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ABSTRACT 
 

Sengon (Falcataria moluccana) is one of the fast-growing wood that 
dominates Indonesian plantation forests. The qualities and utilizations of 
sengon wood need to be improved and enlarged using magnetite 
nanoparticles. The research aims to examine the effects on the physical and 
magnetic properties of sengon wood after being treated by magnetite 
nanoparticle impregnation. Magnetite nanoparticles were prepared by co-
precipitation method with a precursor solution of iron ions mixture and 
weak base (NH4OH). The treatments comprised untreated, 1%, and 5% 
magnetite nanoparticles. Weight percentage gain (WPG), bulking effect 
(BE), anti-swelling efficiency (ASE), and density tended to increase along 
with the increase in concentration. Analysis of variance showed that 
treatment significantly affected WPG, BE, ASE, and density of treated 
sengon wood. Scanning electron microscopy and energy-dispersive X-ray 
spectroscopy analysis showed the existence of Fe deposition in the wood 
cell membranes. X-ray diffraction analysis observed the appearance of 
magnetic peaks in the diffractogram with the decrease of crystallinity and 
the increase in concentration. In addition, Fourier transform infrared 
spectrometry analysis revealed Fe-O functional groups. Based on the 
vibrating sample magnetometry study, the sengon magnetic wood is 
classified as a superparamagnetic material with mild magnetic 
characteristics.

 
1. Introduction 

Sengon (Falcataria moluccana) is one of the rapidly enhancing wood species that has the 
potential to be raw material in the future that can be harvested at a relatively short age (Krisnawati 
et al. 2011). Nevertheless, fast-growing wood species generally had low dimensional stabilization 
(Priadi et al. 2019), low density, and easily attack by insects and fungi (Fajriani et al. 2013). Its 
utilization is still limited only to plywood, wood packaging, lightweight construction materials, 
and furniture. Therefore, to improve the quality of sengon wood, it is necessary to provide 
technologies such as wood modification that can be carried out mechanically, thermally, or 
chemically to diversify the use of wood (Zelinka et al. 2022). This study used the impregnation 
method proposed by Hill (2006) to enhance wood quality by adding chemical solutions into the 
wood to modify wood properties at the cell wall level. Recent studies reported the improvement 
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of the physical properties of sengon and jabon wood with impregnation method using commercial 
magnetite and silica nanoparticles (Laksono et al. 2023; Rahayu et al. 2021; Rahayu et al. 2022; 
Wahyuningtyas et al. 2022). This study is in the early stage of examining the physical and magnetic 
properties of impregnated sengon wood with synthesized magnetite (Fe3O4) nanoparticles and 
demineralized water as solvent. 

Research on wood as a functional material continues to evolve for various purposes, 
including magnetic wood. Magnetic wood is a combination of wood with magnetite nanoparticles 
solution that has high dimensional stability, magnetic properties that a magnet can attract, and 
electromagnetic wave absorbance material (Trey et al. 2014). In addition, magnetic wood is a 
material that can absorb electromagnetic radiation and heat. The development of wireless-based 
electronic and communication technology has been growing rapidly. However, it can potentially 
harm the environment and human health due to electromagnetic radiation (Mashkour and Ranjbar 
2018). Magnetic wood could be a functional material that can absorb electromagnetic waves. 
Magnetic wood can be applied to several products, such as electronic components and 
communication devices, furniture coatings, interior decorative components, and packaging (Liu et 
al. 2021; Trey et al. 2014). This study focuses on enlarging the utilization of sengon wood by 
creating a new function for fast-growing wood, namely magnetic wood, which improved physical 
and magnetic properties. 

