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ABSTRACT: Adsorbents with three-dimensional porous structures have gained widespread attention due to their
unique characteristics, including a large surface area, high porosity, and excellent absorption capacity. One of the prod-
ucts is the wood sponge. The key to successfully producing wood sponges lies in an optimal multistage delignification
process, which is particularly influenced by wood species, solvent, time, and temperature. The aim of this research was
to analyze the characteristics of wood sponge derived from sengon wood (Falcataria moluccana Miq.) after multistage
delignification. The process involved delignification using NaOH and Na2SO3 solutions at 100○C for 8, 9 and 10 h,
followed by further delignification in H2O2 solution at 100○C for 1, 2, 3, and 4 h. The samples were then frozen at
−20○C for 24 h and freeze-dried at −53○C for 48 h. The results showed that wood sponges treated at 100○C exhibited
lower density, larger pore diameters, brighter color, and superior absorption capacity compared to untreated wood
and sponges treated at room temperature for 24 h. FTIR analysis confirmed a decrease in wavelength between 1032–
1035 cm−1, indicating the degradation of hemicellulose and lignin. XRD analysis revealed that crystallinity increased
as amorphous content decreased with prolonged delignification. The wood sponges demonstrated good porosity, with
an absorption capacity ranging from 0.65 to 2.24 g/g. The optimal treatment suggested in this research was multistage
delignification using NaOH and Na2SO3 solution for 10 h, followed by a 1 h treatment with H2O2 solution.
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1 Introduction
Over the past few years, adsorbents with three-dimensional porous structures have gained widespread

attention due to their ability to interact with specific substances and their unique geometrical surface
structures. Conventional adsorbents can be made from various materials, including polymer particles [1],
graphene [2], zeolites [3], aluminium oxide [4], metal-organic frameworks/MOFs [5], and silica gel [6].
These materials possess several advantages, including a large surface area, high porosity with a unique pore
structure, tunable surface property, and high absorption capacity [1,7]. Such adsorbents are widely used
in many applications, including wastewater purification [2], gas separation/storage, carbon capture and
storage/CCS [8], and catalyst support [9]. According to Ketabchi et al. and Brickett et al. [10,11], adsorption
technology plays a crucial role in the environmental sector by contributing to pollution control and resource
utilization through advanced material technologies. However, many conventional adsorbents require high
process energy and ideal conditions to maintain their lifespan and performance [12], and often suffer
from low scalability and high synthesis costs [13]. In contrast, carbon-based adsorbents offer lower costs,
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enhanced stability, and ease of regeneration; however, they may have limitations in adsorption capacity and
selectivity compared to more advanced materials [14]. Apart from these adsorbents, lignocellulosic biomass
has emerged as a promising source for bio-based adsorbent materials, which offers unique characteristics
such as a naturally porous structure, renewability, biodegradability, and cost-effectiveness [15].

Wood is categorized as lignocellulosic biomass and holds great potential as a raw material for porous
adsorbent due to its naturally porous structure, viscoelastic properties, anisotropic and orthotropic nature.
Its matrix is formed by interconnections between cellulose, hemicellulose, and lignin, along with organic
and inorganic extractives contained within the structure [16]. These characteristics align with the findings
of Chen et al. [1], who stated that a good adsorbent material should be a solid material with a well-defined
porous structure, a large contact area, and contain abundance of functional groups that determine its
adsorption selectivity and capacity. Additionally, wood is a low-cost, environmentally friendly biopolymer
composite with renewable and biodegradable properties, making it suitable for various products. One
product that can be made is wood sponge, a green and sustainable porous adsorbent material. Wood sponge
is an intermediate product that can be used in a wide range of applications, including absorbent [17],
bioscaffold [18], energy storage devices and sensors [19], aerogels [20], insulation materials [21,22], catalyst
supports, and hydrogels [23]. According to Keplinger et al. [18], the top-down approach, which utilizes
wood as the base material, is a promising alternative for producing environmentally friendly and sustainable
functional materials.

Wood sponges can be made through a delignification process using specific chemical solutions and
controlled conditions. This process selectively removes most lignin and hemicellulose from the cell wall while
preserving the cellulose skeleton, maintaining the physical integrity and morphology of the wood structure.
The characteristics of wood sponges are significantly affected by the manufacturing process. Based on Zhang
et al. [24], wood sponges were successfully produced from balsa wood (Ochroma spp.) through a multistage
delignification using NaOH and Na2SO3 for 5 h, followed by H2O2 for 1 h, which resulted in a porous material
with good thermal insulation, ultralight weight (1/3 from the initial weight of balsa wood), and high porosity.
Zhu et al. [25] reported that a multistage delignification process using NaOH and Na2SO3, followed by
H2O2 for 12 h on balsa wood (Ochroma spp.), resulted in a transparent material with improved mechanical
properties. In addition, Li et al. [26] reported that multi-step delignification using NaOH and Na2SO3 for
7 h, followed by 2% (v/v) H2O2 on balsa wood (Ochroma spp.), produced a wood skeleton suitable for use
in solar evaporators. Their findings indicated that the wood skeleton exhibited high salt-rejection capability
(88.7%), high water absorption capacity, and low thermal conductivity (0.109 W/m/K). Wang [27] stated
that wood sponges can achieve high porosity (96.47%) and good resilience, along with excellent absorption
capacity for oils and organic solvents (2441–17,300 mg/g). Furthermore, Zhang et al. [28] highlighted that
wood sponges possess an exceptionally high oil absorption capacity (79–195 times their weight in oil). Despite
these promising characteristics, particularly for adsorbent applications, wood sponge fabrication has been
largely limited to balsa wood (Ochroma spp.) due to its ideal inherent properties, including low density and
high porosity [27].

