Elasticity/MOE) of densified randu wood (Ceiba pentandra L. Gaertn.), as well as determining the optimum
densification parameters for this species.

2 Material and Methods
2.1 Material

Randu wood (Ceiba pentandra L. Gaertn.) with an approximate diameter of 50 cm and length of
100 m was obtained from the community forest in Bogor, West Java, Indonesia. The wood was processed into
samples with dimensions of 30 cm x 10 cm x 4 cm (L x T x R). The samples were oven-dried at 103 + 2°C
for 24 h to obtain their oven-dry mass. Chemicals used in this study, including acetic acid (CH; COOH) and
hydrogen peroxide (H,0O,), were procured from Sigma-Aldrich, while distilled water was purchased from
local suppliers.

2.2 Methods
2.2.1 Preparation of Raw Materials

After oven-drying to a constant weight, the randu wood was conditioned at room temperature and
subsequently cut into samples of various dimensions according to the requirements of each test standard. The
samples were carefully prepared to ensure uniformity in grain orientation and to minimize defects such as
knots and cracks. The allocation and distribution of the test samples for each experimental characterization
are illustrated in Fig. 1.

2.2.2 Delignification Process

The delignification process was conducted by modifying the method reported by Yunianti et al. [28].
The oven-dried samples were then immersed for 24 h in a reaction container containing either destilled
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water (0%, control) or a peracetic-acid-forming solution prepared from a 1:1 (v/v) mixture of acetic acid
(CH3;COOH) and hydrogen peroxide (H,O,) at concentrations of 20% and 25%. During soaking, the solution
was allowed to react in situ with the wood structure to promote oxidative delignification. After treatment, the
samples were removed and thoroughly rinsed with running water three times until the wash water reached
neutral pH (~7), ensuring the removal of residual chemicals and reaction by-products.

2x2x2cm

B.30x 10x 4 cm C.30x2x2cm E 10x2x2cm

Figure 1: Distribution of test samples. (A) log pieces with a diameter of +50 cm (B) samples for delignification,
densification samples, and compression set testing; (C) samples for mechanical properties (MOE and MOR) and density
testing; (D) samples for physical properties testing, including moisture content and dimensional stability (T/R-ratio,
thickness swelling, and water absorption); and (E) samples for hardness and compression set recovery testing.

2.2.3 Densification Process

After measuring the dimensions and weight, the samples were immediately pressed in the radial
direction. A compression ratio (CR) of 50% was applied to reach a final size of 30 x 10 x 2 cm® (L x T
x R). The densification process was carried out at a pressure of 3.43 MPa. The pressure was applied gradually
and maintained for 30 min at pressing temperatures of 150°C and 160°C to soften the cell wall components
and facilitate plastic deformation of the wood structure. After the heating stage, the samples were kept
under pressure overnight to allow slow cooling to room temperature (cold pressing), thereby minimizing
spring-back and stabilizing the compressed structure. The densified samples were then re-measured for their
dimensions and mass, followed by oven drying at 103 + 2°C for 24 h to obtain the oven-dry condition prior
to the final measurements [34]. All sample treatment conditions are summarized in Table 1.

Table 1: Treatment codes, types and conditions applied.

Code Treatment Thickness (cm)
Initial Target
Control Untreated 2 2
AQ-150 Water immersion + densified at 150°C 4 2
AQ-160 Water immersion + densified at 160°C 4 2
D20-150 Delignification (20% reagents) + densified at 150°C 4 2
D20-160 Delignification (20% reagents) + densified at 160°C 4 2
D25-150 Delignification (25% reagents) + densified at 150°C 4 2
D25-160 Delignification (25% reagents) + densified at 160°C 4 2

Note: All water immersion and delignification treatments were conducted for 24 h; reagents: acetic acid and hydrogen
peroxide (1:1 v/v).
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2.2.4 Physical Properties Testing

The physical properties evaluated included moisture content and wood density, which were determined
in accordance with British Standard 373-1999 [35]. Test samples were weighed and measured in their air-dry
condition. Afterwards, the samples were oven-dried at 103 + 2°C for 24 h. Moisture content and wood density
were calculated using the following equations:

KA (%) = M % 100 )]
3y BA
p(g/em’) = o+ (2)

where, BA is the initial air-dry weight (g); BKT is the oven-dry condition (g); and VA is the air-dry volume
of the sample (cm?).