The synthesis of magnetic wood can be carried out using in-situ (Dong et al. 2015; Rahayu 
et al. 2022) and ex-situ methods (Laksono et al. 2023; Wahyuningtyas et al. 2022). The ex-situ 
method was carried out by synthesis of magnetite nanoparticles by co-precipitation method, then 
impregnated to sengon wood. Oka and Fujita (1999) successfully synthesized magnetic wood by 
impregnation, coating, and combining the wood with powder or magnetic solution. Other studies 
by Dong et al. (2015) and Rahayu et al. (2022) succeeded in synthesizing magnetic wood using 
the in-situ method through chemical precipitation. Making magnetic wood using the ex-situ 
method has the advantage that the size of the nanoparticles can be influenced by the dimensions 
of the wood because this method forms the magnetite nanoparticles by synthesizing the 
nanoparticle first and then impregnating them into the wood with several concentrations. 
Magnetite nanoparticles are one of the nanoparticle materials. The nanometer-sized particles can 
be well distributed and penetrate wood because of their low viscosity, effectiveness in covering 
wood surfaces, and high dispersion stability (Fufa and Hovde 2010; Teng et al. 2018). Zhang et 
al. (2006) stated that the magnetite nanoparticles formed in wood are larger when using NH4OH 
as a precipitant than a strong base because NH4OH is a weak base. Furthermore, Peternele et al. 
(2014) stated that if compared with a strong base, the synthesized Fe3O4 results in a few particles 
with larger sizes, but it produces higher magnetic properties quality and homogeneity of magnetite 
particle size.  

Demineralized water is generally used as a dispersant because water is a universal solvent 
and has been treated to remove all metal ions that could react with magnetite nanoparticles (Sutopo 
2019). This tendency indicates that there are no new reactions during the synthesis process except 
for the formation of magnetite nanoparticles. Besides that, its waste does not harm nature and the 
environment. Therefore, in this study, magnetite nanoparticles were synthesized using 
demineralized water and NH4OH as a precursor and impregnated into sengon wood to find the best 
treatment for improving the quality of the sengon wood. 
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2. Materials and Methods 

2.1. Materials 

Sengon (Falcataria moluccana) woods were collected from a local forest in Bogor, West 
Java, Indonesia, at 6° 33' 15.9" S 106° 41' 31.9" E. The trees are six-year-old sengon with the 
diameter at breast height of 35–40 cm. Defect-free samples with the length of 18–20 cm were cut 
simultaneously from the same tree at branch-free height without distinguishing sapwood and 
heartwood because this fast-growing species is dominated by juvenile wood. The chemicals used 
included Iron (II) chloride tetrahydrate (FeCl2) (EMSURE, Merck, Darmstadt, Germany), Iron 
(III) chloride hexahydrate (FeCl3) (EMSURE, Merck, Darmstadt, Germany), demineralized water 
(Trisakti, Bogor, Indonesia), Ethylenediaminetetraacetic acid (EDTA) (Titriplex, Merck, 
Darmstadt, Germany), Ammonium hydroxide (NH4OH) (SUPRAPUR, Merck, Darmstadt, 
Germany).   

 
2.2.  Research Procedures  

This study was carried out through several procedures, from wood sample preparation, 
synthesis of magnetite nanoparticles, and impregnation process until evaluation. 
 
2.2.1. Wood samples preparation 

Sengon wood was cut into 80 samples with the size of 2 mm ´ 2 mm ´ 2 mm (British 
Standard Institution 1957) using a chain saw and table circular saw. The boards were then pre-
heated in an oven at 103 ± 2°C until reaching a steady mass prior to the evaluation of physical 
properties and dimensional stability of wood testing such as weight percentage gain (WPG), anti-
swelling efficiency (ASE), bulking effect (BE), and wood density. 
 
2.2.2. Synthesis of magnetite nanoparticles 

The synthesis process was adapted from previous studies (Dong et al. 2015; Laksono et al. 
2023; Wahyuningtyas et al. 2022). First, FeCl2 and FeCl3 were mixed and dissolved in 200 mL of 
demineralized water with a mole ratio of 1:1.6 (Dong et al. 2015) by the co-precipitation method 
(Peternele et al. 2014). The mixture of Fe solution was then stirred with a magnetic stirrer until 
homogeneous. EDTA of 0.292 g dissolved in 100 mL of demineralized water was added, and the 
solution was vacuumed for 15 min. While vacuuming, 40 mL of NH4OH was prepared by scaling 
it on the Erlenmeyer flask. The NH4OH solution was then added through a separating funnel until 
the color of the solution turned black and reached the pH of 12 to allow magnetite nanoparticles 
to be formed. The solution was then vacuumed and stirred again for 15 minutes. After the vacuum 
process was completed, the pH of magnetite nanoparticles was reduced by washing it several times 
with demineralized water until it reached a pH of 9. The samples were then heated in an oven at 
40 °C until formed the magnetite nanoparticles. 
 