Observing the characteristics of wood sponges made from different low-density wood species presents
both an intriguing and complex challenge. To address this, sengon wood (Falcataria moluccana Miq.) is
being introduced as the raw material for wood sponge fabrication due to its several advantages, such as
its classification as a fast-growing species with a short harvest cycle, ease of cultivation, high productivity,
and multifunctionality [29]. Sengon wood (F. moluccana Miq.), fast-growing species native to Southeast
Asia, is known for its lightweight, low-density, and relatively high strength-to-weight ratio, making it
suitable for various industrial applications [30]. Therefore, the main focus of this research is to analyze
the characteristics of wood sponges derived from sengon wood (F. moluccana Miq.) through a multistage
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delignification process. This includes identifying the optimal synthesis conditions using sodium hydroxide
(NaOH), sodium sulfite (Na2SO3), and hydrogen peroxide (H2O2); and examining the changes in wood
properties between untreated and wood sponges, particularly the changes in its physical properties (density,
weight loss, color measurement), morphological features (porosity, pores structure, absorption capacity),
and chemical properties (analyzed using FTIR and XRD). The first delignification stage, using a mixture
of NaOH and Na2SO3 is designed to break down lignin and hemicellulose within the wood structure. The
second delignification stage, using H2O2, further oxidizes and removes residual and remaining lignin after
the latter treatment.

2 Material and Methods

2.1 Material
A log of sengon wood (F. moluccana Miq.) sourced from Cikabayan Experimental Garden, IPB

University, Bogor, Indonesia, was cut using a circular saw into smaller samples with dimensions of 20 mm ×
20 mm × 10 mm (length ×width × height), and oven-dried at 103○C ± 2○C for 24 h before use. All chemicals
used in this study were commercially available and purchased from distributor. Sodium hydroxide (NaOH,
purity ≥ 98%), sodium sulfite (Na2SO3, purity ≥ 98%), hydrogen peroxide (H2O2, purity ≥ 30%), isopropyl
alcohol (IPA, C3H7OH) were purchased from Sigma-Aldrich (Jakarta, Indonesia) distributors, and AHM Oil
MPX2 engine oil purchased from a local market in Bogor, Indonesia.

2.2 Methods
2.2.1 Wood Sponge Manufacturing

Wood sponges can be manufactured through a multistage delignification process using several chem-
icals to entirely or partially remove lignin compounds from the wood structure [26]. The multistage
delignification process can be carried out through the following steps (Fig. 1): (1) A 2% (w/v) NaOH and
Na2SO3 in a 1:1 ratio was prepared and mixed together until the solution reached a pH of 13; (2) The samples
were hot immersed within this solution at 100○C for 8, 9, and 10 h (first delignification); (3) Washed three
times using distilled water to eliminate any residual chemical from the first delignification stage; (4) The
samples were hot immersed again within 5% (w/v) H2O2 solution at 100○C for 1, 2, 3, and 4 h (second
delignification); (5) Re-washed using distilled water three times to remove any remaining chemical residue
and any impurities; (6) Frozen at a temperature of−20○C for 24 h; (7) Freeze-dried at a temperature of −53○C
for two days to obtain a wood sponge with a porous structure.

Several characteristics of wood sponges under different conditions, as outlined in Table 1, were assessed.
These included physical properties (density, weight loss, and color measurement), morphological features
(porosity, pore structure, and absorption capacity), and chemical properties (analyzed using FTIR and XRD).
A total of 210 samples were used for all the treatments applied (15 replications × 14 treatments).
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Figure 1: Flow chart for the manufacturing process of wood sponge derived from sengon wood

Table 1: Samples code and description for the multistage delignification process under various treatment conditions

Codes Descriptions
UT Untreated

N8H1 NaOH + Na2SO3 8 h, followed by H2O2 at 100○C
for 1 h

N9H1 NaOH + Na2SO3 9 h, followed by H2O2 at 100○C
for 1 h

N10H1 NaOH + Na2SO3 10 h, followed by H2O2 at 100○C
for 1 h

N8H2 NaOH + Na2SO3 8 h, followed by H2O2 at 100○C
for 2 h

N9H2 NaOH + Na2SO3 9 h, followed by H2O2 at 100○C
for 2 h

(Continued)
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Table 1 (continued)