2.2.5 Dimensional Stability Testing

Wood samples that had undergone delignification and densification were converted into samples with
a size of 20 x 20 x 20 mm?’, then weighed and measured. The samples were submerged in water at room
temperature for 24 h, followed by oven-drying at 103 + 2°C for another 24 h. Their weight and thickness in
the oven-dry condition after water immersion, were recorded. The parameters examined included T/R ratio,
water absorption (WA), and thickness swelling (TS) which were calculated using the following equations,
according to Augustina et al. [36], as well as Kilumets et al. [37]:

S
T/R - ratio = — 3)
Sk
Bss — B
WA (%) = == 4100 (4)
Bsb
Tes—T
TS (%) = ———2 % 100 (5)
st

where, St is the tangential shrinkage (%); Sg is the radial shrinkage (%); By, is the oven-dry weight of the
sample before immersion (g); B, is the weight of the sample after immersion (g); Ty, is the oven-dry thickness
before immersion (mm); and Ty, is the oven-dry thickness after immersion (mm).

2.2.6 Springback Testing

The compression set (C-set) was measured using the initial sample dimensions to observe thickness
changes after the delignification and densification processes. Meanwhile, the compression set recovery (CSR)
was determined using 100 x 20 x 20 mm? samples to observe the thickness recovery of densified wood after
being submerged in water for 24 h. C-set and CSR were calculated using the following equations, according
to Kilumets et al. [37] and Ma et al. [38]:

T, -T
C-set(%) = ——= x 100 (6)
T,
Tss—T
CSR (%) = —==—— x 100 )
o~ 1Lsb

where, T, is the sample thickness before delignification and densification (mm); T, is the oven-dry thickness
after delignification and densification (mm); Ty, is the oven-dry thickness before water immersion (mm);
and Tj; is the oven-dry thickness after water immersion (mm).
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2.2.7 Mechanical Properties Testing

Wood samples that had undergone delignification and densification were processed into samples with
dimensions of 300 x 20 x 20 mm’® and 100 x 20 x 20 mm’, then weighed and measured. Modulus of
Rupture (MOR) and Modulus of Elasticity (MOE) tests were conducted using a Universal Testing Machine
(UTM) in accordance with British Standard 373-1999 [35]. Wood hardness was tested in accordance with
the American Society for Testing and Materials D143-2002 [39]. These properties were calculated using the

following equations:

3x PmaxxL

AP x 1}
MOE (MPa) = 4 b b ©)
H (MPa) = L0 (10)

where, L is the span between supports (mm); AP is the load change below the proportional limit (N); Ay is
the deflection corresponding to AP (mm); b is the specimen width (mm); h is the specimen thickness (mm),
Pmax is the maximum applied load, and A is the indented area within the specimen (mm?), determined
based on the indenter geometry according to ASTM D143-2002.

2.2.8 FT-IR Spectrum

The functional groups of randu wood in each treatment applied were determined using Fourier
Transform Infrared Spectroscopy (FTIR) with a Universal Attenuated Total Reflectance (UATR) accessory
equipped with a diamond plate (PerkinElmer Inc., Waltham, MA, USA). For this analysis, 2 mg of powder

-1 1

sample (30-40 mesh) was subjected to scanning from 400 to 4000 cm™" with a resolution of 4 cm™" at

room temperature.

