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ABSTRACT 
 

Magnetic wood with good electromagnetic wave absorption properties was 
prepared by comparing synthetic and commercial nano-magnetite (Fe3O4-
NP) as sengon (Falcataria moluccana) wood impregnation solution. The 
co-precipitation method produced a synthetic nano-magnetite with NH4OH 
as a weak base precursor. Meanwhile, the commercial one was purchased 
from a supplier. Three levels of nano-magnetite concentration (1%, 2.5%, 
and 5%) were dispersed in deionized water. The impregnation process was 
done by applying a vacuum of 0.5 bar for 120 minutes, followed by a 
pressure of 1 bar for 120 minutes. The results showed that the commercial 
nano-magnetite caused more improvements in weight percent gain, 
density, and hardness than the synthetic nano-magnetic, although they 
were insignificantly different. There was also a reduction in brightness 
with the overall color change being categorized into other colors because 
the color became darker with increasing nano-magnetite concentration in 
both woods. The absorbance capacity of the synthetic nano-magnetite-
treated wood was larger than the commercial nano-magnetite-treated 
wood. This synthetic nano-magnetite-treated wood had been optimally 
treated at a 5% concentration, making it suitable for use as electromagnetic 
wave shielding material because it can absorb almost 100% 
electromagnetic waves.

 
1. Introduction 

Wood modification has become a hot issue among researchers in recent decades as it can 
improve the performance of fast-growing wood to address the timber needs in Indonesia (Hadiyane 
et al. 2018). Wood materials support green building construction as a new alternative to traditional 
polymer composites owing to their lower environmental impacts (La Mantia and Morreale 2011). 
Many people also use this because they are interested in its durability and aesthetic superiority. 
Several previous studies have developed fast-growing wood modifications through acetylation, 
furfurylation (Hadi et al. 2020), impregnation (Hartono et al. 2016), chemical modification (Teng 
et al. 2018), and thermal modification (Hidayat et al. 2024; Suri et al. 2023). In addition to 
improving the intrinsic properties of wood, the modification process also allows the wood to 
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produce new properties and makes wood multifunctional (Sandberg et al. 2017). Therefore, it can 
expand its application and attract many consumers to use wood daily.  

Sengon wood (Falcataria moluccana) is a fast-growing wood species widespread because 
of its abundance and ease of cultivation in community forests (Istikorini et al. 2022; Sopacua et al. 
2021). Sengon wood has disadvantages, such as low density, strength, durability, specific gravity, 
and dimensional stability (Martawijaya et al. 2005). The high juvenility in sengon wood causes it 
to have low quality and is currently only used as insulating boards, plywood, carpentry wood, and 
crates (Darmawan et al. 2015). Thus, sengon wood is suitable as an experimental material for this 
study. Sengon wood will be converted into one of the most promising materials in the future, 
namely magnetic wood, through the impregnation process using nano-magnetite. This 
modification process is appropriate for increasing the use of sengon wood to become more 
valuable and multifunctional.  

Magnetic wood is modified wood with high dimensional stability, durability, magnetically 
attracted, heat performance, and absorption of electromagnetic waves emitted by electronic 
devices (Dong et al. 2016; Trey et al. 2014). This wood can be prepared in several ways, such as 
wood coating, mixing sawdust and magnetic powder, or impregnation by immersing wood in 
magnetic fluids (Oka and Fujita 1999). Previously, Rahayu et al. (2022) succeeded in the 
fabrication of magnetic wood using nano-magnetite from the co-precipitation method, resulting in 
high physical and magnetic properties of sengon wood (F. moluccana) and jabon wood (A. 
cadamba). On the other hand, Laksono et al. (2023) and Wahyuningtyas et al. (2022) also 
synthesized magnetic wood using commercial nano-magnetite purchased from a supplier. These 
studies developed wood magnetic properties. Therefore, the modified wood has paramagnetic 
properties and was classified as a soft magnetic material. There is also an ex-situ impregnation 
method, which can be done easily and quickly and requires low costs (Prihatini et al. 2022).  