Codes Descriptions
N10H2 NaOH + Na2SO3 10 h, followed by H2O2 at 100○C

for 2 h
N8H3 NaOH + Na2SO3 8 h, followed by H2O2 at 100○C

for 3 h
N9H3 NaOH + Na2SO3 9 h, followed by H2O2 at 100○C

for 3 h
N10H3 NaOH + Na2SO3 10 h, followed by H2O2 at 100○C

for 3 h
N8H4 NaOH + Na2SO3 8 h, followed by H2O2 at 100○C

for 4 h
N9H4 NaOH + Na2SO3 9 h, followed by H2O2 at 100○C

for 4 h
N10H4 NaOH + Na2SO3 10 h, followed by H2O2 at 100○C

for 4 h
N24H24 NaOH + Na2SO3 24 h, followed by H2O2 at room

temperature for 24 h

2.2.2 Physical Properties of Wood Sponge
The physical properties, including density and weight loss values, were analyzed according to the British

Standard 373-1957 [31]. The density and weight loss (WL) of both untreated and wood sponge samples were
calculated using the formula presented as Eqs. (1) and (2):

ρ(g/cm3) = DA
VA

(1)

WL(%) = DA− OD
DA

× 100 (2)

where, DA is the weight of sample in air-dried condition (g), OD is the dimensions of sample in oven-dried
condition (g), and VA is the volume of sample in air-dried condition (cm3).

2.2.3 Color Measurement of Wood Sponge
Color measurement was carried out by using a colorimeter analysis [32]. The change in brightness level

(ΔL) and overall color change (ΔE) of untreated and wood sponge samples were calculated using the formula
presented as Eqs. (3) and (4):

ΔL =
√

L2 − L1 (3)

ΔE =
√

ΔL2 + Δa2 + Δb2 (4)

where, ΔL is the difference in L values before and after treatment, Δa is the difference in the a value before
and after treatment, Δb is the difference in the b value before and after treatment, and ΔE is the overall color
changes before and after treatment.

Meanwhile, the classification of the degree of color change is presented in the Table 2, as described by
Valverde and Moya [33].
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Table 2: Classification of color change (ΔE)

Classification Description
0.0 < ΔE ≤ 0.5 No noticeable differences
0.5 < ΔE ≤ 1.5 Minor differences
1.5 < ΔE ≤ 3 Color differences were noticeable on a high-quality screen
3 < ΔE ≤ 6 Color differences were noticeable on a medium-quality screen
6 < ΔE ≤ 12 Significant differences

ΔE > 12 Distinct colors

2.2.4 Morphology Characteristics
The morphological characteristics analyzed in this research encompassed both macroscopic and micro-

scopic features. The macroscopic features, such as color and texture characteristic, were assessed based on the
guidelines outlined in SNI 8491:2018 [34]. Meanwhile, the microscopic features, including pore distribution,
diameter, and porosity, were observed in the cross-sectional plane by slicing with a cutter and capturing
images using a microscope camera with 50× magnification. The microscopic images were then analyzed
and measured using the ImageJ 1.47V software to determine the latter parameters. The porosity of the wood
sponge was calculated using the formula [35], presented as Eq. (5):

P (%) = (1 − ρb

ρs
) × 100 (5)

where, ρb is the bulk density calculated by dividing the weight by the bulk volume, and ρs is the skeletal
density (values of wood and microfibril cellulose are 1.49 and 1.48 g/cm3, respectively).

2.2.5 Characterization of Wood Sponge
Further characterization of untreated wood and wood sponge was examined using a field emission

scanning electron microscope (FE-SEM, JEOL JSM-6510LV, Tokyo, Japan). The samples were subjected to
vacuum-drying at 40○C for 24 h. Subsequently, their cross-sections were sputter-coated with gold (Au) using
a JEOL JEC-3000FC Auto fine coater (JEOL, Tokyo, Japan) at 30 mA for 120 s. Finally, the samples were
examined under a SEM (JEOL JSM-6510LV, Tokyo, Japan) operating at an acceleration voltage of 15 kV.
Multiple micrographs at various magnifications were acquired for each sample group.

The functional groups of untreated wood and wood sponge 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 sample
(30–40 mesh) was subjected to scanning from 400 to 4000 cm−1 with a resolution of 4 cm−1 at room
temperature. Meanwhile, crystallinity was assessed with an X-ray diffractometer/XRD (D/max 2200, Rigaku,
Tokyo, Japan) over a range of 10○ to 80○ at a scanning speed of 4○/min.

2.2.6 Absorption Capacity
The untreated wood and sponge samples were immersed in isopropyl alcohol and engine oil at room

temperature for 24 h [35] until fully saturated within each solution. The solvent absorption capacity (M)
within both solutions were determined by weighing the sample before and after absorption. The M value was
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calculated using the formula presented as Eq. (6):

M(g/g) = mt −m0

m0
(6)

where, m0 and mt are the weight of the sample before and after absorption (g), respectively.

2.3 Statistical Analysis
The data for the characteristics of wood sponge under various conditions were presented as the average

and standard deviation. Analysis of variance (ANOVA) was performed to assess the effect of the treatment
applied, specifically on their physical properties and morphological characteristics of wood sponges. If
significant differences were observed among factors or their interactions, Duncan’s multiple range test was
conducted using IBM SPSS 23.0 (SPSS Inc., Chicago, IL, USA).

