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Abstract: Magnetic wood was prepared from jabon wood (Anthocephalus cadamba Miq.) impregnated
with magnetite (Fe;O,4) nanoparticles produced by the co-precipitation method using NaOH (MG-SB) and NH,OH
(MG-WB) as base precursors. This study aims to characterize the magnetic and physical properties of magnetic
jabon wood and its electromagnetic wave absorption behavior. Three levels of magnetite concentration, specifically
1%, 2.5%, and 5%, were submerged in wood for thirty minutes under a vacuum pressure of -0.5 bar, followed by a
pressure of 2 bar for two hours. The enhancement of jabon wood’s physical properties, including its weight percent
gain, bulking effect, anti-swelling efficiency, water uptake, and wood density, was confirmed to have a positive
impact. The success of magnetite impregnation into wood was also demonstrated by the presence of magnetite
inside the wood cavities by the SEM-EDX analysis and a new peak in FTIR spectra, which indicated the Fe-O
functional group. The measurement of XRD spectra indicated an increase in the crystalline area of cellulose. The
most important point is that this treatment can also improve the magnetic properties of wood, as seen from the
analysis results obtained using Tesla meter, VSM, and VNA instruments. The MG-SB 5% magnetic jabon wood is
capable of absorbing 94.71% of electromagnetic waves, while the MG-WB 5% is capable of absorbing 95.55% of
electromagnetic waves. Fe;O, nanoparticles not only improve the physical properties of jabon wood, but also
expand its intended use, enabling it to become a wood-based advanced material that can absorb electromagnetic
waves effectively.
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1. Introduction

Metal nanoparticles have been developed for wood
modification in recent decades. It has many advantages,
such as high surface-to-volume ratio, uniform particle
size distribution, and good stability [1]. Their small
size allows them to penetrate the wood pores deeply,
thereby increasing the wood's physical-mechanical
properties and protecting the wood from UV exposure
and biological attacks such as termites, fungi, and
molds [2], [3]. Wahyuningtyas et al. [4] modified wood
with iron nanoparticles to create a novel material
known as magnetic wood, which exhibits paramagnetic
properties.

Magnetic wood has been modified to have
properties and behaviors similar to those of permanent
magnetic materials. Numerous investigations [5], [6]
have focused on the production of magnetic wood from
fat-growing wood by employing iron nanoparticles,
which display exceptional physical-mechanical and
magnetic characteristics. This wood is suitable for this
treatment due to its poor physical-mechanical
properties; thus, the wood is more durable and has a
new function. Therefore, this study employs magnetite
nanoparticles (FesO4) as an impregnation material in
magnetic wood fabrication. Magnetite is a mineral
commonly found with an inverse spinel structure,
consisting of oxygen formed in tight cubic packages
and iron arranged in tetrahedral and octahedral
positions. This structure gives rise to the ferromagnetic
and semiconducting properties of magnetite [7].

Magnetite nanoparticles can be manufactured via
co-precipitation. In this study, this method involved
ammonium hydroxide (NH,OH) and sodium hydroxide
(NaOH) as base precursors. Both base precursors were
supplied during manufacture to obtain smaller and
similar-sized magnetite nanoparticles [8]. Depositing
magnetite nanoparticles in the wood interior is
expected to not only improve the basic properties of
wood but also expand its intended use. Therefore, this
study compared the magnetic and physical properties
of magnetic wood made from two different types of
magnetite nanoparticles.

2. Materials and Methods

2.1. Materials

The main material used in this study was a 5-year-
old with a 25-28 cm diameter of jabon wood
(Anthocephalus cadamba Mig.) selected randomly
from a community plantation forest in Bogor, West
Java. The chemicals used in the study included iron
(1) chloride tetrahydrate (Merck), iron (II) chloride
tetrahydrate (Merck), ethylenediaminetetraacetic acid
(EDTA) (Merck), natrium hydroxide (NaOH) (Merck),
ammonium hydroxide (NH,OH) (Merck), hydrochloric
acid (HCI) (Merck), universal pH indicator paper
(Merck), and demineralized water.

2.2. Methods

2.2.1. Wood Sample Preparation

Jabon wood was cut into 2 cm x 2 ¢cm x 2 cm [9]
without recognizing sapwood and heartwood. A total of
70 wood samples were used for 10 replications at each
concentration. After treatment, the samples were tested
for characteristics and physical properties.