2.3 Statistical Analysis

Quantitative data were analyzed for mean and standard deviation using Microsoft Excel 2019 software.
The resulting data are presented in the form of tables and graphs. The study employed a completely
randomized design (CRD), incorporating two factors: the treatment type (water immersion pre-treatment;
and delignification pre-treatment using peracetic acid at concentration of 20% and 25%) and the densification
temperature (150°C and 160°C). Data analysis was performed using SPSS software. Duncan’s Multiple Range
Test (DMRT) was conducted for further analysis in cases where significant differences were detected for any
factor or their interactions. Each treatment was performed in three replicates.

3 Result and Discussion

3.1 Physical Properties
Moisture Content and Density

The physical properties observed in this study including moisture content (MC) and density values.
According to Mori et al. [40], moisture content refers to the equilibrium state of water within wood relative
to its surrounding environment, whereas density is defined as mass per unit volume. The average MC and
density values are presented in Fig. 2A,B, respectively, while the ANOVA results are shown in Table 2.
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Figure 2: Average physical properties values of randu wood in each treatment: (A) moisture content; and (B) density.
Different letters above the bars indicate significant differences at the 5% level based on Duncan’s multiple range test.

Table 2: ANOVA results of each parameter.

ANOVA Results
Parameters
Treatment Temperature Treatment * Temperature

Water content (%) * * ns
Density (g/cm’) ns * *
T/R-ratio ns ns ns

Water absorption (%) * ns *
Thickness swelling (%) * * *
Compression-set (%) ns ns ns
Compression-set recovery (%) ns ns ns
MOE (MPa) * ns *
MOR (MPa) * ns *
Hardness (MPa) ns ns ns

Note: *significant at p < 0.05; ns: not significant.
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The average MC values fluctuated across the applied treatments, ranging from 2.02% to 5.40%. In
general, the MC values would be decreased after the densification process due to the reduction in void volume
(cell lumens), which drives-out the free water from the wood structure and left out the bound water within
the cell wall [41]. As shown in Fig. 2A, the MC of randu wood without treatment (control) was approximately
3.37%. The average MC of the water-immersion densified sample (AQ treatments) was slightly higher, at
about 3.43%, and increased to 5.16% after pre-treatment with a 20% delignification solution (D20 treatments).
This increase can be explained by the higher initial MC induced by water immersion (AQ treatment) and
delignification prior to densification, which subsequently led to a slight increase in the final MC of densified
randu wood. Moreover, the partial delignification using peracetic acid solution could remove lignin and
hemicellulose, which exposes additional hydrophilic hydroxyl groups in the cellulose-rich cell wall, thereby
enhancing surface area, water affinity through inter or intramolecular hydrogen bonds and moisture uptake
prior to densification [42]. In contrast, the average MC decreased significantly to approximately 2.56%
following pre-treatment with a 25% delignification solution (D25 treatments). At a high delignification level,
ahigher portion of lignin and partly of hemicellulose are removed, which increases cell wall flexibility during
densification process. This enhanced deformability promotes severe collapsing of the lumen and buckling
of the ray cells, as well as flattening pore, resulting in a highly compacted structure with limited accessible
voids for water molecules [43]. Moreover, among the applied densification temperatures, samples pressed at
150°C exhibited a slightly lower MC than those pressed at 160°C. A higher pressing temperature could induce
macro- and microscopic cracks in the cell wall structure and thermal degradation of hemicellulose, thereby
slightly increasing the moisture re-absorption during conditioning. These phenomena are also supported by
the ANOVA results (Table 2), which indicate that both treatment and pressing temperature applied had a
significant effect on the MC values.