As previously mentioned by Fadia et al. (2023a), using nano-magnetite synthesized via the 
co-precipitation method is believed to improve the wood’s weight gain by more than 100% and 
reduce water absorption. Dong et al. (2016) also stated that poplar wood, which was magnetized 
by the co-precipitation method and continued with in situ polymerization, produced nano-
magnetite with an average size of 16 nm, and much of it was deposited in the lumen cell, thereby 
reducing collapse in the wood. Merk et al. (2014) also revealed that the magnetic wood obtained 
by the co-precipitation method was highly susceptible to magnetic fields. Based on these 
characteristics, the application of synthetic nano-magnetite seems more effective in increasing 
wood quality and producing new material functions compared to commercial nano-magnetite uses 
that have a high possibility of agglomeration and clogging the wood pores, so it blocks the solution 
penetration into the wood (Laksono et al. 2023; Wahyuningtyas et al. 2022).  

Nano-magnetite (Fe3O4-NP) was also selected as an impregnation material in this study, 
considering its high magnetic properties, easy processing, inexpensive cost, lack of toxicity, and 
many beneficial modification properties (Gao et al. 2015; Tukan et al. 2023). Researchers have 
investigated numerous nano-magnetite applications, namely as an absorbent of heavy metal 
removals, sensors, catalysts, pigments, ferrofluids, drug deliveries, and many more (Dong et al. 
2012; El-Dib et al. 2020; Lou et al. 2008). The co-precipitation method can synthesize this 
chemical using a weak base precursor of ammonium hydroxide (NH4OH). NH4OH added during 
the synthesis process also results in particles of uniform size, which supports the effectiveness of 
its penetration into the wood (Jayaprakash et al. 2014).  
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Magnetic wood can be applied in many industries, including electronics, the military, 
healthcare instruments, interior home decorations, and eco-friendly building constructions (Liu et 
al. 2022; Oka et al. 2012; Trey et al. 2014). This invention is necessary because electromagnetic 
waves can cause many health problems. Magnetic wood, as an electromagnetic shielding material, 
considers the anisotropic morphology of nano-magnetite sediment in the wood cavities, which 
leads to the multilayer structure in magnetic wood (Cheng et al. 2020). These structures are 
advantageous because they will provide a great deal of magnetic loss tangent, achieve perfect 
impedance matching, and create an interconnected 3D network that allows electromagnetic wave 
absorption, reflection, and attenuation (Lou et al. 2018; Merk et al. 2014). So, this study is 
conducted to convert sengon wood into magnetic wood through the impregnation process using 
nano-magnetite synthesized by the co-precipitation method and commercial nano-magnetite. In 
addition, we also compared the superiority of both nano-magnetites in absorbing electromagnetic 
waves. 
 

2. Materials and Methods 

2.1. Materials 

A six-year-old sengon wood (F. moluccana) was obtained from a community forest in 
Sukabumi, West Java (6° 57' 21.1'' S and 106° 53' 29.3'' E), with a diameter at breast height of 25–
28 cm. The chemicals used were magnetite (Fe3O4) nanoparticles (diameter 297 nm ± 5 nm; 
Nanjing Aocheng Chemical Co., China), FeCl3·6H2O (Merck, United States), FeCl2·4H2O 
(Merck, United States), ammonium hydroxide (NH4OH) 25% (Merck, United States), 
ethylenediaminetetraacetic acid (EDTA) (Merck, United States), and additional supplies included 
pH paper and deionized water.  

 
2.2. Methods 

2.2.1. Wood sample preparation 

Sengon wood was cut into several dimensions without distinguishing sapwood and 
heartwood portions by the different standards of each test. The number of samples required was 
five repetitions for each treatment. For further information, the sample dimensions can be seen in 
Table 1. 

 
Table 1. The sample dimensions for each test 
No. Tests Dimensions References 
1 Color spectra measurement 2 × 5 × 6 cm3 Christie (2015) 
2 Physical properties 

(weight percent gain, density) 
2 × 2 × 2 cm3 BSI (1957) 

3 Hardness 5 × 5 × 15 cm3 ASTM (1994) 
4 Vector Network Analyzer (VNA) 2 × 2 × 2 cm3 - 

 
2.2.2. Synthesis of nano-magnetite 

This method was developed following the work of Daoush (2017). The synthesis of nano-
magnetite used weak base precursor NH4OH and a mixture of Fe3+ and Fe2+ (molar ratio of 2:1) in 
200 mL of deionized water. Then, 0.292 g of EDTA dissolved in 100 mL of deionized water was 
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added to the solution and stirred using a magnetic stirrer for 15 minutes. The solution was 
vacuumed at 1 bar for 15 minutes, and NH4OH was added gradually until it reached pH 12 and 
formed magnetite nanoparticles indicated by black sediment at the base of the glass beaker. 
Subsequently, the synthesized nano-magnetite was neutralized by washing the solution with 
deionized water. The washing continued until the pH reached 9, then nano-magnetite particles 
were separated and placed in an oven at 45°C. A fine black powder produced from this process 
was then measured using a Particle Size Analyzer (PSA) (LS 13 320 XR, Beckman Coulter, United 
States).  
 