2.2.2. Synthesis of Magnetite (Fe;O4) Nanoparticles
The coprecipitation technique was employed to
produce magnetite nanoparticles. By combining an iron
solution with oxidation numbers 2 and 3 in the form of
hydrated chloride salts in an alkaline medium, with a
mole ratio of Fe?*/Fe®* = 14, synthesis was carried out.
Initially, 10 mL of 1-M EDTA and 10 mL of 2-M HCI
were added to prevent the oxidation of Fe* and
precipitation of Fe®" in the hydroxide form. 125 mL of
the precursor solution with a molar concentration of
0.30-M Fe*" and 0.15-M Fe®* was mixed and stirred for
three minutes. Furthermore, the 1.5-M NH,OH solution
as a weak base precursor precipitate was added
gradually to the iron mixture solution until a black
precipitate was formed and reached pH 12, while
constantly stirring. The resulting black sediment was
isolated with a permanent magnet and washed with
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demineralized water until pH 9 was reached. The
obtained product was separated using a permanent
magnet and dried at 40°C for 24 h [10]. The same
procedure was used to produce strong base magnetite
precipitation, namely using a 1.5-M NaOH solution
[11]. This process can be described by Eq. 1 [11]:

Fe** + 30H — Fe(OH);

Fe(OH); — FeOOH + H,0 Q)

Fe?* + 20H™ — Fe(OH),

2FeOOH + Fe(OH)2 — FC304 + 2H20

2.2.3. Wood Impregnation

Before initiating the impregnation, the solution was
homogenized using an ultrasonic homogenizer (300W
CGOLDENWALL 5-200MLLab, Zhejiang, China)
with amplitude of 40% for 60 min. Impregnation was
carried out at three concentrations of the magnetite
nanoparticles: 1, 2.5, and 5% (w/v%). Jabon wood
samples were immersed in these solutions in an
impregnation tube with a vacuum of -0.5 bar for 0.5 h
and a pressure of 2 bar for 2 h. Following this process,
the wood samples were rinsed with demineralized
water to remove the remaining solution and then
wrapped in aluminum foil. This process was continued
by heating the wood samples at 65°C for 12 h for
polymerization and drying at 105°C for 48 h until
reaching a constant weight.

2.2.4. Physical Property Test

After the impregnation process, the wood's physical
properties including weight percent gain (WPG), anti-
swelling efficiency (ASE), water uptake (WU), bulking
effect (BE), and density (p) were evaluated using Eq.
2-6.

WPG (%) = [(Wy — Wp)/Wp] X 100 (2
ASE (%) = [(Sy — S¢)/S,] % 100 3
WU (%) = [(W, — W;)/W;] x 100 4)
BE (%) = [(V1 — Vo)/Vo] x 100 )
p (kg/m®) =W, /v, (6)
Notes:

W, - initial mass of wood before impregnation
W; - final mass of wood after impregnation
W, - wood mass after 24 h of water soaking
S, - volume shrinkage of untreated wood

St - volume shrinkage of impregnated wood
V, - initial wood volume before impregnation
V, - final wood volume after impregnation

2.2.5. Magnetic Wood Particle Size Analyzer (PSA)

A substance containing 10 mg of synthetic
magnetite nanoparticles was dissolved in 100 mL of
demineralized water and stirred using a sonicator for 15
min. A PSA (Beckman Coulter LS 13 320 XR) was
used to measure the diameter of the magnetite
nanoparticle at a concentration of 100 ppm.

2.2.6. Scanning Electron Microscopy (SEM)-Energy
Dispersive X-Ray Spectroscopy (EDS)

The SEM Zeiss EVO10 series was utilized to
examine the morphology of the jabon wood. The wood
samples were tangentially sliced into 0.5 cm % 0.5 cm
x 0.5 cm. The process entailed laying wood samples on
a conductive adhesive, applying gold as the electrically
conductive metal, and observing at voltage of 20 kV.
The chemical contents of the treated wood were
determined by EDS analysis using ZEISS SmartEDX.

2.2.7. Fourier Transform Infrared (FTIR) Spectrometry

The wood samples were processed to a particle size
of 200 mesh and then combined with potassium
bromide (KBr) pellets at a ratio of 1:100. A resolution
of 4 cm™ was employed for 32 scans to analyze the
pellets using FTIR (Perkin Elmer Spectrum One)
within the range of 4000-400 cm™.

2.2.8. X-Ray Diffraction (XRD) Spectrometry

To evaluate the crystallinity of the wood samples
and the size of the magnetite in the treated wood, the
samples were cut using a 2-mm-thick cutter in a
tangential plane. The equipment utilized included a Cu
Ko radiation source, a graphite monochromator, with
voltage of 40 kV and current of 30 mA. The scanning
range was set at 2°/minute in the range of 20 from 5 to
90°.

2.2.9. Teslameter

Fig. 1 illustrates the wood sample for magnetic
strength measurement using this instrument. The wood
was drilled on each side with a diameter of 10 mm.
This sample was designed to explain the direction of
magnetic properties based on surface area A, section
area B, and the edges of surface area C.