3 Result and Discussion

3.1 Density and Porosity of Wood Sponge
Wood density refers to the amount of material comprising the cell walls of wood cells and other

components that contribute to the wood’s strength characteristics [36]. Fig. 2 presents the density values of
untreated and wood sponges derived from sengon wood under different treatments. It can be seen that the
density tended to decrease as the prolongation of the delignification period. This phenomenon was consistent
with the ANOVA results, which showed a significant effect of delignification process on density values. It can
be seen that the density started to decrease by 21.88%, 11.11%, and 11.54% after applying the delignification
process for 8, 9, and 10 h using NaOH, respectively. Novia et al. [37] observed that prolonged delignification
process leads to a more significant degradation of lignin and hemicellulose. During delignification, density
tended to decrease due to the breakdown of lignin and hemicellulose. This occurs because NaOH solution
effectively disrupts the ether bonds linking lignin to cellulose, promoting lignin degradation [38,39]. These
values were significantly decreased with the increase of multistage delignification period using H2O2 for
1–4 h. After applying multistage delignification for total synthesis of 14 h (N10H4), the density tended to
decrease by 14%, from 0.37 to 0.23 g/cm3, compared to untreated wood (Fig. 2). These findings align with the
study conducted by Song et al. [40], who observed a similar density reduction of balsa wood after multistage
delignification with the same solution, decreasing from 0.14 to 0.05 g/cm3. Similarly, Garemark et al. [23]
reported a decrease in the density of delignified balsa wood from 0.11 to 0.08 g/cm3.

Figure 2: Density values of wood sponge derived from sengon wood under different treatment conditions (Note: Letters
above the graph denote significant differences according to Duncan’s 5% significance level test)
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Moreover, applying different delignification temperatures significantly affected the final density values
of wood sponges. The utilization of delignification temperature at 100○C during multistage delignification
resulted in a substantially lower density than those delignified at room temperature for 24 h. The delignified
samples at room temperature maintained their density with values nearly identical to those of untreated
wood. This finding proven that higher temperatures could significantly accelerate the delignification process
compared to room temperature conditions. The application of higher temperatures facilitate the removal
of lignin and hemicellulose from the wood structure. According to Lismeri et al. [41], higher temperatures
provide additional energy for the reaction, promoting the breakdown of bonds within lignin and hemicellu-
lose chains. This process resulted in the formation of pure cellulose fibers/layers and the creation of the ‘new
void’ within the wood structure. The different phenomenon reported by Garemark et al. [23] who observed
a slight increase in density values after delignification process compared to untreated wood, likely due to
wood shrinkage.

Apart from the reducing density phenomenon, the multistage delignification process could also signif-
icantly improve the porosity of wood sponges. As presented in Table 3, the porosity values after multistage
delignification process ranged from 78.17% ± 0.02% and 84.43% ± 0.03%, increased by 12.16% compared to
untreated wood. The untreated sample had the lowest porosity (75.28% ± 0.03%), likely due to the presence
of lignin and hemicellulose within the wood cell wall structure. Lignin could act as a reinforcement agent
within the wood’s cell walls, resulting in fewer and more dense pores. The increase in porosity indicates
that removing lignin and hemicellulose could effectively open up more spaces within the wood structure. In
addition, lignin removal causes parenchyma cells to shrink and deteriorate, expanding the specific surface
area and further increasing porosity [41,42]. Li et al. [43] reported that the delignification process removes
nearly all lignin, forming numerous nano-sized pores and releasing cellulose fibers. According to Song
et al. [40], eliminating lignin and hemicellulose from the wood structure significantly transforms its porous
structure, changing it from irregular formations to stacked or even a curved layer.

Table 3: Porosity of wood sponge derived from sengon wood under different treatment conditions

Samples Porosity (%)
UT 75.28 (0.03)f

N8H1 78.17 (0.02)e

N9H1 79.96 (0.06)dc

N10H1 80.11 (0.03)abc

N8H2 83.35 (0.02)d

N9H2 81.44 (0.02)bcd

N10H2 81.85 (0.02)abc

N8H3 82.11 (0.04)d

N9H3 82.83 (0.02)bc

N10H3 82.87 (0.04)a

N8H4 83.32 (0.03)abc

N9H4 84.27 (0.04)ab

N10H4 84.43 (0.03)a

N24H24 76.85 (0.02)f

Note: Letters next to the number denote significant differences according to Duncan’s 5% significance level test.
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As stated above, the density tended to decrease with the increase of the multistage delignification
period, leading to a higher porosity values in wood sponges derived from sengon wood. This phenomenon
was proven by a significant negative correlation between density and porosity (y = −0.0149x + 1.486;
R2 = 0.99), as shown in Fig. 3. Higher porosity reflects the presence of more void spaces in the wood structure,
which significantly decreases its density. The delignification process removes lignin and hemicellulose, key
structural components of wood, thereby expanding the spaces between cellulose fibers. Kumar et al. [42]
noted that increased porosity through delignification strongly impacts the wood’s mechanical and physical
properties, including density values. Furthermore, the removal of lignin enhances porosity of delignified
wood, providing more space for polymer infiltration [44]. Since lignin acts as a reinforcing component
within cell walls, its removal allows for the formation of larger and more numerous pores, further enhancing
porosity. These findings were essential for enhancing the absorption capacity and surface area of the
wood sponge.