2.2.3. Preparation of impregnation solution 

The nano-magnetite solution was determined in w/v (g/mL) for optimal results. Nano-
magnetite solutions were prepared at three concentration levels: 1%, 2.5%, and 5%. These 
solutions were mixed for 10 minutes using a probe-type sonicator (CGOLDENWALL 300W 
Ultrasonic Homogenizer Sonicator 5-200MLLab, manufactured in China) at an amplitude of 40%. 
Nano-magnetites have characteristics that are insoluble in water; however, the nano-magnetites 
that resulted in this study were nanometer-sized. Furthermore, using a sonicator in this stage aimed 
to increase the solubility of nano-magnetite in water (Schwertmann et al. 2003; Sompech et al. 
2012). 

 
2.2.4. Magnetic wood impregnation 

Laksono et al. (2023) adopted the impregnation process in this study. This process was 
carried out by the ex-situ method using synthetic nano-magnetite compared to commercial nano-
magnetite as the impregnation solution. The magnetic wood manufacturing process can be seen in 
the following Fig. 1.  

 
Fig. 1. The procedure of the impregnation process. 

The wood samples were wrapped in plastic wrap and placed them in a ziplock plastic under 
the room condition in the laboratory for further testing.

Then, the wood samples were put in the oven at 65°C for 12 hours so that polymerization 
occurred, and continued the drying process at a temperature of 103 ± 2oC for 24 hours until a 

constant weight was achieved.

The wood samples were removed from the tube and wrapped using aluminum foil. 

The impregnation process was initiated by immersing the wood samples in the solution 
containing nano-magnetite at 0.5 bar vacuum for 120 minutes, followed by pressure at 1 bar 

for 120 minutes.

Sengon wood samples, which had previously been cut according to respective standards and 
air-dried, were oven-dried at 103 ± 2℃ until reached the constant weight. 
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2.3. Physical and Mechanical Properties Measurement 

2.3.1. Physical properties of magnetic wood 

The physical properties tested on sengon wood were weight percent gain (WPG) and density. 
WPG is the percentage ratio of the weight of impregnated wood to its initial weight (Rahayu et al. 
2020). Hill (2006) stated that the WPG of modified wood can be calculated using Equation 1. 

WPG (%) = 
W1 – W0 × 100% (1) 

W0 
where W0 is the oven-dried weight of samples before the impregnation (g), and W1 is the oven-
dried weight of samples after the impregnation (g). On the other hand, the density of sengon wood 
after the impregnation process was determined using Equation 2. 

ρ (kg/m3) = 
W1  (2) 
V1 

where W1 is the oven-dried weight samples after impregnation (g), and V1 is the oven-dried volume 
samples after impregnation (cm3). 
 
2.3.2. Wood color change evaluation 

The most common method to measure wood discoloration is CIE L*, a*, and b* color space 
with a three-axis system. The wood samples were scanned using CanoScan Lide 300 (Canon 
Singapore Pte. Ltd.). Each sample was measured three times in three predetermined points to find 
the L, a, and b values. Wood color was measured using Adobe Photoshop CS 4 software (Muflihati 
et al. 2014). The L* value expresses the brightness parameter on a scale of zero (black) – 100 
(white). The a* value represents the red-to-green color parameters. The +a* value (0 to +80) is for 
red, and the –a value (0 to -80) is for green. Meanwhile, the b value states the parameters for blue 
to yellow. The value is +b (0 to +70) for yellow and –b (0 to -70) for blue (Christie 2015). An 
illustration of the wood sample is shown in Fig. 2. 

 
Fig. 2. The wood sample illustration for color change measurement. 