Fig. 1 Schematic of wood sample preparation for magnetic property
measurements (The authors)

2.2.10. Vibrating Sample Magnetometer (VSM)

The other parameters of the magnetic wood
evaluated in this study were saturation magnetization
(Ms), retentivity (Mr), and coercivity (Hc). These
magnetic properties were determined by characterizing
the wood samples using a VSM Dexing Type 250.
Hysteresis loops were generated in an external
magnetic field ranging from 100 Oe to 21 kOe at 298-
773 K. The longitudinal cross-sectional dimensions of
the samples were 3.5 mm % 3.5 mm x 1 mm.
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2.2.11. Vector Network Analyzer (VNA)

The microwave absorption of the wood was
conducted using a vector network analyzer (VNA)
Advatest-R3370 (Fig. 2). The frequency range was 8-
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Fig. 2 Size distribution of magnetite nanoparticles synthesized by the coprecipitation method using (a) a strong base precursor and (b) a weak
base precursor (The authors)

2.3. Data Analysis

IBM SPSS Statistics 25 (Statistical Package for the
Service Solutions) used a completely randomized
design to analyze the results. ANOVA, with Duncan's
level of accuracy set at 0.05, was implemented in this
study. The analysis was supported by the use of the
Origin 8.5 software to process characterization data.

3. Results and Discussion

3.1. Characteristics of Magnetite Nanoparticles

In the synthesis of magnetite nanoparticles, strong
base NaOH (MG-SB) and weak base NH,OH (MG-
WB) were used as precursors, and EDTA was used as a
coating agent. The choice of EDTA was based on its
capacity to control the growth of the magnetite core,
resulting in smaller and more uniformly shaped
magnetite particles [8]. EDTA is believed to improve
the stability of magnetite nanoparticles, reduce its
activation energy during particle-forming reactions,
which promote nucleation, and produce nanosized
materials with high absorption capacity and surface
area [12]. To verify these statements, PSA was
performed to determine the particle size of individual
magnetite nanoparticles produced using strong and
weak base precursors. This analysis provided various
particle size distribution data (Fig. 2).

The distribution of particle size for magnetite
nanoparticles synthesized using a strong base NaOH
precursor was found to range from 10 to 490 nm, with
a corresponding average size of 103 nm and highest
intensity observed at 84 nm. In contrast, magnetite
nanoparticles synthesized with a weak base precursor
exhibited a particle range of 13 to 344 nm, with a
highest intensity of 94 nm and average size of 98 nm.
As a result, synthetic magnetite nanoparticles can be
considered as nanoparticles, particularly when the
particle size is within the range of 1 to 100 nm and the
crystal size approaches [13]. In agreement with

Peternele et al. [10], magnetite nanoparticles
synthesized with a weak base precursor exhibit a more
uniform particle distribution range and smaller average
particle size than those synthesized with a strong base
precursor.

3.2. Physical Properties of Magnetic Wood

The findings are presented in Table 1, with
untreated wood serving as the control comparison. The
highest WPG in the MG-SB wood samples was
attained with the 2.5% MG-SB. Although there was a
slight increase in the WPG of treated wood, it is
significantly different from that of untreated wood.
This also means that the concentration of the solution is
not necessarily proportional to the magnetite content in
the impregnated jabon wood. This is caused by the
residual nature of the strong base NaOH. In this case,
residual hydroxyl ions can improve the solubility of
magnetite in water by forming hydrogen bonds, but
residues of sodium metal ions at higher concentration
levels cause their solubility to reduce [11]. Conversely,
the highest WPG in the MG-WB wood samples was
attained by the MG-WB 5% solution, implying that the
concentration of the solution was directly proportional
to the amount of magnetite nanoparticles impregnated
into the jabon wood.

Table 1 Physical properties of impregnated jabon wood (The
authors)

Treatment Density (g/cm®)  WPG (%) BE (%) WU (%) ASE (%)

0.00£0.00% 0.00+0.00* 138.99+8.52° 0.00+0.00*
3.22+0.85°
3.64+0.98°
3.40£0.25¢

1.75+0.48°

0.32+0.01°
0.33+0.01°
0.33+0.01°
0.33+0.01°
0.33+0.01°
0.33£0.01° 7.41£0.46°  2.28+0.73°
MG-WB 5% 0.33+0.01° 7.78+0.63°  3.35+0.97°