Figure 3: Relationship between density and porosity of wood sponge derived from sengon wood under different
treatment conditions

3.2 Weight Loss of Wood Sponge
Weight loss refers to the reduction in wood mass caused by the delignification process over a specific

period. Fig. 4 presents the weight loss values of untreated and wood sponges derived from sengon wood
under different treatments. It can be seen that the weight loss tended to increase as the delignification period
lasted longer. This phenomenon was consistent with the ANOVA results, which showed a significant effect
of the delignification process on weight loss values. As shown in Fig. 4, weight loss increased by 61.31% ±
4.36%, 16.15% ± 1.75%, 10.65% ± 1.47% after applying the delignification process for 8, 9, and 10 h using
NaOH, respectively. Similarly, Fajriutami et al. [45] found that extending NaOH treatment duration and
concentration significantly enhances weight loss values. However, excessively long processing times can lead
to cellulose degradation, as NaOH can break down some cellulose bonds [46]. NaOH as the primary chemical
in the delignification process plays a crucial role by effectively breaks down lignin structures. Additionally,
Na2SO3 serves as a complementary active component with a greater nucleophilicity than hydroxyl ions,
further enhancing lignin removal efficiency [47,48].
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Figure 4: Weight loss of wood sponge derived from sengon wood under different treatment conditions (Note: Letters
above the graph denote significant differences according to Duncan’s 5% significance level test)

Weight loss values significantly increased as the multistage delignification process using H2O2 was
extended from 1 to 4 h. After a cumulative 14-h multistage delignification process (N10H4), weight loss
increased up to 30% from 15.49% ± 1.09% to 30.00% ± 8.34% compared to untreated wood (Fig. 4). These
results align with those reported by Song et al. [40], who observed 79.3% weight loss after subjecting
delignification process with NaOH, Na2SO3, and H2O2 solvents. Applying H2O2 in the second stage of
delignification process acts as a bleaching agent, which is directly degrade residual lignin by breaking short
chains, making it more soluble during washing [41]. According to Hidayat et al. [48], extending the bleaching
process increases the reactivity of H2O2 in degrading lignin and hemicellulose. According to Irfanto and
Padil [49], prolonging the bleaching duration improves reaction efficiency, with a 60-min bleaching time
effectively increasing the cellulose-α content. Furthermore, optimizing the bleaching duration effectively
disrupts chemical bonds in lignin and hemicellulose chains, leading to a more significant release of cellulose
[38,41]. A study by Zhang et al. [50] found that utilizing H2O2 in the delignification process, combined with
the evaporation method, proved to be more effective at removing lignin from wood. This reduction in lignin
content occurs due to the reaction of H2O2 with lignin bonds, breaking them into shorter fragments and
rendering lignin more soluble during water washing [51]. Additionally, H2O2 can break Cα-Cβ bonds in
lignin molecules and open lignin rings [52]. A similar phenomenon was also reported by Garemark et al.
[23] who observed 18% weight loss after delignification process and increased to 52% after further treatment
with ionic liquid. This increase is likely due to the ionic liquid’s effectiveness in removing lignin and other
components from the wood.

Moreover, applying different delignification temperatures significantly affected the weight loss values.
Wood sponges delignified at room temperature exhibited a lower weight loss (13.96% ± 8.34%) than those
delignified samples at 100○C. This could be due to higher temperature applied accelerating the delignification
process. This finding is consistent with the results reported by Kininge and Gogate [53], who reported an
increase in delignification efficiency from 55.44% to 66.64% when the temperature rose from 50○C to 70○C.
Similarly, Ismail et al. [54] found that using a eutectic solvent system at high temperatures significantly
improved lignin removal while keeping the cellulose fibers in good condition, as long as the temperature was
controlled correctly.

Furthermore, the untreated samples that underwent only freeze-dried exhibited minimal weight loss,
as shown in Fig. 4. In contrast, the samples subjected to a combination of delignification and freeze-drying
processes exhibited a significantly higher weight loss value. This is attributed to the removal of moisture
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content from the material’s structure through lyophilization [55]. During freeze-drying, the water within
the wood structure transitions directly from solid to vapor phase via sublimation, without passing through
the liquid phase [56]. This process generates a porous structure or cavities within the wood sponge, reducing
the total weight of the wood sponge.

A more significant weight loss leads to a decrease in wood sponge’s density due to the removal of
chemical components during the delignification process, primarily lignin, hemicellulose, and some cellulose.
This phenomenon was proven by a significant negative correlation between density and weight loss (y =
−0.005x + 0.38; R2 = 0.91), as can be seen in Fig. 5. This negative correlation suggests that as weight loss
increases during the delignification process, the material’s density decreases. The delignification process
degrades the chemical components of the wood, particularly lignin and hemicellulose, leading to significant
weight loss [42]. This reduction is directly associated with a decrease in the structural density of the wood,
ultimately lowering the overall density of the wood sponge.

Figure 5: Relationship between density and weight loss of wood sponge derived from sengon wood in different
treatment conditions

3.3 Color Change
The step-by-step delignification process effectively removed lignin component from a wood sponge

derived from sengon wood, thus significantly enhancing its brightness (ΔL) and overall color (ΔE) compared
to untreated wood. As shown in Fig. 6a, the brightness (ΔL) of the wood sponge ranged from 70.85% to
84.26% after the multistage delignification process. These values were increased by 16.10% compared with
untreated wood. The untreated sample exhibited the lowest ΔL values (65.64%), likely due to the presence of
lignin within the wood structure [37].