2.2.3. Preparation of impregnation solution  

Impregnation solutions with various compositions (Table 1) were mixed using a sonicator 
(Ultrasonic) with an amplitude of 40% for 15 minutes. After that, the wood samples were 
immersed in the impregnation solution.  
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Table 1. Magnetite nanoparticles (Fe3O4) composition with various dispersants composition 
No. Demineralized water (mL)  Magnetite nanoparticles (g) Treatment (wt %) 
1 250 0 0 
2 250 2.5 1 
3 250 12.5 5 

 
2.2.4. Impregnation Process 

The impregnation process was adopted by previous studies (Dong et al. 2015; Oka et al. 
2002; Rahayu et al. 2022). The immersed samples with several treatments were then placed into 
the impregnation tube, followed by a vacuum using the tension of 50% bar for 2 h and continued 
with a tension of 1 bar for 0.5 h. After impregnation, polymerization was conducted by wrapping 
the specimens with aluminum foil (Aluminum-foil, Klinpak, Indonesia), then resting at 23°C for 
half a day. After 12 h, the specimens were dried in an oven at 65°C for 12 h, followed by drying 
at 103 ± 2°C until a steady mass was obtained.  

 
2.2.5. Evaluation of the Physical Properties 

The sengon wood characteristics were carried out through several parameters, such as weight 
percentage gain, anti-swelling efficiency, bulking effect, and density. 
 
2.2.5.1. Weight percentage gain (WPG) 

Impregnated sengon wood specimens were measured digitally and compared to sengon 
wood samples before being impregnated. The WPG was determined using Equation 1. 

𝑊𝑃𝐺	(%) = 	)*+),
),

× 100%                 (1) 

where W0  is the oven-dried weight of the sample before impregnation treatment (g), and W1 is the 
oven-dried weight of the sample after impregnation treatment (g). 
 
2.2.5.2. Anti-swelling efficiency (ASE) 

ASE was evaluated by immersing the impregnated samples in the water at room temperature 
for 24 h (Rahayu et al. 2022). The samples were dried in an oven at 103 ± 2°C until a steady mass 
was obtained. ASE was determined using Equation 2. 

𝐴𝑆𝐸	(%) = 	 34+35
34

× 100%              (2) 

where Su is the volume shrinkage of the untreated sample after being immersed for 24 h, and St is 
the volume shrinkage of the treated sample.  
 
2.2.5.3. Bulking Effect (BE) 

BE was determined using Equation 3 (Rahayu et al. 2022). 

𝐵𝐸	(%) = 	 7*+7,
7,

× 100%               (3) 

where V0 is the oven-dried volume of the sample before impregnation treatment (cm3), and V1 is 
the oven-dried volume of the sample after impregnation treatment (cm3).  
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2.2.5.4. Density (𝜌) 

Density was evaluated by measuring the weight and volume of the sample and calculated 
using Equation 4. 

𝜌	(𝑔/𝑐𝑚=) = 	)*
7*

                (4) 

where W1 is the oven-dried weight of the sample after impregnation treatment (g), and V1 is the 
oven-dried volume of the sample after impregnation treatment (cm3). 
 
2.2.6. Evaluation of magnetic wood characteristics 

The sengon magnetic wood characteristics were carried out through several parameters, such 
as SEM-EDS, FTIR, XRD, and VSM. 
 
2.2.6.1. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) 

The diverse morphological structures of wood and its form of cell membranes have benefited 
from scanning electron microscopy (SEM). Using SEM (ZEISS EVO10 series, Carl Zeiss NTS, 
Germany), the distribution and deposit of Fe3O4 nanoparticles in wooden cell membrane was 
examined. The treated and untreated wood samples were shaped into a cube with a side length of 
0.5 cm on the tangential direction, located on an adhesive conductor, covered using conductive 
materials such as gold (Au), and inspected using the SEM with a 20 kV electromotive force. EDX 
(ZEISS SmartEDX, Carl Zeiss NTS, Germany) was employed to analyze the wood samples under 
129 eV energy resolution and 1-5 nA probe current to determine the wood chemical content. 
 