 
The discoloration of modified wood (ΔE) can be defined using Equation 3. 
∆E= √(∆L)2+(∆a)2 (∆b)2  (3) 

where ∆E is a parameter to determine the changes in wood color brightness visibly, ∆L is the 
brightness differences of sengon wood before and after treatments, ∆a is the red or green color 
differences of sengon wood before and after treatments, where ∆b is the yellow or blue color 
differences of sengon wood before and after treatments.  

The overall discoloration of sengon wood was evaluated based on the distribution rules of 
discoloration according to Barcík et al. (2015), presented in Table 2. 
 

 2 cm 

6 cm 
5 cm 
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Table 2. The overall color change (∆E*) evaluation criteria 
Color differences Effects 

0.2 < ∆E* Invisible difference 
0.2 ≤ ∆E* < 2 Small difference 
2 ≤ ∆E* < 3 Color change visible with a high-quality filter 
3 ≤ ∆E* < 6 Color change visible with medium-quality filter 
6 ≤ ∆E* < 12 High color changes 
∆E* ≥ 12 Different color 

 
2.3.3. Hardness test 

The hardness test was conducted according to the Janka by inserting a 1.128 ± 0.005 cm 
diameter hemispherical steel ball on the wood. This test was aimed to determine the required load 
until the ball had penetrated to half its diameter (0.564 cm) upon the sample surface. Equation 4 
was used to determine the hardness (H) of treated wood. 

H (kg/cm2) = 
Pmax  (4) 

A 
where Pmax is the maximum load (kg) applied to the wood sample, and A is the cross-sectional area 
to which the load is applied. 
 
2.4. Electromagnetic Waves Absorbance Measurement  

The microwave absorption properties of magnetic wood were characterized using Vector 
Network Analyzer (R3370, Advatest, Japan). This instrument has a frequency range of 8 to 20 
GHz. The reflection loss (RL) curve is obtained by scattering parameters measurement in the form 
of the S11 model (reflection coefficient) from the source of electromagnetic waves. 
 
2.5. Data Analysis 

Statistical analysis using a completely randomized factorial design by IBM SPSS 25 was 
performed to evaluate two factors applied: the type of nano-magnetite (synthetic and commercial) 
and the solution concentration (untreated, 1%, 2.5%, and 5%). These factors were analyzed using 
ANOVA followed by the Duncan test on α = 5%.  
 

3. Results and Discussion  

3.1. Size Distribution of Synthetic and Commercial Nano-Magnetite 

This study used two types of nano-magnetite (Fe3O4-NP), namely commercial and 
synthesized. The nano-magnetite synthesis process used the co-precipitation method with weak 
base precursors: ammonium hydroxide (NH4OH) and ethylenediaminetetraacetic acid (EDTA). 
The co-precipitation method was selected based on its high level of ease on a laboratory scale and 
generated a high yield value (Dubey and Kain 2018), reaching 92.71%. In addition, this co-
precipitation method is also used as a comparison that correlates with its application for the 
manufacture of magnetic wood, which previously used the in-situ method through the formation 
of nano-magnetite directly in the wood pore (Rahayu et al. 2022). In the nano-magnetite synthesis 
process, the use of NH4OH as a base precursor and EDTA as a capping agent was chosen because 
it can control the growth of magnetite nuclei to produce smaller magnetite particle sizes and have 
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a more uniform morphology (Jayaprakash et al. 2014). The addition of EDTA can also support 
nucleation to reduce particle size (Magdalena et al. 2018), increase stabilization, reduce the 
activation energy of nanoparticles (Fumis et al. 2022), and increase adsorption capacity by 
increasing the surface area of nano-magnetite (Wang et al. 2012). This can be proven by referring 
to the results of the nano-magnetite analysis with PSA, which appears below (Fig. 3).  

 
Fig. 3. Size distribution of (a) commercial nano-magnetite and (b) synthetic nano-magnetite 

produced by the co-precipitation method with a weak base precursor. 
 