Untreated
MG-SB 1%
MG-SB 2.5%
MG-SB 5%
MG-WB 1%
MG-WB 2.5%

55.77+8.28°
61.03+3.56°
58.17+6.21°
45.28+9.38°
46.35+8.35"
54.52+7.13°

105.49+2.54%
96.28+3.03¢
105.40+9.35%
120.19+7.40°
114.22+8.97%
110.05+0.63°

7.49+0.49°
8.85+0.59¢
7.62+0.44°
5.93+0.27

&4 gignificance based on Duncan’s test
MG-SB - magnetite synthesized using a NaOH precursor
MG-WB - magnetite synthesized using a NH,OH precursor

Wood impregnation using nanomaterials not only
increases the WPG, but it also enhances the bulking of
the lumen cell, which has an effect on the swelling of
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the wood cell wall. This is demonstrated by the number
of BEs observed in jabon wood after impregnation. As
a result, the ASE is increased because magnetite
nanoparticles are embedded and cross-linked with the
cell wall polymers, thereby preventing wood shrinkage
activity [3]. Therefore, it prevents its long-term water
sorption behavior considering that the WU of both
types of magnetic wood shows a downward trend in
contrast with the WPG and BE and makes the wood
more dimensionally stable and protected from
deterioration.

Nevertheless, the incorporation of magnetite
nanoparticles in different concentrations resulted in a
consistent increase in wood density across all
treatments. This contradicts the findings of Fadia et al.
[6], which demonstrated an increase in wood density
upon the addition of magnetite concentrations. It is
speculated that excessive accumulation of magnetite
nanoparticles in certain areas of the wood results in
aspirated bordered pits, which obstruct the wood
cavities and hinder the compaction of magnetic wood.
This is not surprising given that the pore diameter of
jabon wood ranges from 130 to 220 pm [14].
Nonetheless, based on the analysis and statistical tests,
the most effective treatments for improving the
physical properties of jabon wood are the MG-SB 2.5%

and MG-WB 5% wood.

3.3. Microstructure of Magnetic Wood

The wood characteristic tests were carried out on
each wood sample at the highest concentration, 5%.
The notion that magnetite nanoparticles occupied the
wood pores was corroborated by the visual
transformation of jabon wood to a darker hue, as
evidenced in Fig. 3. The untreated wood did not show
any discoloration because no chemicals other than
water were applied (Fig. 3a). Different effects occur for
the MG-SB and MG-WB wood. After adding magnetite
nanoparticles to the solution, hydrogen bonding and
van der Waals’s force dominate in binding the
magnetite nanoparticles and lignin components inside
the wood cell wall [15]. It was allegedly due to the
increase in heating temperature, which impacted
polymerization and led to the gradual degradation of
hemicellulose [16]. MG-SB wood has a darker color
than MG-WB wood, which is associated with a higher
WPG. The magnetic wood was subjected to in-depth
investigations, which were carried out using an SEM at
different magnifications, as depicted in Fig. 3. The
presence of magnetite nanoparticles in the magnetic
wood is evidenced by the yellow color.

Fig. 3 Morphology of jabon wood: (a) untreated wood, (b) 100x untreated wood, (¢) 250x untreated wood, (d) 550x untreated wood, (¢) MG-
SB, (f) 100x MG-SB, (g) 250x MG-SB, (h) 550x MG-SB, (i) MG-WB, (j) 100x MG-WB, (k) 250x MG-WB, and (1) 550x MG-WB (The
authors)

Fig. 3b-d show the absence of magnetite
nanoparticles deposited and filled in the wood lumens
of the untreated wood. On the other hand, some
magnetite nanoparticles were found in the wood
vessels, fibers, dots, and cell walls of the MG-SB (Fig.
13f-h) and MG-WB (Fig. 3j-1) wood samples. This
justifies the statement that magnetite nanoparticles act
as bulking agents and increase wood density, so they
have a positive effect on wood dimensional stability.
Given the nanometer scale of the particles, there is a

strong likelihood that they will effectively penetrate
and fill the wood's cavities [17]. To support the SEM
analysis, the chemical components responsible for the
formation of magnetic wood are presented in the EDS
results (Table 2).

Table 2 Chemical components of magnetic wood (The authors)

Wood Sample  Fe (wt. %) O (wt. %) C (wt. %)
MG-SB 5% 1.7 46.4 51.9
MG-WB 5% 2.6 47.2 50.2

MG-SB - magnetite synthesized using a NaOH precursor
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MG-WB - magnetite synthesized using a NH4OH precursor

Based on Table 2, the MG-WB 5% wood had a
higher Fe content than the MG-SB 5% wood. This
result contradicts Rahayu et al. [18], who concluded
that the utilization of a NaOH precursor resulted in the
production of a greater quantity of magnetite
nanoparticles that were embedded within the wood cell
wall. This process also generated residual sodium metal
ions, which led to a reduction in the solubility of the
magnetite  nanoparticles and resulted in an
inhomogeneous composition. This prevented the
magnetite nanoparticles from penetrating the wood
cavities [11]. Moreover, the WPG of MG-WB 5%
wood was higher than that of MG-SB 5% wood
because more magnetite nanoparticles were deposited
in the interior of the MG-WB 5% wood. Magnetite
nanoparticles that infiltrate wood prevent the wood-
water interaction and improve the wood's physical
properties [5].