2.2.6.2. Fourier transform infrared spectrometry (FTIR) analysis 

This analysis was used to detect the formation of functional groups of the material. Both 
untreated and impregnated wood samples were crushed into 100-mesh particles and then 
encapsulated in potassium bromide pellets. The final pellets were then evaluated using FTIR 
(Perkin-Elmer Spectrum One, PerkinElmer, USA) and scanned for 32 scans with a resolution of 4 
cm-1 in the wavenumber range of 4.000-400 cm-1. 
 
2.2.6.3. X-ray diffraction (XRD) analysis 

Sengon magnetic wood was examined utilizing an XRD (PANalytical AERIS, Malvern 
Panalytical, UK) apparatus with a 1D PIXcel sensor to determine the magnetic peaks and level of 
crystallinity. On the tangential direction, untreated and impregnated wood samples were sliced into 
1-mm-thick pieces. Cu Kα radiation with a graphite monochromator, a 40 kV electric potential, a 
current of 30 mA, and a 2°/min scanning speed were the parameters employed in the tool. For the 
degree of crystallinity, the scan range was between 5 and 80 degrees. Alongside the phase analysis, 
it was between 5 and 90 degrees. 

The XRD diffractogram and the Scherrer equation determined the average crystal size of 1% 
and 5% magnetite nanoparticle treatments (Lin and Ho 2014). 

𝐷 = ?@
A BCDE

                (5) 
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where λ represents the X-ray wavelength (0.15418 nm), K represents the Scherrer constant (0.89), 
β represents the peak full width at half maximum (FWHM), and θ represents the Bragg diffraction 
angle (Dong et al. 2015). 
 
2.2.6.4. Vibrating sample magnetometry (VSM) analysis 

The magnetic characteristics of impregnated sengon wood were detected with VSM250 
(VSM Dexing Type 250, Xiamen, China) at 298-773 K outside the magnetic field from 100 Oe- 
21 kOe. Furthermore, the hysteresis curve was used to assess the saturation magnetization (MS), 
coercivity (HC), and remanence (Mr). The untreated and impregnated wood samples were shaped 
to a dimension of 3.5 mm × 3.5 mm × 1 mm on the direction of the length of the wood. 
 
2.3. Data Analysis 

A completely random design was adopted in this study, and the interactions of the 
concentration factor (untreated, 1%, and 5% magnetite nanoparticles) and physical properties were 
evaluated using ANOVA, followed by Duncan’s post-hoc test at a 5% accuracy level. The IBM 
SPSS Statistics computer software (Version 25, SPSS Inc., USA) was implemented for all data 
analysis.  
 

3. Results and Discussion  

3.1. Physical Properties 

3.1.1. Weight percentage gain (WPG) 

WPG is one of the dimensional stability parameters, which is characterized by the addition 
of weight to the sample expressed in percent. The greater the percentage of WPG, the more 
polymer can disperse and penetrate the wood. The WPG increased as the magnetite (Fe3O4) 
nanoparticle concentration increased (Fig. 1). It indicates that impregnation solutions entered the 
test sample. The highest WPG value was obtained in the samples treated with Fe3O4 5% 
impregnation (Fig. 1).  

 
Fig. 1. Weight percentage gain of magnetic wood with different treatments. 
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The addition of 5% magnetite nanoparticles has a profound impact on increasing the WPG 
value, strengthened by the analysis of variance that showed the treatment of dispersant and 
concentration of magnetite nanoparticles significantly affected the WPG value.  WPG value 
increased due to the magnetite nanoparticles that filled all the wood cavities, resulting in a rise in 
the total mass of the wood (Marques et al. 2005). It is slightly different from the study by Dong et 
al. (2015), which showed that the WPG value of magnetic wood was 27.93% because it was made 
with in-situ magnetite nanoparticles. It is caused by the formation place of in-situ and ex-situ 
methods. The In-situ method means that Fe3O4 nanoparticles formed inside the cavity of the wood 
cells, different from the ex-situ methods that synthesized first until it becomes nano magnetite and 
then applied to the wood.  
 