Based on the results of nano-magnetite particle size analysis using PSA, it can be seen that 
the particle size distribution range for commercial nano-magnetite is 20–489 nm with the highest 
intensity at 141 nm and an average particle size of 152 nm while the synthesized nano-magnetite 
is 19–320 nm with the highest intensity at 80 nm and an average particle size of 85 nm. This shows 
that the synthesized nano-magnetite has better quality than the commercial one because it has a 
length of less than 100 nm so that it can be categorized as nanoparticles (Khan et al. 2019) and has 
a more uniform particle distribution to be applied to sengon wood in the manufacture of magnetic 
wood by the ex-situ method. EDTA was thought to successfully coat the nano-magnetite surface 
and reduce its surface energy, thereby reducing the possibility of accumulation. This enhanced the 
solubility and stability of nano-magnetite through sonication and also improved its dispersibility, 
thus allowing better penetration into the wood (Fumis et al. 2022; Magdalena et al. 2018; Wang et 
al. 2012). Nevertheless, there is still a possibility that agglomeration and oxidation will continue 
to occur, especially in commercial nano-magnetite, because nano-magnetite has strong dipole 
attraction among its particles (Masoudi et al. 2012; Theerdhala et al. 2010). 

 
3.2. Physical Properties of Magnetic Wood 

The physical properties test in this study included the WPG and the density of impregnated 
sengon wood with two different types of nano-magnetite. The higher WPG of the wood indicated 
the amount of chemicals that penetrated the wood after impregnation. The highest WPG of 
impregnated wood was obtained by the concentration of 5% for each treatment. It appeared in 
Table 3 that there was a significant increase in the WPG of impregnated sengon wood after 
impregnation treatment, along with the addition of nano-magnetite concentration. Like Fadia et al. 
(2023b), nano-magnetite concentration and WPG also had a positive correlation. The nano-
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magnetite was suspected to fill the wood cavities, increasing wood weight (Marques et al. 2006). 
However, the WPG value of commercial nano-magnetite is higher than synthetic nano-magnetite 
despite no significant difference between the WPG of both synthetic and commercially produced 
nano-magnetite. Both impregnation solutions used demineralized water to dissolve the nano-
magnetite particles. According to Prihatini et al. (2022), the solution containing nano-magnetite 
and demineralized water separated into solid and liquid phases or did not form a colloidal phase. 
Therefore, the WPG of sengon wood is relatively low even though there is a slight increase after 
the concentration increases.  
 
Table 3. The physical properties of sengon wood after impregnation treatment 

Wood Samples WPG (%) Density (g/cm3) 
Untreated wood 0.42 ± 0.22a 0.27 ± 0.06a 
SNM 1% 1.34 ± 0.33b   0.28 ± 0.03ab 
SNM 2.5% 3.62 ± 0.16c 0.30 ± 0.03ab 
SNM 5% 5.82 ± 0.99d 0.30 ± 0.02bc 
CNM 1% 1.32 ± 0.16b 0.28 ± 0.02bc 
CNM 2.5% 3.76 ± 0.44c 0.31 ± 0.03c 
CNM 5% 6.00 ± 0.35d 0.31 ± 0.04c 

Notes: a,ab,b,bc,c,d are Duncan’s test results (P < 0.05), SNM is synthetic nano-magnetite, CNM is commercial nano-magnetite, and 
WPG is weight percent gain. 
 

In line with WPG, the density of impregnated sengon wood with nano-magnetite is also 
increased compared to wood without chemical treatment (untreated). The highest density of both 
is achieved at a concentration of 5%. Table 3 shows that the statistical analysis of the types of 
nano-magnetite was insignificantly different in density, in contrast to the concentration of nano-
magnetite, which slightly affects the density. Bowyer et al. (2007) concluded that the wood cell 
wall becomes denser due to the chemical entering the wood when the concentration level increases 
further. This makes sengon wood more dimensionally stable when temperature and humidity 
change. Accordingly, this condition means the wood does not readily absorb water and is protected 
from biological attacks, such as mold, fungi, bacteria, and insects (Garskaite et al. 2021). 
 
3.3. Wood Discoloration 

The color change of sengon wood after impregnation with synthetically and commercially 
produced nano-magnetite is illustrated in Fig. 4. As previously predicted, impregnated sengon 
wood tends to have lower L*, a*, and b* values than untreated wood, which showed the highest 
brightness value before and after impregnation treatment. This is very different from the SNM and 
CNM wood. A study by Muflihati et al. (2014) revealed that the rising L* value of wood indicates 
an intensification of its brightness, while lowering L* values suggest wood discoloration. By 
continuing to add nano-magnetite concentration in this research, the color of the impregnated 
sengon wood became darker. There was also a lowering brightness of magnetic wood (L* value) 
after the impregnation process, as shown in Fig. 4. The SNM 1% exhibited a significant reduction 
in brightness, followed by SNM 2.5% and SNM 5%, which continued to decrease in brightness 
level. The red value (a#) of SNM 1% slightly increased but did not cause a significant difference; 
meanwhile, SNM 2.5% and SNM 5% show constant values. This is somewhat different from the 
yellow value (b#) in that there was a slightly decreasing value in SNM 1%, then SNM 2.5% and 
SNM 5% keep showing a little subtraction trend. 
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(a) (b) 
 

 
Fig. 4. The L*, a*, and b* values before treatment and the L#, a#, and b# values after treatment 

of (a) the SNM wood and (b) the CNM wood. 
 