3.4. Chemical Analysis of Magnetic Wood

The outputs produced from this instrument are
spectra showing the functional groups that can be
investigated in the materials (Fig. 4). Coates [19]
detected a functional group in untreated wood, such as
the absorption bands at 626 cm™ which is known as the
tendency of the C-H functional groups. This functional
group was found in the lignin aromatic framework.
Another peak also recognized as the C-H stretching at a
wavenumber of 2909 cm™ represented cellulose and
hemicellulose of jabon wood. The finding of the C-O
group at 1050 cm™ is associated with the hemicellulose
chain of jabon wood [20]. The presence of a C=C
functional group at 1653 cm™ also appeared in the
untreated wood. At the same time, the O-H peak was
identified at 3426 cm™ also indicating the presence of
cellulose in jabon wood.

c=C Fe-{?

Transmittance (%)

1653 | '
[

1050

2909 C-H aromatik

34267

T T T T T ' T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Fig. 4 FTIR spectra of (a) untreated wood, (b) MG-SB 5%, and (c)
MG-WB 5% (The authors)

All the functional groups that were discovered in the
untreated wood were also present in the MG-SB 5%

and MG-WB 5% magnetic wood. The inclusion of
magnetite nanoparticle concentration in MG-SB 5%
and MG-WB 5% demonstrated the absence of C-H
functional groups in the aromatic chains. It is widely
held that magnetic nanoparticles encompass the
surfaces of cellulose, hemicellulose, and lignin, which
constitute the primary polymers comprising the
structure of jabon wood [21]. This has an impact on the
infrared radiation that is blocked by magnetite
nanoparticles, causing the C-H intensity to decrease.
The results of this study also revealed that magnetite
nanoparticles are only used to bulk up wood pores [1].
To prove this statement, a new peak emerged in the
MG-SB 5% and MG-WB 5% magnetic wood, which
indicated successful bond formation between the wood
polymer and magnetite nanoparticles, consecutively at
wavenumbers of 556 and 578 cm™.

3.5. Magnetic Wood Crystallinity

The XRD analysis results for the jabon wood are
shown in Fig. 5. The diffractogram of the untreated
wood samples exhibits several peaks indicating the
cellulose structure of jabon wood, precisely at 20 =
15.30°, 21.971°, and 34.1°. Similarly, the 5% wood in
the MG-SB sample exhibited the characteristic peaks
of cellulose structure at 20 = 15.49°, 21.96°, and 33.93°.
Meanwhile, the 5% wood in the MG-WB sample
displayed the peaks at 20 = 15.11°, 21.71°, and
33.98°. These peaks are identified as crystal planes of
lozo, lo12, and lyz;, confirmed by the JCPDS standard of
the cellulose diffractogram No. 03-0226. The crystal
lattices in these peaks, as observed by Osman et al. [22],
remained the same even when compared to the control
sample. The intensity of I3 was weakened in the MG-
SB 5% and MG-WB 5% samples, which were thought
to be damaged by the magnetic treatment [3]. Despite
this, the impregnation treatment did not significantly
alter the cellulose crystalline structure, which is the
main constituent of jabon wood.

Intensity (a.u)

2 theta (degree)

Fig. 5 Diffractograms of (a) untreated, (b) MG-SB 5%, and (c) MG-
WB 5% wood (The authors)
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Fig. 5 also reveals some new peaks in the MG-SB
5% and MG-WB 5% treated jabon wood. The appeared
peaks include 260 = 35.14°, 44.56°, 56.13°, 62.43°, and
75.05° detected in the MG-SB 5% wood, as well as the
diffractogram of the MG-WB 5% wood also shows 20
= 35,60°, 43.23°, 57.24°, 62.88°, and 74.85°. These
peaks belong to the crystal planes of 131, ligo, 1511, 40,
and lgp, which justifies the existence of magnetite
nanoparticles based on the JCPDS standard comparison
of magnetite diffractogram No. 19-0629.