In addition, the color changes values (ΔE) of the wood sponge ranged from 12.51 to 16.22 after the
multistage delignification process, indicating a complete color change (ΔE > 12), as shown in Fig. 6b. This
phenomenon was consistent with the ANOVA results, which showed a significant effect of the delignification
process on total color changes of wood sponge. The second delignification stage using H2O2 had a major
impact on the wood sponge’s color by removing residual lignin, oxidizing chromophores compounds,
and introducing a bleaching effect. The application of H2O2 in the subsequent delignification process was
classified as a bleaching process aimed at eliminating pigmentation components from the wood structure.
Zuidar et al. [57] found that applying H2O2 in the delignification process effectively brighten the wood color.
Delignification is a technique that can change the wood’s color from brown to white due to the removal of
almost all lignin chromophores. This phenomenon was also reported by Chen et al. [19], Song et al. [58],
and Song et al. [59]. In general, the color of organic compounds is produced by the absorption of light
by chromophore groups, which consists of C-C and C-O bonds [60]. Therefore, it is crucial to eliminate
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or disperse lignin residues, which intensely absorb photons from the chromophore clusters to achieve a
white-colored sample.

Figure 6: Color change of wood sponge derived from sengon wood under different treatment conditions, (a) brightness
level, (b) total color changes (Note: Letters above the graph denote significant differences according to Duncan’s 5%
significance level test)

As shown in Fig. 7, the wood sponge derived from sengon wood sample became progressively brighter
as the delignification process time increased. The delignification process is influenced by the type of
chemicals used, duration and temperature applied. According to Kusuma et al. [61], higher temperatures
accelerate lignin degradation, enhancing color changes, and resulting in a brighter color of samples. This
phenomenon agreed with Popescu et al. [62], stating that higher temperatures affect the chromophore
components in wood, leading to noticeable color changes. Additionally, Yildiz et al. [63] demonstrated that
increasing the temperature during thermal treatment can further brighten the wood; however, excessively
high temperatures applied over extended periods can cause wood darkening due to the formation of carbonyl
groups from thermal degradation products.

(a () b () c)

Figure 7: The difference between sample before and after multistage delignification, (a) untreated, (b) N8H1,
(c) N24H24

3.4 Morphology Characteristic
As a result of the delignification process, wood retains its structurally porous, anisotropic, and hier-

archical characteristics, similar to natural wood, while also developing nanopores within the cell walls.
Delignification reduces lignin content, increasing wood porosity by forming voids in areas previously filled
by lignin. As can be seen in Table 4, the pore diameter of the wood sponge ranged from 0.161 to 0.229 mm after
multistage delignification. Those values were higher than untreated wood (0.143 mm). This phenomenon was
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also supported by cross-sectional images of the wood sponge, which showed a clear-hollow structure with
less deposited content in the pore areas than that of untreated wood (Fig. 8). Although the pore diameter
values appeared to increase with prolonged delignification process, ANOVA analysis indicated that these
differences were not statistically significant.

Table 4: Diameter pores of wood sponge derived from sengon wood under different treatment conditions

Code Diameter (mm)
UT 0.143 (0.03)c

N8H1 0.176 (0.03)bc

N9H1 0.162 (0.02)c

N10H1 0.169 (0.01)bc

N8H2 0.170 (0.02)bc

N9H2 0.167 (0.06)bc

N10H2 0.161 (0.02)c

N8H3 0.178 (0.04)abc

N9H3 0.163 (0.01)c

N10H3 0.161 (0.03)c

N8H4 0.171 (0.03)bc

N9H4 0.173 (0.03)bc

N10H4 0.210 (0.03)ab

N24H24 0.229 (0.01)a

Note: Letters next to the number denote significant differences according to
Duncan’s 5% significance level test.

(a) (b) (c) (d)

(e) (f) (g)

Figure 8: Cross-sectional images of wood sponge derived from sengon wood under different treatment conditions at
50×magnification: (a) UT (untreated), (b) N8H1, (c) N9H1, (d) N10H1, (e) N8H3, (f) N9H3, (g) N10H3
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This increase in pore diameter values occurred due to the depletion of chemical constituents during
the delignification process. Nanofibrils networks within the lumen developed as the thinning of the cell
walls due to the removal of lignin [23]. According to Li et al. [44], removing nearly all lignin during
delignification effectively releases cellulose fibrils and generates numerous newly formed nanoscale pores in
the wood structure. The removal of lignin and hemicellulose caused the central lamella to disappear, exposing
nanoscale pores on the cell wall. Freeze-drying the delignified wood is essential for maintaining the stability
of the naturally aligned cellulosic structure and preserving its inherent porosity and pore size, which are
critical for developing various functional materials [42].

Based on the SEM micrographs, the cell wall of wood sponge became thinner and numerous ‘new
pores’ or microvoids formed within the lumen cells after multistage delignification process, as indicated
by the arrows in Fig. 9. According to Cai et al. [7], the initial honeycomb structure undergoes further
transformation after delignification process, evolving into a spring-like structure due to the stacking of
several wave-shaped layers.