3.1.2. Anti-swelling efficiency (ASE) 

Wood dimensional stability values are reported as a percentage of volumetric swelling or 
anti-swelling efficiency (ASE). The ease of wood absorbing water affects its dimensional stability. 
The wood tissue will maintain a balance of moisture content with its environment through water 
absorption and release (Nandika et al. 1996). Fig. 2 shows that the 5% (70.11%) magnetite 
nanoparticle treatment tends to be more stable than the other treatments. It might be due to the 
magnetite nanoparticle bulking agent, which has filled the wood and will restrain the development 
of the wood after soaking. 

The ASE value of untreated and 1% magnetite nanoparticles was considerably different from 
the 5% magnetite nanoparticles because the synthesized Fe3O4 nanoparticles were insoluble in 
water. However, the nanosize could increase the solubility of magnetite nanoparticles, so 
agglomeration often occurs, causing the particle size to increase and making it difficult for the 
bulking agent to disperse into the wood cell cavities, resulting in the decrease of ASE. The low 
ASE is caused by the leaching of dispersants and magnetite nanoparticles due to immersion. The 
results show that the addition of 5% magnetite nanoparticles has a substantial influence on 
increasing the ASE (Fig. 2).  

 
Fig. 2. ASE of magnetic wood with different treatments. 
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having smaller particle sizes than NH4OH, which is believed to be due to the presence of sodium 
metal residues and its strong alkaline properties. Consequently, when mixed with magnetite, it can 
reduce magnetic strength and crystallinity. However, its strong alkaline properties lead to a higher 
rate of magnetite core formation (Peternele et al. 2014). Despite being larger in size, NH4OH 
precursor exhibits more consistency in the size distribution. Thus, it is more evenly distributed 
within the wood cavities. 

Putri et al. (2023) stated that wood thickness swelling depends on the amount of water 
absorbed. The amount of absorbed water increases as the thickness expansion value increases. This 
study evaluated the anti-swelling efficiency because it calculates the change in volumetric swelling 
before and after impregnation with magnetite nanoparticles. The higher the ASE value, the more 
stable the dimensions of sengon wood when immersed in water. Sengon wood becomes more 
hydrophobic due to the bulking of magnetite nanoparticles that fill the cell lumen or bonds that 
occur between Fe3O4 and cell wall polymers during the polymerization process. 
 
3.1.3. Bulking effect (BE) 

The addition of a bulking agent can increase the wood’s dimensional stability after being 
impregnated. Fig. 3 shows that magnetite nanoparticles with a concentration of 5% (11.06%) gave 
a high BE value compared to other treatments. The BE value is directly proportional to the WPG 
value, showing that with an increase in WPG (Fig. 1), the BE also increases (Fig. 3).  

 
Fig. 3. BE of magnetic wood with different treatments. 
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result indicates that magnetite nanoparticles have the properties of a bulking agent, causing the BE 
value to increase. The higher the concentration of bulking agents that adhere to the wood cell walls, 
the higher the wood’s dimensional stability, which can reduce water absorption (Hill 2006). 

 
3.1.4. Density  

Fig. 4 shows that the density increased significantly from 1% to 5% magnetite nanoparticle 
concentration. This result showed that the addition of magnetite nanoparticles into wood results in 
a denser wood structure. The 1% treated wood was not significantly different from the sample 
concentration of 5%. This tendency showed that the bulking mechanism of the bulking agent is 
less capable of dispersing the wood cell cavities because the 1% treatment particle size is lower 
than 20 nm. The expected standardization of nanoparticles is between 20-50 nm, as particles 
smaller than 20 nm tend to lose their magnetic properties (Susanti 2014).  

 
Fig. 4. Density of magnetic wood with different treatments. 
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color (Fig. 5b). Wahyuningtyas et al. (2022) stated that the magnetite nanoparticle formation could 
not penetrate the wood lumen cells and instead aggregated, reducing the high surface energy of 
Fe3O4 nanoparticles. In 5% magnetic wood, there were many cracks that began to occur caused by 
the deposits of magnetite nanoparticles shown by the arrow (Fig. 5c). However, the deposits of 
Fe3O4 in the cavity are more than a concentration of 1%. This happens because the 5% solution 
was thicker than 1%, making the impregnation solution that has entered the cell cavity more 
difficult to penetrate. However, the cell cavity holds more of it, so it is less likely that the 
impregnant will come out of the cell cavity. Moya et al. (2022) found that the occurrence of Fe3O4 

in such anatomical components is anticipated. Hardwood species’ fibers serve as structural 
elements rather than liquid transport vessels. Therefore, there is a low expectation of ex-situ 
formation of Fe3O4 in the fibers. 