Apart of the MC results, the density value tended to increase for all of the treatments compared with
the control sample (Fig. 2B). As shown in Fig. 2B, the density of randu wood without treatment (control)
was approximately 0.29 g/cm’. The application of pre-treatment combined with the densification process
increased the average density of the water-immersion densified samples (AQ treatment) to approximately
0.44 g/cm’, and further increased it to about 0.47 and 0.50 g/cm’ after pre-delignification using 20% and
25% solutions, respectively (D20 and D25 treatments). These phenomena are also supported by the ANOVA
results (Table 2), which indicate that the interaction between treatment and pressing temperature applied
had a significant effect on the density values. The highest increase of density (31%) was achieved at a 25%
concentration and pressing temperature of 150°C (D25-150), rising from 0.29 to 0.60 g/cm3. This value is
higher compared to the findings of Handono [20], where the densified randu wood at compression ratios of
45% and 60% ranged from 0.45-0.50 g/cm’. According to Wahyuni et al. [44], the density of densified randu
wood is comparable to that of palapi wood (0.62 g/cm®) which is commonly used for interior construction,
roof trusses and floors.

It can be seen in Fig. 2B, higher concentration of delignification solution resulted in slightly higher
average density of densified wood. This may be attributed to the partial removal of lignin and a portion
of hemicellulose, which reduces the plasticization of the wood cell wall and enhances cellulose-cellulose
interactions during hot pressing, thereby increasing the effectiveness of the densification process. A Similar
phenomenon was also reported by Wang et al. [43], who stated that increasing delignification solution
concentration could increase the compression depth and deformation level under the same conditions.
During the densification process, the wood experience structural deformation, particularly in compression
areas, causing cell cavities to become flattened and dense as illustrated in Fig. 3 [12]. As shown in Fig. 3,
the macroscopic changes occurred within control and densified samples in both pretreatment processes.
The control wood showed the normal vessel structure (Fig. 3A), whereas the pre-treatment using water
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immersion (AQ treatments) prior to densification resulted in partial closure of vessel cells. The AQ
treatments-150°C (Fig. 3B) resulted in larger vessel sizes than AQ treatments-160°C (Fig. 3E). Furthermore,
the delignification samples (D20 and D25 treatments) showed more pronounced vessel closure. The largest
vessel closure was observed in D25-160°C (Fig. 3G), followed by D25-150°C (Fig. 3D), D20-160°C (Fig. 3F),
and D20-150°C (Fig. 3C). The compression of void cells during the densification process could effectively
displace moisture from or within the wood’s cellular structure, thus significantly increasing the wood
density [7,45,46]. This is consistent with the MC and density values obtained in this work (Fig. 2A,B).
According to Wang et al. [47], this phenomenon is driven by the degradation of lignin and hemicellulose
in the primary cell wall and middle lamella, which facilitates structural changes and increases mechanical
strength. The increase in wood density is also dependent on the direction/plane of compression. Applying
radial pressures ensures a more uniform and consistent deformation, resulting in a more homogeneous
quality in the densified wood [45,48].

Figure 3: Cross-section of randu wood in each treatment: (A) control; (B) AQ-150; (C) D20-150; (D) D25-150; (E) AQ-
160; (F) D20-160; and (G) D25-160.

However, the application of a higher temperature (160°C) resulted in different structural or experi-
mental outcomes. At 160°C, the densified randu wood showed relatively inferior density than those treated
at 150°C. This phenomenon is consistent with the findings of Cabral et al. [12], who stated that increasing
the temperature during hot pressing does not always correlate with improved mechanical properties and
may instead induce a reverse trend. This trend may be attributed to anatomical changes, including macro-
and microstructural cracks, and degradation of chemical components triggered by thermal stress [13,49].
Accordingly, this suggests that the optimum balance for the delignification and densification process is
achieved at 150°C. This finding is in line with Yunianti et al. [28], who highlighted that 150°C is the ideal
temperature for enhancing density and flexural strength in pine and gmelina wood.

3.2 Dimensional Stability
T/R-Ratio, Water Absorption, and Thickness Swelling

The dimensional stability observed in this study including the T/R-ratio, water absorption (WA),
and thickness swelling (TS) values. T/R-ratio represents the difference between tangential and radial
shrinkage, which describes wood performance during drying. WA and T’ are critical factors for determining
dimensional stability. The average values of T/R-ratio, WA and TS are presented in Fig. 4A-C.
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Figure 4: Average dimensional stability values of randu wood in each treatment: (A) T/R ratio; (B) water absorption;
and (C) thickness swelling. Different letters above the bars indicate significant differences at the 5% level based on
Duncan’s multiple range test.