Figure 9: SEM micrographs for wood sponge derived from sengon wood in cross sections direction at 350×
magnification. (a) untreated, (b) N8H1, (c) N10H3

The elemental content of both untreated and wood sponge after the multistage delignification process
was analyzed using energy dispersive X-ray spectroscopy (EDS). The EDS spectrum showed carbon (C)
and oxygen (O) as the primary elements. The C content in untreated wood was 52.51%, while in delignified
wood sponges (N8H1 and N10H3 treatments), it increased to 54.2% and 56.06%, respectively. In contrast,
the O content in untreated wood was 40.7%, increasing to 43.8% for the N8H1 treatment but decreasing
to 38.12% for the N10H3 treatment. These results indicated that the C percentage in the delignified wood
sponge increased while the O percentage decreased. This is due to the degradation of lignin and hemicellulose
during the alkaline treatment process [6]. The observed increase in the C content suggests that delignification
removes lignin and hemicellulose and modifies the wood’s composition by elevating its carbon content [51].
The rise in the O content with the N8H1 treatment may be attributed to the reduction of lignin, which
leads to the incorporating of additional oxygen functional groups into the wood structure. Conversely, the
reduction in the O content observed in the N10H3 treatment could be linked to more complex chemical
structural changes. In this case, the extended delignification process significantly alters the wood structure,
thus decreasing bound oxygen content [44].

3.5 FTIR and XRD Analysis
FTIR analysis was used to examine the degradation of chemical components during the multistage

delignification process of wood sponges derived from sengon wood. As shown in Fig. 10, delignification
process caused an alteration in the absorption spectra, causing shifting in the wavelengths ranging from
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1032 to 3352 cm−1. After delignification, the spectra of the wood sponge exhibited a reduction in absorption
spectra compared to untreated wood, primarily due to the changes in the molecular bonds of methyl groups
(C-H) and C-O groups. A stretching absorption band at 1035 cm−1 can be attributed to the vibration of the
C-O bond in cellulose, showed a slight decrease in intensity with no substantial alteration. These results
suggest that delignification has a minimal effect on the cellulose portion, focusing primarily on removing
lignin and hemicellulose components [64].

Figure 10: FTIR of wood sponge derived from sengon wood under different treatment conditions

Following delignification with NaOH, the absence of absorption peak in the spectrum at wavelengths
1731–1744 cm−1, associated with carboxyl stretching and C=O groups of esters in hemicellulose, was
observed in Fig. 10. This phenomenon could be due to the degradation of lignin and hemicellulose in the
wood structure [22,27,50]. The decrease in lignin content confirms the effectiveness of the delignification
process, as NaOH efficiently disrupts the lignin structure. The addition of Na2SO3 as an active component
further enhances delignification efficiency [37,48]. During the bleaching process, the presence of lignin
and hemicellulose is indicated by a reduction at 3355 cm−1, corresponding to -OH stretching [25,62].
Additionally, the freeze-drying process can influence the structure and composition of wood, as changes
in wavelength reflect modifications in the methyl cluster caused by mechanical or thermal effects during
freezing and drying. The delignification process requires an optimal duration to effectively remove chemical
components. FTIR analysis showed a reduction in transmittance for the 10-h immersion with a combination
of NaOH and Na2SO3, followed by a 3-h treatment with H2O2 (N10H3). However, prolonged delignification
period may damage chemical components, indicating that the optimal condition for producing wood sponge
was a 10-h immersion with NaOH and Na2SO3, followed by a 1-h treatment with H2O2 (N10H1).

The relative crystallinities of the samples were calculated using an X-ray diffractometer (Fig. 11). X-ray
diffraction (XRD) analysis showed a reduction in the percentage of amorphous content within the samples.
This reduction indicates that delignification process effectively removes a significant portion of lignin,
which previously hindered the crystallinity of the cellulose structure. According to Cai et al. [7], after the
degradation of hemicellulose and lignin, the cellulose framework remains intact, forming a wood sponge
with high porosity and very low density—approximately 60% lower than untreated wood. The observed
increase in crystallinity is attributed to lignin removal, allowing for a more ordered and dense cellulose
structure. The increase in crystallinity indicates a more organized and structured wood material, which aligns



1676 J Renew Mater. 2025;13(8)

with the primary goal of delignification: to enhance wood quality by improving its mechanical and chemical
properties [22,38].

Figure 11: XRD of wood sponge derived from sengon wood in different treatment conditions

Although the crystallinity and amorphous content were relatively fluctuated, a clear trend showed that
the crystallinity increased while amorphous content decreased with extended delignification time. This trend
suggests that prolonged delignification facilitates the more extensive removal of lignin and hemicellulose,
thereby increasing the proportion of crystalline cellulose. The reduction in amorphous content is directly
linked with the increase in crystallinity, indicating the gradual formation of a more organized cellulose
structure over time [48]. Sun et al. [22] reported that an extended delignification process can significantly
enhance crystallinity while reducing amorphous values within the cellulose structure.

Variations in XRD peak intensities further indicate that the multistage delignification process could alter
the characteristics of wood sponges derived from sengon wood by increasing its porosity. This observation
aligns with the findings by Cai et al. [7], who reported that the degradation of hemicellulose and lignin leaves
behind a cellulose framework that forms a highly porous with low-density wood sponge. Similarly, Zhang
et al. [24] confirmed that delignification enhances wood porosity and reduces its density, resulting in a lighter
material more suitable for various applications.