Along with synthetic nano-magnetite, commercial nano-magnetite also provided a darkening 
color effect to sengon wood samples. It can be analyzed from Figs. 4a and 4b indicate a sharp 
decline in sengon wood brightness after being incorporated with commercial nano-magnetite, 
indicated by the L# value. In addition, there was also a slight reduction in the red value (a#), 
although this parameter does not show visible changes in the SNM wood. On the other hand, the 
decrease in yellow value (b#) occurred dramatically more than expected. This phenomenon also 
happened in the magnetic wood manufactured by Rahayu et al. (2022). That magnetic wood color 
turned black due to using NH4OH as a weak base precursor, resulting in nano-magnetites with 
small particle sizes distributed uniformly. However, Merk et al. (2014) also assumed that the 
brownish-black color of magnetic wood indicates contamination with rust or corrosion. The visual 
appearance of the SNM and CNM magnetic wood is shown in the following Fig. 5.  

 
Fig. 5. Sengon wood color after being impregnated (a) untreated, (b) SNM 1%, (c) SNM 2.5%, 

(d) SNM 5%, (e) CNM 1%, (f) CNM 2.5%, and (g) CNM 5%. 
 
The color of the impregnated wood is known to have darkened immediately after the 

impregnation process was done. It can be seen that untreated wood is light brown (Fig. 5a), then 
turned into dark brown at a concentration of 1% of the SNM wood (Fig. 5b). Then, the SNM wood 
color got darker with the addition of nano-magnetite concentration into 2.5% and 5%, as shown in 
Figs. 5c and 5d. This incident was also experienced by Gao et al. (2023), who also changed the 

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

(e) (f) (g) 
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color of the balsa wood from red/orange to dark green/black as exposed nano-magnetites. This 
was caused by the interaction between nano-magnetite and lignin components within the wood. 
An electrostatic attraction, Van Der Waals force, and hydrogen bond played roles in binding the 
nano-magnetite with lignin. Hence, the bonds are formed among them, resulting in wood 
discoloration (Zheng et al. 2021). The presence of nano-magnetite on the sengon wood surface 
also contributed to the large specific surface area of wood samples, corresponding to the large 
specific surface area of nano-magnetite particles (Feng et al. 2023). 

In addition, even if nano-magnetite concentration was added, it could still maintain the wood 
structure. Similar to the SNM wood, the darkening of the CNM wood color is genuinely different 
from untreated wood after interacting with commercial nano-magnetite. The color gradient gets 
darker with the addition of nano-magnetite concentration, even though they were darker than the 
SNM wood, as displayed in Fig. 5e-g. Wahyuningtyas et al. (2022) also synthesized magnetic 
wood using commercial nano-magnetite and produced a black color. This is associated with the 
WPG and density of magnetic wood, which also increased because plenty of nano-magnetite is 
deposited in the wood cell walls. The color of CNM 5% (Fig. 5g) became darkest among other 
samples since the cell cavities were being saturated with nano-magnetite in the tangential section 
and indicated even adhesion of nano-magnetite to the sengon wood (Garskaite et al. 2021).  

The analysis results mentioned remarkable differences in the sengon wood color after 
impregnation treatment that were affected by synthetic and commercial nano-magnetite, as 
presented in Fig. 6.  

 
Fig. 6. The discoloration of sengon wood after being impregnated with synthetic and commercial 

nano-magnetite. 
 

The highest discoloration values of both types of nano-magnetite were achieved at the 
concentration of 5%. However, the CNM wood’s discoloration was more significant than the SNM 
wood. The additional nano-magnetite concentration also positively impacts the darkening of wood 
color. This transformation occurred because the co-precipitation method resulted in a smaller size 
of nano-magnetite, so the wood underwent an inorganic mineralization process in which nano-
magnetite particles were deposited in the interconnected porous network structured wood substrate 
(Cheng et al. 2020). Based on the overall color change evaluation criteria, all the SNM and CNM 
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have ΔE values of more than 12, meaning the wood color has changed significantly from its 
original color or become a different color. 
 