The average T/R ratio across all treatments increased by approximately 10.71% compared to the control
wood, which was around 1.0 (Fig. 4A). The largest increase in T/R-ratio occurred at 20% concentration at
150°C (D20-150) and 25% concentration at 160°C (D25-160), rising by 14%, from 1 to 1.14. Among the applied
treatments and temperatures, the T/R values were nearly similar and showed no significant differences.
This phenomenon is also supported by the ANOVA results (Table 2), which indicate that the T/R ratio
values did not differ significantly among the treatments or pressing temperatures applied. According to
Bowyer et al. [50], wood achieved structural stability when its T/R-ratio is close to one (~1). Bossu et al. [51]
highlighted that the T/R ratio illustrates the susceptibility of wood to drying defects. In this study, the
observed increase in the T/R ratio was driven by more pronounced shrinkage in the tangential direction
compared to the radial direction; however, this difference was not statistically significant. This indicates
that the structural integrity and dimensional stability of randu wood were well maintained throughout
the densification process. Moreover, the results suggest that partial delignification combined with radial
compression did not adversely affect the shrinkage anisotropy of randu wood. From a structural standpoint,
this outcome is particularly favorable, as the densified wood is unlikely to exhibit a higher risk of wrapping
and cupping than natural wood when exposed to varying humidity levels.
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In addition, WA and TS values declined compared to the control, except for the TS value in the
AQ-150 treatment. As shown in Fig. 4B,C, the WA and TS values of randu wood without treatment
(control) were approximately 187.79% and 3.49%, respectively. The application of pre-treatment combined
with the densification process decreased those average values of the water-immersion densified samples
(AQ treatment) to approximately 97.05% and 5.85%, and further decreased to about 81.54% and 2.88%
after pre-delignification using 20%, as well as around 80.31% and 2.62% after pre-delignification using 25%
solutions, respectively (D20 and D25 treatments). These phenomena are also supported by the ANOVA
results (Table 2). The most significant reduction in WA value was achieved at 25% concentration and 150°C
(D25-150), decreasing from 187.79% to 75.34%. Meanwhile, the largest decrease in TS occurred d at a 25%
concentration and 160°C (D25-160), reducing from 3.49% to 2.44%.

According to Wang et al. [52], partial delignification enables more effective wood deformation/flattened,
resulting in higher density and reduced water absorption. This result is further supported by the negative
correlation observed between these parameters (Fig. 5). Although the correlation is moderate, it clearly
demonstrates the influence of structural modification through combined chemical and heat-pressing
treatment on the dimensional stability of the densified wood. The ability of wood to absorb water is
directly related to the degree of thickness swelling, since the internal forces attempting to restore the cell
structure to its original shape [46]. The AQ-150 treatment resulted in higher TS and WA compared to other
treatments. Pretreatment with water immersion lacks the necessary chemical changes to ensure permanent
fixation, leaving the wood susceptible to shape recovery. This is due to reversible and irreversible swelling
within the cell wall. As defined by Fang et al. [53], reversible swelling (thickness swelling) is attributed
to wood’s hygroscopic properties, while irreversible swelling is fundamentally linked to compression set
recovery (CSR). Furthermore, irreversible swelling may also be triggered by the mechanical failure of
hemicellulose-lignin covalent bonds if the internal stress exceeds their bonding capacity [54].
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Figure 5: Correlation between density and water absorption values of randu wood in each treatment applied.

3.3 Springback
Compression Set and Compression Set Recovery

The springback analysis in this study including the compression-set (C-set) and compression-set
recovery (CSR). As shown in Fig. 6A, the C-set values were similar among the treatments applied, which
reflected the target compression ratio (CR) applied within this study. Higher C-set values resulted from the
extensive flattening of cell cavities (Fig. 3), which could directly increase the wood density after densification
process [46].
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Figure 6: Average springback value of randu wood in each treatment: (A) compression set; and (B) compression set
recovery. Different letters above the bars indicate significant differences at the 5% level based on Duncan’s multiple
range test.