The diffractogram displayed in Fig. 5 was also used
to measure the degree of crystallinity and magnetite
crystallite size, as reported in Table 3. The modification
of the cellulose structure in the amorphous phase
during impregnation and the accumulation of inorganic
particles, specifically magnetite nanoparticles that form
on the surface of the cellulose, result in an increase in
crystallinity and crystallite size [23]. It is believed that
the magnetite nanoparticles interact with wood
polymers and weaken the hydrogen bonds between
them. The solution is thought to break the pyranose
ring and depolymerize the crystal structure of cellulose
[4]. Thus, the amorphous area of wood polymers can be
replaced with crystalline magnetite nanoparticles,
which exhibit higher crystallinity, as shown in Table 2.
An improvement in the crystallinity of wood cellulose
typically correlates with a rise in the mechanical
strength of the wood [24].

Table 3 Jabon wood crystallinity and magnetite crystal size (The

authors)
Treatments  Degree of Crystallinity ~ Magnetite Crystal
(%) Size (nm)
Untreated 60.43 -
MG-SB5%  70.16 26.13

MG-WB 5% 69.97 29.77
MG-SB - magnetite synthesized using a NaOH precursor
MG-WB - magnetite synthesized using a NH,OH precursor

The magnetite crystal size was measured using the

Scherrer equation (Eq. 7).
K 2

b= B cos 6 (7)

This equation describes the relationship between the
crystal size (D) and the widening of the diffraction
peak (B), which is known as the full width at half
maximum (FWHM) of the peak. The X-ray’s
wavelength (0.15418 nm) is denoted by A. K is the
Scherrer constant (0.89), and 6 is the Bragg diffraction
angle [23]. The results indicate that the magnetite
crystal size measured inside the jabon wood was
smaller than the initial magnetite size before the
impregnation treatment was conducted. This was due to
previously conducted sonication, which can reduce the
magnetite particle size [25].

3.6. Teslameter

The magnetic strengths of the impregnated jabon
wood are showcased in Table 4, as recorded by the
Teslameter instrument. The results show a significant

improvement compared with untreated wood.
Untreated wood exhibits zero magnetic strength as it is
a diamagnetic material. However, when jabon wood is
impregnated with magnetite nanoparticles, its magnetic
strength increases in direct proportion to the
concentration of magnetite. These values are lower
than the magnetic strength of magnetite nanoparticles,
namely 7.5140.59 mT for the MG-SB and 8.58+0.63
mT for the MG-WB samples. This phenomenon can
occur because diamagnetic cellulose blocks the
magnetite in wood pores, thereby reducing its surface
magnetic strength [26], [27]. Thus, the optimal
treatments for attaining the highest magnetic strength
in MG-SB and MG-WB wood were 2.5% and 5%
concentrations, respectively.

Table 4 Magnetic strength of jabon wood after impregnation
treatment, evaluated using a Teslameter (The authors)

Treatment Magnetic Strength (mT)
Untreated 0.00+0.00%
MG-SB 1% 0.34+0.01°
MG-SB 2.5%  0.4420.06°
MG-SB 5% 0.36+0.01°
MG-WB 1%  0.66+0.05¢
MG-WB 2.5%  0.814+0.06°
MG-WB 5%  0.91+0.11

T Significance based on Duncan’s test
MG-SB - magnetite synthesized using a NaOH precursor
MG-WB - magnetite synthesized using a NH4;OH precursor

The magnetic strength obtained from this
instrument is closely related to the WPG of the
magnetic wood, which represents the number of
magnetite nanoparticles penetrating the jabon wood, as
shown in Fig. 6, although it has a different range of
magnetic  strength values. The coefficient of
determination is close to 1. This outcome aligns with
those by Gao et al. [26], who agreed that the more
magnetite impregnated into the wood, the greater the
magnetic force produced. Through this test, the
magnetic properties of jabon wood were confirmed by
the immobilization of magnetite nanoparticles. These
findings can serve as a basis for assessing the
feasibility of innovative materials in the fabrication of
magnetic wood. Calibration of the probe sensitivity
tensor was routinely carried out before the analysis
began to avoid inaccuracies in the magnetic strength
readings.
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Fig. 6 Correlation curves between the WPG and magnetic fields of
jabon wood impregnated with (a) MG-SB and (b) MG-WB (The
authors)
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3.7. Vibrating Sample Magnetometer (VSM)

Fig. 7 represents the hysteresis loops of the
magnetic wood prepared using synthetic magnetic
nanoparticles. The presence of strong base (NaOH) and
weak base (NH,OH) precursors in the co-precipitation
method is a crucial factor in determining the properties
of magnetite nanoparticles. Herein, an elongated and
narrow loop was identified as the hysteresis loop of
MG-WB 5%. A different shape was observed in the
other loop, which tended to be flat, and was identified
as the loop of the MG-SB 5% wood sample. The
configuration of this loop is reminiscent of the form of
the loop observed in untreated wood, which
demonstrates diamagnetic behavior characterized by a
straight loop shape along the x-axis of the hysteresis
curve, as indicated by Moya et al. [28]. By this loop,
the value of magnetization saturation (Ms), remanence
(Mr), and coercivity (Hc) can also be measured, as
listed in Table 5.