3.4. Wood Hardness 

In addition to testing the physical properties and color of wood, the mechanical properties 
of modified wood also need to be tested. The user considers the mechanical properties, such as 
strength, hardness, and wear resistance of wood to be crucial factors in determining its quality, and 
these parameters are also necessary. In this study, only hardness was evaluated because wood 
hardness acts as a parameter to measure the manufactured wood materials’ resistance and predict 
its performance. This is also used to assess the effectiveness of the modification process. The 
hardness test was carried out according to the Janka test method after air-conditioning samples at 
20°C and relative humidity (RH) of approximately 65%, which achieved an equilibrium moisture 
content of untreated wood. Fig. 7 below shows the hardness of sengon wood after the impregnation 
process. 

 
Fig. 7. The increasing sengon wood hardness after impregnation treatment. 

 
Based on Fig. 7, the highest hardness is obtained at a concentration of 5% for SNM and 

CNM wood samples. Interaction between the types of nano-magnetite and the concentration did 
not point out a noticeable effect on hardness, while the nano-magnetite addition levels caused a 
significant upward trend. Cell wall deformation occurred due to the reduced wood porosity, so the 
wood cavity was filled with chemicals, causing the intercellular space of the wood also to decrease 
(Mania et al. 2020). This is affected by the increasing WPG and density of sengon wood after 
incorporating it with nano-magnetite, so the sengon wood hardness also increased (Rahayu et al. 
2021). In addition, it is known that the hardness of wood depends on some wood conditions during 
testing, such as the force applied to the wood, the cross-section of wood being tested, the weight 
percentage of reinforcement materials, sintering temperatures, wood density, fiber size, and 
intercellular bonds among the wood fiber (Heräjärvi et al. 2004; Ashrafi et al. 2022). A good 
crystallite structure guarantees the materials’ high mechanical and magnetic properties. As stated 
by Teng et al. (2018) and Prihatini et al. (2023), the vacuum-pressure impregnation technique 
supports the chemicals to get into the wood more quickly and bond to the cell wall components 
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than other techniques. The different mechanical properties of wood are also influenced by nano-
magnetite impregnation treatment, as demonstrated by Geeri et al. (2023). 
 
3.5. Electromagnetic Waves Absorption Properties 

Electromagnetic wave shielding materials are needed to protect humans and the 
environment. Electromagnetic waves are commonly produced by currents in wires and circuits 
from electronic devices. VNA aims to characterize the absorption properties of materials against 
electromagnetic waves. To determine the RL and absorption behavior released by magnetic wood, 
this instrument must use an 8–12 GHz frequency range. The working mechanism of this instrument 
ensures that waves are reflected when they hit metallic materials, transmitted when they hit 
transparent materials, and absorbed when applied to absorber materials (Lumen and OpenStax 
2021). In this test, untreated wood shows zero RL, frequency, and absorption because there was 
no chemical treatment on the wood (Fig. 8). Conversely, the SNM and CNM wood indicate 
increased magnetic parameter values. Aini et al. (2016) stated that a high RL value indicates a 
higher material absorption capacity for electromagnetic waves. On the other hand, the absorption 
coefficient value shows the ability to absorb microwaves, as Wardiyati et al. (2018) explain. 

 
Fig. 8. The electromagnetic wave absorption by magnetic sengon wood in various treatments. 

 
It can be concluded from Fig. 8 that the SNM wood samples obtained the highest RL and 

absorption, respectively, at the concentration of 2.5%, namely -20.58 dB and 99.13%, at the 
frequency of 11.20 GHz. The lower RL, frequency, and absorption in SNM 1% were due to the 
lack of dielectric material. Hence, combining or adding more dielectric material to this wood 
sample is necessary to improve its absorption range, specifically by increasing the nano-magnetite 
concentration, according to Silvia et al. (2021). These results also prove that synthetic nano-
magnetite has a higher wave absorption rate than commercial nano-magnetite. Following the 
statement of Kong et al. (2010), synthetic nano-magnetite is a good electromagnetic absorber in a 
polymer matrix composite. For further information, the RL, frequency, and absorption values of 
magnetic sengon wood are listed in Table 4. 
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Table 4. The VNA test results of magnetic sengon wood 
Treatments  Reflection Loss (dB) Frequency (GHz) Absorption (%) 