 
  

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 5. SEM analysis results: (a) untreated, (b) Fe3O4 1%, (c) Fe3O4 5%. 
 

Moreover, an elemental analysis method connected to electron microscopy is called EDX 
microanalysis, which reveals the inorganic chemical composition of the cell wall and various 
inclusions. The occurrence of Fe3O4 through EDX analysis proved that it was inside the wood 
cavity, and the outcomes are displayed in Table 2. 

 
Table 2. Chemical composition of impregnated sengon wood with different treatments 

Wood sample C (wt%) O (wt%) Fe (wt%) 
Untreated 55.3 ± 0.4 44.7 ± 0.4 0.00 
Fe3O4 1% 53.3 ± 1.3 46.7 ± 1.3 3.47 ± 0.5 
Fe3O4 5% 52.1 ± 0.5 47.2 ± 0.5 5.43 ± 0.9 

(a) (b) 

(c) 
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The proportion of magnetite nanoparticles (Fe3O4 nanoparticles) in untreated wood 
increased from 1% to 5% (Table 2). Xue and Zhao (2008) stated that nanoparticles could infiltrate 
and penetrate wood, particularly through nanosized cavities. Based on research by Irianti et al. 
(2021), the morphology of Fe3O4 synthesized with demineralized water appeared to be 
agglomerated. As a result, the particles find it more challenging to enter the wood cells due to their 
relatively large size (further explained in the XRD analysis). Another study by Mohamed et al. 
(2017) stated that the elemental composition of Fe at bulk Fe3O4 nanoparticles was about 37.20%, 
higher than this study because that was before impregnated to the wood.  
 
3.2.2. Fourier transform infrared spectrometry (FTIR) analysis 

Fig. 6 displays the absorption bands for the O-H stretching vibration of hydroxyl groups of 
untreated wood at 3336 cm-1, then shifting into 3335 cm-1 and 3339 cm-1 for Fe3O4 1% and 5%. 
Hazarika and Maji (2014) revealed O-H bending at a wavenumber of 3340 cm-1 in the cell 
membrane material, while Nandiyanto et al. (2019) stated that hydroxyl group’s bending radius 
falls between 3570 cm-1 and 3200 cm-1. In addition, a peak at 3400 cm-1 shows a molecular 
structure of water in the liquid phase (Cheng et al. 2013).  

 
Fig. 6. FTIR analysis results: (a) untreated, (b) Fe3O4 1%, (c) Fe3O4 5%. 

 
There is a new absorption band at a wavenumber of 2906 cm-1. The detected peak vibrations 

ranged from 2909 cm-1 for Fe3O4 1%, then shifting to 2914 and 2916 cm-1 for untreated and Fe3O4 
5%. Therefore, Earlier studies by Gan et al. (2017) linked the existence of an asymmetrical C-H 
functional group at a wavenumber of 2908 cm-1 with the tremors of the C-H stretching functional 
group, and this peak demonstrated the presence of that group. It was seen that C=O is the functional 
group resonance at 168–1670 cm-1 wavenumber. Based on Larkin (2017), the detected peak with 
an absorption wavenumber of 1685-1666 cm-1 showed the group of C=O intensified 
hemicelluloses. The cellulose’s structure is represented by a wavenumber of 1040 cm-1, confirming 
cellulose’s C-O contraction vibrations (Hazarika and Maji 2014). Another absorption with a 
wavenumber of 576 cm-1 confirms the appearance of the Fe-O functional groups, then shifted to 
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580 cm-1 in the 5% treatment. This finding indicates that Fe3O4 was deposited on the wood 
substrate. The untreated wood absorbs at the wavenumber of 663 cm-1, indicating no Fe-O group 
in this sengon wood. It is straightened out by Mohamed et al. (2017) that due to the vibrations of 
Fe3O4, Fe-O absorption peaks are concentrated at 557 cm-1.  