0.08

0.06

0.04
0.02

0.00

-0.02

Magnetization (emu/g)

-0.06

-0.08 4

T ™ T T
-1 0 1

Magnetic field (Oe)

Fig. 7 Hysteresis loops of magnetic wood synthesized using NaOH
and NH4OH (The authors)

Table 5 VSM analysis of magnetic jabon wood (The authors)

Wood Sample  Ms (emu/g) Mr (emu/g) Hc (Oe)
MG-SB 5% 0.0021 1.04x10*  2.18x10°
MG-WB 5%  0.0425 1.02x10% 8.6x10°

MG-SB - magnetite synthesized using a NaOH precursor
MG-WB - magnetite synthesized using a NH,OH precursor

The MG-WB 5% exhibited higher magnetization
than the MG-SB 5%. Although weak base magnetite
nanoparticles resulted in larger particle sizes, they were
believed to break down into smaller particles upon
passing through the narrow wood pores. Moreover, the
vacuum pressure impregnation method was employed
to promote the penetration of particles into the wood at
a deeper level [29]. As a result, they distributed more
strongly and uniformly inside the jabon wood after
being impregnated into the wood. It is proven by
magnetic wood SEM-EDX results; hence, it requires
only a small external magnetic field to convert jabon
wood into magnetic wood [27]. A similar loop was also
obtained by Rahayu et al. [18] when manufacturing
magnetic wood using the same precursors. Although
the result of this study was lower, both magnetic woods

still exhibited superparamagnetic behavior. This
condition occurred because the infiltration of magnetite
nanoparticles into the wood was believed to be below
its critical diameter, which is generally within the range
of 10-30 nm. Therefore, magnetite nanoparticles can
move in a simple direction at different speeds [30]. It
has also been proved that Magnetic wood exhibits a
rapid response to applied magnetic fields and possesses
a high degree of magnetization that reaches its
saturation point with ease. Endowed with these
qualities, magnetic wood demonstrates negligible
residual magnetism and zero coercivity upon
demagnetization [31].

EDTA is very helpful in controlling the magnetite
particle size and coating its surface area. The aim is to
enhance the stability of magnetite nanoparticles and
reduce the possibility of oxidation and agglomeration
[12]. The use of EDTA in wood treatment facilitates
particle encapsulation and reduces surface energy,
thereby ensuring effective dispersion and penetration
into the wood [32]. Previous studies [3], [10] have
observed the saturation magnetization (Ms) of bulk
magnetite nanoparticles, namely 60 emu/g for
magnetite synthesized using strong base NaOH and 78
emu/g for magnetite synthesized using weak base
NH,OH. The findings of this study indicate that the
magnetic properties of the magnetic wood are lower
than those of bulk magnetite due to the presence of
magnetite nanoparticles, which have ferromagnetic
characteristics but are coated with wood cellulose,
which has diamagnetic properties. This results in a
negative impact on its magnetic performance [27].
Additionally, the synthesis using NaOH precursor
resulted in smaller magnetite nanoparticles, but this
does not preclude the possibility of them agglomerating
with other particles and forming larger ones [10].
Consequently, the MG-SB 5% was more difficult to
magnetize than the MG-WB 5% due to its lower Ms
value, which makes it more challenging to magnetize.
Nevertheless, the wood sample was able to
accommodate a small external magnetic field.

The results revealed a higher remanence and
coercivity in the MG-WB 5% wood sample (Table 5).
It was hypothesized that a greater number of magnetite
nanoparticles had penetrated and cross-linked with the
components of the wood cell wall. The particle size and
crystallites of the material play a crucial role in
determining its saturation magnetization. Its high
density leads to a material with numerous crystals,
resulting in extensive magnetic regions. Moreover, the
magnetite nanoparticles' susceptibility to air exposure
could contribute to oxidation and corrosion [3]. Perfect
correlation between WPG and Ms is shown in Fig. 8.
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Fig. 8 Correlation between saturation magnetization and WPG of
magnetic wood (The authors)

3.8. VNA

The wave-like behavior is produced by a pair of
EMWSs spreading in the air medium and a
perpendicular electric field that charges them [33]. The
scattering parameter (S-parameter) used in this test was
Si1. The frequency range of 8-12 was used to obtain
the reflection loss (R.) and absorption properties of
magnetic wood. According to Johan et al. [34],
Equations 8-11 were used to calculate the EMW
absorption of magnetic wood:

Z = [t tanh]j (20) i ©®)
Zin—Zo

r|= ZinsZe ©)

Reflection Loss (dB) = 20 log || (10)

EMW absorption (%) = (1 —T?)x100% (11)
where Zj, is the material’s impedance input, Z, is the
impedance value under vacuum conditions, . and p_
respectively represent the relative permittivity and
permeability of the medium, f is the microwave
frequency, d is the thickness of the absorber, c is the
light speed, and |I"| is the wave reflection coefficient.