3.6 Absorption Capacity
The absorption capacity of wood sponge samples was tested by immersing them in isopropyl alcohol and

engine oil. As shown in Table 5, the absorption capacity of wood sponge derived from sengon wood ranged
from 0.65 to 2.24 g/g, and was notably lower compared to other reported absorbents such as wood aerogel
(20 g/g), delignified epoxy (15 g/g), poly-g-polystyrene (4–21 g/g), and chitin sponges (20 g/g) [65–68],
still demonstrates the potential of wood sponge as an absorbent material. The lower absorption capacity
compared to other advanced materials can be attributed to the complex synthetic procedures and expensive
raw materials, which restricted their potential for industrial applications. On the other hand, the wood
sponge offers significant advantages because it uses inexpensive and abundant raw materials. It provides a
much more accessible solution for industrial applications, with simple preparation methods and excellent
recyclability [27].
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Table 5: Absorption capability of wood sponge derived from sengon wood in different treatment conditions

Samples Absorption (g/g)

Isopropyl alcohol Engine oil
UT 1.20 (0.41)b 0.65 (0.04)b

N8H1 1.37 (0.26)b 1.23 (0.12)a

N10H1 1.89 (0.23)ab 1.34 (0.29)a

N8H3 2.00 (0.39)ab 1.37 (0.18)a

N10H3 2.24 (0.20)a 1.38 (0.39)a

Note: Letters next to the number denote significant differences according to
Duncan’s 5% significance level test.

The untreated wood exhibited the lowest absorption capacity compared to the wood sponge subjected
to a multistage delignification process. This lower absorption capacity can be attributed to the high lignin
content in the untreated wood structure, which has hydrophobic properties that inhibit the absorption of
liquid and oil [44]. In contrast, the wood sponge demonstrated a significantly higher absorption capacity due
to the removal of lignin and hemicellulose during the delignification process, which increased its porosity
(Table 5). These findings align with the results of Wang and Okubayashi [17], who reported that the removal
of lignin and hemicellulose from wood reduces its density and enhances its porosity, enabling more excellent
liquid absorption. The wood sponge’s layered structure, high porosity, and excellent lipophilic properties
further contribute to its superior liquid absorption capacity [27]. The porosity of the modified wood sponge
is a crucial factor, as it contributes to the high absorption capacity by providing more space for the liquid to
be absorbed. The removal of lignin and hemicellulose also reduced the density of the material, making the
wood sponge more porous and improving its ability to absorb liquids.

Based on Wang [27] reported that after the silylation treatment, the wood sponge derived from balsa
wood exhibited a very high absorption capacity for oil and organic solvents, ranging from 2.4 to 17.3 g/g,
indicating excellent absorption properties. On the other hand, Cai et al. [7] found that the oil absorption
capacity of the wood sponge from poplar wood reached 25 g/g. The current study shows that each sample had
a higher absorption capacity for isopropyl alcohol compared to engine oil. This difference can be attributed
to the chemical characteristics of the liquids. Isopropyl alcohol is polar, which allows it to be more easily
absorbed by the wood sponge, which contains cellulose. In contrast, engine oil is non-polar and has higher
viscosity, making it more difficult for the wood pores to absorb. Based on Xiong et al. [66], the hydrolysis
method tends to destroy the cellulose crystal structure, leading to poor mechanical properties of wood.
Therefore, the treatment methods must be carefully optimized to balance the enhancement of absorption
capacity with the retention of mechanical integrity.

4 Conclusion
The wood sponge was successfully synthesized using a multistage delignification process. With extended

delignification periods, the wood sponge exhibits lower density, more significant weight loss, increased
porosity, and a noticeably brighter appearance. Wood sponge delignified at room temperature did not expe-
rience considerable degradation of hemicellulose and lignin, unlike delignified samples with a combination
of elevated temperature and freeze-drying. The reduction in density and weight loss is attributed to the
degradation of chemical components such as lignin and hemicellulose during the multistage delignification
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process. FTIR analysis reveals changes in absorption or spectral shifts within the wavelength ranges of
1032–3352 cm−1, indicating the degradation of lignin and hemicellulose.

Morphology changes in wood sponges derived from sengon wood after multistage delignification
included larger pores, a smoother texture, a softer structure, and a whitish-yellow color than that of untreated
wood. XRD results showed that crystallinity tended to increase while amorphous content decrease with
prolonged delignification time. The wood sponge exhibited high porosity, with an absorption capacity
ranging from 0.65 to 2.24 g/g. Based on the results obtained, the optimal condition for fabricating of wood
sponge derived from sengon wood involved a multistage delignification process using NaOH and Na2SO3
for 10 h, followed by a 1-h treatment with H2O2 solution (N10H3). This specific combination and duration
enhanced lignin removal efficiency and improved the overall quality of the sponge.

Future research should focus on evaluating the long-term stability and recyclability of wood sponge,
particularly their durability and absorption retention. Additionally, analyzing pore size distribution and
comparing performance with commercial sponges could provide valuable insights. Further optimiza-
tion of processing conditions and isolating delignification effects could enhance material properties and
sustainability.
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