 
3.2.3. X-ray diffraction (XRD) analysis 

Fig. 7 shows the XRD patterns of the untreated and impregnated sengon wood. It was 
observed that there are two physical phases due to the presence of cellulose that has crystal planes 
(021) and peaks at 2θ values of 23.37° and 22.92°. The graph showed that the higher the 
concentration, the graph becomes flatter. According to Rahayu et al. (2021), the crystalline 
cellulose area in sengon wood has changed to amorphous. 

 
Fig. 7. Results of the XRD research on Sengon wood: (a) untreated, (b) Fe3O4 1%, (c) Fe3O4 5%. 

 
Additional peaks were produced after the Fe3O4 treatment at 1%, showing that magnetite 

compounds had formed in the wood that take place at a value of 2θ 38.60° with the crystal plane 
(311), values of 2θ 43.00°, 42.82°, and 43.10° with the crystal plane (400), value of 2θ 44.83° with 
the crystal plane (400), value of 2θ 58.27° with the crystal plane (511), and value of 2θ 62.24° for 
untreated wood and 62.17° for impregnated wood with the crystal plane (440) (Wu et al. 2011). 
Fe3O4 peaks occur at approximately 23.37.1°, 38.60°, 43.1°, 44.83°, 58.27°, and 62.24°. A 
comparison study showed that the materials’ peaks displayed the magnetite spinel’s predominant 
phase of the powdered cubic crystal structure. The resulting particles were primarily pure Fe3O4 
in contrast to the bulk magnetite from Daoush (2017), and the structure was a face-centered cubic 
crystal structure. The outcome is consistent with the observations made by Dong et al. (2015) and 
Rahayu et al. (2022), who demonstrated the existence of magnetite compounds at these peaks. 
Following the treatment, due to the availability of all diffraction peaks connected to both wood 
and Fe3O4 in the magnetic wood, the magnetic Fe3O4 particles have been effectively placed over 
the wooden substrate (Gan et al. 2017).  
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The size of the Fe3O4 particles in wood sample with 1% treatment was smaller than the 5% 
treatment (Table 3). In contrast, the degree of crystallinity tends to decrease with the increase of 
Fe3O4 (Table 3). The 5% magnetite nanoparticles treatment exhibits a stronger presence of 
magnetite. Khan et al. (2018) defined something as nanosized if its size is between 1 and 100 nm. 
Particle size, crystal size, and surface area are the most significant physical characteristics of 
materials that influence solubility (Cornell and Schwertmann 2006). Due to the presence of several 
quasicrystalline regions in hemicellulose and cellulose, which cause wood to crystallize (Bhuiyan 
et al. 2000), the physical phases caused by the presence of cellulose were weakened after 
processing. The last peak may be hidden by other peaks, showing that the magnetization may have 
destroyed a portion of the wood’s crystal structure (Dong et al. 2014). Daoush (2017) reported 
nanoparticles of approximately 30 nm in size, as a result of the production of a monolayer covering 
of magnetite in the presence of EDTA. The result was less agglomerated, demonstrating the 
feasibility of synthesizing homogeneous magnetite nanoparticles. The results of the current study 
are excellent than the previous publications that employed the co-precipitation approach. 
 
Table 3. Crystallinity level of untreated and impregnated sengon wood with Fe3O4 nanoparticles 

Wood sample Degree of crystallinity (%) Size of Fe3O4 particles (nm) 
Untreated 46.23 - 
Fe3O4 1% 46.28 19.30 
Fe3O4 5% 40.64 33.63 

 
3.2.4. Vibrating sample magnetometry (VSM) analysis 

VSM is utilized to measure the magnetic characteristics of magnetic materials. The materials 
to be studied are subjected to persistent magnetism (Kirupakar et al. 2016). The magnetization 
curve, known as the hysteresis loop, results from the VSM study of impregnated sengon wood. 
Fig. 8 depicts the sengon wood’s magnetic hysteresis peaks that have been impregnated and 
untreated. When an object comes into contact with a magnetic field from the outside and when the 
magnetic field is gone, the opposite current is also present on the hysteresis curve that is virtually 
aligned (Tebriani 2019). 