Untreated 0.00 0.00 0.00 
SNM 1% -9.26 8.38 88.14 
SNM 2.5% -20.58 11.20 99.13 
SNM 5% -18.49 11.36 98.59 
CNM 1% -13.76 11.36 95.79 
CNM 2.5% -13.32 11.54 95.34 
CNM 5% -15.03 11.20 97.35 

Notes: SNM is synthetic nano-magnetite, and CNM is commercial nano-magnetite. 
 
Synthetic and commercial nano-magnetite can absorb more than 90% of electromagnetic 

waves emitted by electronic devices. Synthetic nano-magnetites are primarily known to have 
higher absorption than commercial nano-magnetites. This finding is thought to be due to the use 
of a weak base precursor NH4OH, which homogenized the size of the resulting nano-magnetite 
and accelerated the crystallite formation of nano-magnetite (Peternele et al. 2014). Bostanabad et 
al. (2015) also observed that the lower absorption could be caused by the crack initiation and 
failure of the coating layer, in this case EDTA, followed by the reduction of the ferri-magnetic 
phase of nano-magnetite. The thin coating layer makes the nano-magnetite easily agglomerate and 
clog the wood pores, so only a small amount penetrates the wood. 

Magnetic properties of magnetic wood are also affected by the immersion time in the 
solution due to the electric polarization and conductivity. Moreover, materials may also exhibit 
strong fluctuations due to their chemical composition. For example, oxygen in wood and nano-
magnetite causes electric dipole polarization. The polarization is determined by the difference in 
the available valence and the amount of electron transfer between Fe3+ and Fe2+ ion positions 
(Geeri et al. 2023; Xu et al. 2013). An increase in RL and frequency also correlates with the wood 
microstructure, wood-water interaction, dielectric behavior, material thickness, material 
concentration, permeability, and complex permittivity depending on the shapes, properties, and 
size. It has been observed that the enhancing value of RL decreases the wood’s relative permittivity 
with increasing frequency of wood and fiber orientation (Silvia et al. 2021; Zakaria et al. 2021). 
Therefore, based on the above results, SNM wood can absorb more electromagnetic waves than 
CNM wood because it can absorb almost 100% of electromagnetic waves with only a 
concentration of 2.5%. 

Many studies have investigated the utilization of magnetic wood. The combination of wood 
and nano-magnetite particles is brilliant for sensors, active fillers, core materials of power 
inductors and transformers, medical devices, and electromagnetic wave absorbers. Moreover, 
using wood can reduce the possibility of corrosion, oxidation, noise, and even burns due to being 
exposed to the heat of electronic devices operation for a long time (Martins et al. 2023). With these 
obtained absorbance levels, both kinds of magnetic wood produced from this study can be applied 
as electromagnetic wave shielding materials. Several electronic devices are known to emit 
electromagnetic waves in various frequency bands, such as wireless local area networks (2–6 
GHz), Bluetooth (2.4 GHz), mobile phones (0.3–3 GHz), and military radar (8–12 GHz) (Chikyu 
et al. 2020). So, installing magnetic wood as an electromagnetic wave absorber in the house 
interior is very appropriate to prevent various health problems. 
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4. Conclusions 

Magnetic wood was fabricated by the impregnation process using two different types of 
nano-magnetite, namely nano-magnetite obtained from the co-precipitation method and 
commercial nano-magnetite. The CNM wood showed more improvements in WPG, density, and 
hardness than the SNM wood, even though both types of nano-magnetite did not provide different 
effects in these parameters. There was also a significant reduction in brightness value after 
interacting with nano-magnetite as the concentration increased. The overall discoloration was 
more pronounced in the CNM wood than in the SNM wood because the CNM wood produced a 
darker color. The absorption capacity of the SNM wood was more significant than that of the CNM 
wood, as it can absorb almost 100% of the material with only 2.5% nano-magnetite concentration. 
This modification treatment can answer the question of expanding the sengon wood utilization by 
converting sengon wood into an electromagnetic wave shielding material. With various 
considerations from the results, producing this instrument with the optimal treatment, namely, 
SNM 5%, is adequate.  
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