The CSR values were evaluated to assess the effectiveness of the compression process and the extent
of thickness swelling after 24 h of water immersion [55]. The highest average of C-set (49.47%) was found
in the AQ-150 treatment, while the lowest average of CSR (6.19%) was observed in the D25-160 treatment
(Fig. 6A,B). In the water immersion treatment (AQ-150), higher CSR values indicated that the use of water
alone to reduce wood viscoelasticity is inadequate for providing sufficient fixation for the compressed
cell structure of randu wood, leading to poor dimensional stability. Without chemical pretreatment to
partially remove lignin and hemicellulose, the rigid lignin matrix acts as a reinforcing agent that stores
internal stresses, which subsequently lead to springback upon wetting. Han et al. [56] reported that during
densification, lignin and hemicellulose become plastic under heat, moisture, and pressure, enabling wood
deformation and densification. Meanwhile, cellulose undergoes elastic deformation and stores internal stress.
When the wood is re-exposed to moisture, the lignin and hemicellulose soften, hydrogen bonds break, and
the wood tends to return to its original shape. Moreover, the delignification treatment using peracetic acid
resulted in the reduction of wood plastisization due to partial removal of lignin and hemicellulose. Chemical
treatments can remove lignin and hemicellulose thereby enabling maximum densification [13].
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Among the temperature applied, treatment with 160°C shown a significantly decreased of CSR values.
Inoue et al. [57] explained that the CSR of pretreated wood decreases with higher compression temperatures.
This suggests that at 160°C, the fixation of the compression is not achieved through structural integrity,
but rather through the permanent loss of elasticity of the cell wall. This phenomenon is in accordance
with Lin et al. [58], who stated that high-temperature treatment can eliminate the ‘shape memory’ of wood
by pyrolyzing hemicellulose. Consequently, the minimal CSR observed in randu wood at 160°C is likely
attributable to advanced polymer degradation, the cells are no longer able to return to their original form,
even though the presence of micro-cracks increases the wood’s susceptibility to higher water absorption. In
addition, high temperature treatment may induce cross-linking reactions within cell wall polymers, thereby
increasing deformation resistance. This phenomenon, coupled with the release of internal stresses stored
in the microfibrils through the degradation of cell wall polymers [59], explains the significant reduction in
springback observed at higher temperature.

3.4 Mechanical Properties
Modulus of Elasticity, Modulus of Ruptures, and Hardness

The mechanical properties observed in this study include MOE, MOR and hardness. According to
Maloney [60], MOE is the flexural resistance up to the proportion limit, while MOR is the maximum load
capacity until fracture. Wood hardness is a measure of the ability of wood to resist pressure on the wood
surface [61]. The average values of MOE, MOR, and hardness can be seen in Fig. 7A-C.
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Figure 7: Average mechanical properties values of randu wood in each treatment: (A) MOE; (B) MOR; and
(C) hardness. Different letters above the bars indicate significant differences at the 5% level based on Duncan’s multiple
range test.
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The bending properties of densified randu wood, including MOE and MOR values, tended to increase
after the applied pretreatments compared with the control samples. This result is supported by the positive
correlation observed between density and bending properties of randu wood (Fig. 8). The increases in MOE
and MOR values, by 61.95% and 44.85%, respectively, occurred at the 25% concentration and 150°C condition
(D25-150), where the MOE increased from 2232.88 to 5868.58 MPa and the MOR increased from 25.44 to
46.13 MPa, compared with control samples. The MOE value obtained was higher than that of densified randu
wood with alkali treatment at 120°C, which is 5473.97 MPa, but the MOR value tended to be decreased [62].
This is also in accordance with Shi et al. [22], who stated that densification process with pre-delignification
using NaOH/Na,SO; could increase both MOE and MOR values up to 346% and 97%, respectively, due to
partial degradation of chemical composition within wood structure with combined with the rearrangement
of wood cells during the hot-pressing process. The ANOVA results indicated that both the treatment type
and the interaction between treatment and temperature significantly affected the MOE and MOR values.
Duncan’s further test showed that the MOE and MOR values of randu wood were significantly different at
each level (Table 2).
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Figure 8: Correlation between density and mechanical properties of randu wood in each treatment: (A) density vs.
MOE; and (B) density vs. MOR.