 
Fig. 8. VSM analysis results of sengon wood: (a) Fe3O4 1%, (b) Fe3O4 5%. 
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The size of the hysteresis curve reveals the amount of energy needed to magnetize the 
materials. By saturation magnetization (MS ), remanence (Mr), and coercivity (HC ), VSM produces 
a hysteresis curve. Fe3O4 5% nanoparticles show a higher MS value than 1% nanoparticles (Table 
4). The Mr values for the treatments consecutively are 0.012 and 0.014. The Mr values in this 
investigation were higher than those reported by Moya et al. (2022) and Rahayu et al. (2022), who 
reported Mr values of 0.01 emu/g and 0.01 to 0.25 emu/g, respectively. The magnetite crystal size 
in this research was bigger than Rahayu et al. (2022), which was 10.1996 nm for the weak base. 
Mohamed et al. (2017) previously studied the VSM behavior of Fe3O4 before and after blending 
with other components, resulting in identical actions at the hysteresis. 

 
Table 4. The saturation magnetization (MS), coercivity (HC), and remanence (Mr) of the 
impregnated sengon wood 

 
The HC values for Fe3O4 1% and 5% were 1.18 × 10-4 Oe and 1.85 × 10-4 Oe, respectively. 

The low coercivity field value was assigned to the impregnated wood HC value. Given that the HC 
value is tiny or close to zero and that the curve representing the hysteresis region normally has a 
flat and thin shape, this might be viewed as low. The HC value approaching zero raises the 
possibility that the magnetic sengon wood has superparamagnetic characteristics (Hui et al. 2008; 
Rahayu et al. 2022; Xu et al. 2005). The term “soft magnetic materials” can be used to describe 
magnetic sengon wood (Karbeka et al. 2020; Marta et al. 2020; Widanarto et al. 2018). The 
magnetic intensity quickly returns to zero when the external magnetic field is withdrawn, and soft 
magnetic characteristics are easily magnetized and affected by the external magnetic field 
(Wicaksono et al. 2018). 

Fig. 9 displays the relationship between the WPG and MS. The MS value is linear to the 
WPG value, according to Gao et al. (2012), who are the authors of this study. The Ms value also 
dropped along with the WPG value. According to Riyanto (2012), the degree of crystallinity and 
the size of the nanoparticles’ grains are two examples of the many variables that may contribute 
to variations in saturation magnetization levels. These results strengthened with another study, but 
it is slightly different from Laksono et al. (2023), who stated that the particle size of the magnetite 
nanoparticles was 31.72 nm. The difference can be attributed to the type of magnetite 
nanoparticles. Because sengon wood is fast-growing, it is still dominated by juvenile wood. In 
other literature, Oka et al. (2002) stated that sapwood could receive more magnetic fluid than 
heartwood because of the long fibers.  

Based on Chicco et al. (2021), the graph displayed the observable adjusted for the correlation 
coefficient, which is near 1. Rahayu et al. (2022) and Dong et al. (2015) reported similar results 
that the WPG value is directly proportional to the MS value. Kirupakar et al. (2016) stated that the 
higher the magnetization, the higher the induced current because this correlation shows that the 
magnetite nanoparticles could be well distributed. This case might have resulted from the impact 
of impregnated sengon wood being different from bulk magnetite nanoparticles. It decreases the 
wood’s crystallinity, resulting in a lower MS value in this research than in bulk magnetite 
nanoparticles (Gan et al. 2017). 

Treatment MS (emu/g) Mr (emu/g) HC  (Oe) 
1% 0.06 0.012 1.18 ´ 10-4 
5% 0.12 0.014 1.85 ´ 10-4 
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Fig. 9. The correlation between magnetic sengon wood’s saturation magnetization (Ms) 

and weight percentage gain (WPG). 
 

4. Conclusions 

Sengon wood impregnation with magnetite nanoparticles significantly improved the density 
and dimensional stability of the wood, as indicated by the increase in weight percentage gain, anti-
swelling efficiency, and bulking effect. Characterization test results showed promising outcomes, 
showing changes in the sengon wood’s morphology due to the presence of Fe that deposited and 
covered the cell membranes of wood. The impregnated wood contained Fe-O functional groups 
and a higher degree of crystallinity than untreated wood. The impregnated sengon wood with 
Fe3O4 nanoparticles is classified as soft magnetic with superparamagnetic properties. According 
to the VSM investigation, the impregnated wood has stronger magnetic properties than untreated 
wood, demonstrated by a higher MS value. 
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