The R_ results for magnetic wood under various
transmission parameters are depicted in Fig. 9.
Untreated wood displays the reflection parameter Sy
value of zero for frequencies ranging from 8 to 12. This
is due to the absence of magnetite nanoparticles in the
wood, resulting in the absence of EMW absorption by
the sample. Another condition experienced by the MG-
SB 5% and MG-WB 5%. At a frequency of 8.00 GHz,
the MG-SB 5% has an R, value of -12.77 dB, whereas
the R, value of the MG-WB 5% is -13.52 dB at a
frequency of 8.28 GHz. The results indicate that the
MG-WB 5% demonstrated a greater capacity for
absorbing higher EMW, surpassing the MG-SB 5%
with an absorption rate of 95.55%. In contrast, the MG-
SB 5% showed an absorption rate of 94.71%. The
reduced values of R,, frequency, and absorption
capacity of the MG-SB 5% wood are attributed to the
absence of a dielectric material, resulting in a weak

capacity for EMW pollution absorption. Various
attributes, including shape, properties, and size,
influence the increase in R_ and frequency. These
factors encompass the wood's microstructure, the
interaction between the wood and water molecules,
dielectric behavior, material thickness (film viscosity),
magnetic permeability index, and complex permittivity
[35]. The detailed results are listed in Table 6.
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Fig. 9 Relation between reflection loss and frequency of the
magnetic wood sample (The authors)

Table 6 VNA results for magnetic jabon wood (The authors)

Treatments Reflection Frequency  Absorption
Loss (dB) (GHz) (%)
Untreated 0.00 8.00 0.00
MG-SB 5% -12.77 8.00 94.71
MG-WB5%  -13.52 8.28 95.55

MG-SB - magnetite synthesized using a NaOH precursor
MG-WB - magnetite synthesized using a NH,OH precursor

The use of the weak base NH4OH precursor helped
to level out the size of the magnetite nanoparticles and
facilitated their crystallization, thereby increasing the
absorbance capacity of magnetic wood [10]. The lower
EMW absorption in the MG-SB 5% wood is also
reportedly due to the cracks and breakage of the coated
magnetite surface by EDTA, which reduces the
ferrimagnetic phase of the magnetite nanoparticles and
makes them more likely to aggregate in the wood pores.
This finding is consistent with the results of the VSM
and Tesla meter analyses, which showed that the MG-
WB 5% wood has higher magnetic properties. The
conductivity and electrical polarization of magnetic
wood when exposed to a magnetic fluid are also
influenced by the chemical components of the wood,
which can cause variations in its magnetic properties.
Magnetic wood is highly sought after for use in
electronic devices such as inductors, transformers,
sensors, and electromagnetic interference (EMI)
suppressors, among other components, due to the
foregoing properties. These properties, together with its
initial permeability, flux density, Curie temperature,
and low power loss, are crucial factors in determining
its suitability for these applications.
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4. Conclusion

Magnetic wood was effectively prepared through
the impregnation treatment of magnetite nanoparticles
that were synthesized using strong base NaOH and
weak base NH4OH as precursors. The average particle
sizes produced were 103 and 98 nm, respectively. The
enhancement of the physical properties of jabon wood
by various parameters with increasing nanoparticle
concentration was demonstrated through indicators
such as WPG, BE, ASE, WU, and wood density. The
SEM-EDX analysis revealed magnetite nanoparticles
in jabon wood cavities. According to the XRD spectra,
the crystallinity of cellulose was also improved,
followed by the appearance of new peaks in FTIR that
suggest the Fe-O functional group. Excellent magnetic
properties were also demonstrated using the three
analysis instruments: the Tesla meter, VSM, and VNA.
The MG-SB 5% wood absorbed EMWs at a rate of up
to 94.71%, while the MG-WB 5% wood absorbed these
waves at a rate of 95.55%. It can be inferred that the
most effective treatments for converting jabon wood
into high-quality magnetic wood are MG-SB 5% and
MG-WB 5%. In addition, it is expected that magnetic
jabon wood may possess additional functions beyond
its capacity as a lightweight construction material,
specifically as an EMW-absorbing substance.
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