Higher delignification solution concentrations result in a significant increase in the MOE and MOR
values. According to Dwianto et al. [63], the increase of these values occurred due to the crystallization
of cellulose molecules in the amorphous region of the microfibrils resulting in the wood becoming more
compact and dimensionally stable. However, increasing the pressing temperature caused the reduction of
those values, except for the AQ treatments. The decrease can be caused by the degradation of wood chemical
components by acidic substances resulting in the damage of wood anatomical structure [64]. This also
supported by Luan et al. [13], who stated that increasing the compression degree enhanced MOE, MOR,
and CS, whereas excessive pressing temperature negatively affected these mechanical properties. The MOE
and MOR values were related to the compression-set recovery (CSR) and density, where lower CSR values
indicating higher dimensional stability, where higher density indicating a more compact structure, thus
resulting in increased MOE and MOR values, and vice versa. These results are further supported by the
positive correlation between density and MOE values, as well as density and MOR values, as shown in Fig. 9.
These relationships indicate a moderate correlation for MOE and a weaker, yet observable, correlation for
MOR. This suggests that increasing density through densification significantly contributes to improved
stiffness (MOE), while the enhancement in bending strength (MOR) is influenced not only by density but
also by other structural factors, such as cell wall integrity, microfibril orientation, and the extent of lignin
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removal. The mechanical properties of densified randu wood demonstrated an improvement in strength
class from IV-V to III-IV. This strength class is comparable to that of sengon and jabon wood, which are
commonly used as lightweight construction materials for interior applications [7].

Figure 9: Damage shape after MOE and MOR testing in each treatment: (A) control; (B) AQ-150; (C) D20-150;
(D) D25-150; (E) AQ-160; (F) D20-160; and (G) D25-60.

During MOE testing, the specimen typically exhibited elastic bending (arching), followed by further
loading in the MOR test until failure occurred. The observed failure modes were dominated by splinter
tension failure, characterized by flake-shaped cracking that caused the wood to split. Brash tension failure
was also observed, indicated by brittle cracking behavior. According to Mardikanto et al. [65], this type of
failure occurs suddenly and produces a relatively flat fracture surface. Moreover, compression failure was
also identified by cracks forming in the outer fibers of the compression zone as shown in Fig. 9.

In addition, the largest increase in hardness was at 25% concentration at 160°C (D25-160), from 18.14
to 29.03 MPa. Higher concentrations and temperatures applied shown an increase in hardness values.
According to Luan et al. [13], hardness values of densified wood could increase one and twofolds compare
with untreated wood due to a more compact and dense of wood structure. This may also be attributed
to the preservation of bonding forces between fibers during densification, even at elevated temperatures.
In addition, the low CSR value indicates improved dimensional stability and a more compact structure.
According to Green et al. [66], hardness shows a positive correlation with density, as cell walls flatten with
increasing density, resulting in a more compact material. Augustina et al. [67] and Wang et al. [43] also
reported that densified wood produces a smoother surface when subjected to loading by steel balls. These
findings are consistent with the results obtained in this study (Fig. 10).
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Figure 10: Damage shape after hardness testing in each treatment: (A) control; (B) AQ-150; (C) D20-150; (D) D25-150;
(E) AQ-160; (F) D20-160; and (G) D25-60.

3.5 FT-IR Spectrum

FTIR analysis was used to examine the chemical components degradation in each treatment applied,
including control wood, densified of randu wood with water immersion pre-treatment (AQ treatments)
and densified of randu wood with pre-treatment delignification process at pressing temperature of 150°C
and 160°C (D20 and D25 treatments), respectively. It can be seen in Fig. 11, distinct fingerprint bands were
observed in the densified randu wood in water immersion and delignification pre-treatments compared with
control sample, particularly at wavenumbers of 1030, 1232, 1589, 1734, 2910, and 3345 cm™ L.
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Figure 11: FTIR spectra comparison of the sample in each treatment applied: (A) full-spectra analysis ranges from
—1

700-4000 cm™'; and (B) enlargement spectra analysis ranges from 700-1800 cm

The absorband band at 1030 cm™ was attributed to C-O-H stretching of alcohol, which is usually
found in raw hardwood species [26]. The increased sharpness and relative intensity within this band within
the treatment samples showed enhanced exposure of cellulose and a relative enrichment of carbohydrate
structures after lignin removal. According to Bao et al. [68], the absorption band within this range
indicated C=0 and C-O stretching vibration of CH;CO in hemicelluloses. Fig. 11B also shown a stretching
band at 1232 cm™! in the treatment applied, however, the stretching became more pronounced in the
pre-delignification samples, indicating that the delignification process affected the lignin and partly the
hemicellulose structure, while the cellulose component remained largely unchanged. This is similar with
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Wang et al. [47] in densified poplar wood after alkaline delignification that stated at 1232 cm™ indicated the
presence of the loss unconjugated ester bond in the lignin-carbohydrate complex (LCC). In Aspen densified-
wood, peak 1233 cm™! showed lignin could be degraded, especially syringyl lignin [69]. Shi et al. [22] stated
that the peak at 1261 cm™! is attributed to C-H of guaiacyl ring in lignin, therefore, the stretching within
this band indicated the changes of lignin unit structure. At 1589 cm™, the absorband band showed shoulder
absorption peak, however, the peak became more pronounced after densification following the pre-treatment
process. A similar phenomenon was reported by Shi et al. [22], who assigned the peak at 1589 cm™ to C=C
stretching vibrations of the aromatic benzene ring in lignin. Changes in this band indicate modifications
of polar functional groups conjugated with the aromatic structure in densified wood subjected to the pre-
delignification process. Moreover, the peak at 1734 cm™ is attributed to the hemicellulose fingerprint band,
which indicates the presence of hemicellulose within the wood structure even after the pre-delignification
process. However, the change in its intensity suggests partial degradation and deacetylation of hemicellulose
rather than complete removal during treatment [26]. The absorption peaks observed at 3378 and 2900 cm™*
were assigned to O-H and C-H stretching vibrations originating from cellulose, hemicellulose, and lignin
components [21].

4 Conclusion

The partial delignification pretreatment significantly enhanced the physical and mechanical properties
of densified randu wood at a 50% compression ratio. The improvement tended to increase with higher
concentrations of the delignification solution, indicating a strong dependence of densification efficiency on
the extent of lignin removal. The treatment increased wood density while simultaneously reducing moisture
content (MC), reflecting a more compact cell structure and reduced hygroscopicity. In addition, all evaluated
mechanical properties, including modulus of elasticity (MOE), modulus of rupture (MOR), and hardness,
as well as dimensional stability parameters, particularly water absorption (WA) and thickness swelling
(TS), showed clear improvement compared with the control, except for the T/R ratios. The effectiveness of
densification was confirmed by compression set (C-set) values that closely reached the targeted compression
ratio and by low compression set recovery (CSR) values, indicating minimal springback after treatment.
Based on the overall performance, densification at 150°C combined with a 25% delignification solution
concentration (D25-150) was identified as the optimal condition. These findings demonstrate that in-situ
peracetic acid delignification as a pretreatment is an effective strategy for enhancing densification efficiency
and reducing springback in densified randu wood.
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