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Abstract. This study has the main objective to synthesize in situs Fe;0,4 nanoparticles (NPs) in fiber par-
ticles of three tropical wood (Pinus oocarpa, Vochysia guatemalensis, and Vochysia ferruginea) using two
different solutions of Fe*™ and Fe*" in an aqueous ammonia solution. The magnetic properties were mea-
sured by determining fiber particles’ Fe;O, magnetization parameters (coercivity, remanence, and satura-
tion magnetization). The Fourier transform IR and X-ray diffraction spectra were also obtained. After the
magnetic wood particleboard (MWPC) was fabricated with 100% magnetic particles (MWPC-100) and a
superficial layer magnetized with fiber (MWPC-layer), their physical, mechanics, and magnetic properties
were compared. The results showed that Fe;0, NPs content was similar in two Vochyseas species but
higher than Pinus oocarpa. Ash content was similar in the three species. It was difficult to demonstrate the
presence of Fe;O4 NPs in the FT-IR spectrum. The diameter of NPs varied from 51 to 68 nm and the satu-
ration magnetization parameters were low, but these values were higher in Pinus oocarpa. MWPC showed
that the use of NPs decreases the density of Pinus oocarpa but increases the density of the Vochyseas
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species. Swelling and moisture absorption increased in the MWPC-100 of Pinus oocarpa and Vochysia
guatemalensis but decreased in Vochysia guatemalensis composite. The internal bond decreased in
MWPC-100, but not in the MWPC layer. Hardness increased in the MWPC layer in Pinus oocarpa, but
not in MWPC-100, and this property increased in MWPC-100 and the MWPC layer fabricated with

Vochysia ferruginea and Vochysia guatemalensis.

Keywords:
wood modification, applied magnetics.

INTRODUCTION

The increasing use of electronic and wireless
devices in people’s daily lives, such as mobile
phones, wireless networks, and home robots, are
increasingly generating electromagnetic waves,
affecting health in an unprecedented way (Oka et al
2012; Lou et al 2018a). Due to this situation, there
is a need to reduce the source of unwanted radia-
tion or reduce its impact on the surrounding area
(Oka et al 2012). Several recent works of research
have been carried out on the development of materi-
als that are lightweight, which have low thicknesses
with the ability to reduce or block electromagnetic
waves (Lou et al 2018b; Lv et al 2018).

The combination of magnetic materials with light-
weight dielectric materials has been studied, taking
advantage of the synergistic effect between the two
components (Liu et al 2012; Zheng et al 2014).
Among these materials, modified wood has been
studied as a material that blocks magnetic waves,
which is a renewable and naturally degradable
material, highly attractive as a biologically based
composite material (Oka et al 2007, 2009; Rahayu
et al 2022). The Oka group (Oka et al 2002), more
than two decades ago, experimented with wood as
a material that blocks electromagnetic waves by
proposing the impregnation of magnetic powder
inside the wood (Oka et al 2002, 2004a).

Nowadays, three different methods of fabrication
of magnetic wood composites have been studied:
impregnation of nanoparticles (NPs) of iron in
combination with different solvents (Oka et al
2009), powder-type made of magnetic and wood
materials, mixed with resins and then pressed
under temperature (Oka et al 2007) and wood
coatings with magnetic substances (Oka et al
2004b). Among the different methods studied, the
impregnation of pretreated wood in a mixed

Wood composites, wood-based magnetic composites, magnetic properties, tropical wood,

solution with ferrite NPs as Fe;O, (Gan et al
2016), CoFe,O,4 (Gan et al 2017a), and MnFe,O,
(Wang et al 2017) are the methods that stand out.
This synthesis of the magnetic material within the
wood occurs by in situ coprecipitation of the fer-
rite NPs through a chemical reaction of two
sources of Fe’ " and Fe?* in an aqueous solution,
followed by impregnation with an ammonia solu-
tion, all this under a vacuum-pressure process
(Dong et al 2016; Lou et al 2018a; Mashkour and
Ranjbar 2018).

However, wood can come in different forms,
from solid wood, through veneers, to particles,
and each form will have a different performance/
efficiency in the impregnation of Fe’>" and Fe*"
sources in solution. For shielding or deviating
direct magnetic fields, the magnetic susceptibility
is the magnetic property that defines the effi-
ciency of the material, and it can be calculated or
obtained by the hysteresis loop. When recounting
the different ways in which wood has been inves-
tigated, the wood solid shape has had the greatest
interest and has been investigated in different spe-
cies, such as Scots pine (Garskaite et al 2021),
Populus tormentosa (Dong et al 2015), fir woods
(Gao et al 2012), Picea abies, Fagus sylvatica
(Oka et al 2004a; Dong et al 2015), and poplar
wood (Gan et al 2017a). In wood shavings, poplar
wood (Mashkour and Ranjbar 2018) and Populus
deltoides (Mashkour and Ranjbar 2018) have
been investigated. Sawdust was magnetized in fir
wood and cedar wood (Oka et al 2004a; Lou et al
2019b) and wood in the shade of flours or veneer
was tested in two species of Populus (Mashkour
and Ranjbar 2018; Lou et al 2019b). The wood
fiber shape, flour or veneer, was poorly investi-
gated, although Populus spp. and cedar wood
reported magnetic properties (Trey et al 2014;
Dong et al 2015).
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The shape of the wood will determine the degree
of penetration of the solution in the liquid state
(Bolton and Humphrey 1994). Therefore, a solu-
tion from a ferrous source, for the in situ forma-
tion of NPs, will also depend on the shape of
the wood. For example, in the case of solid wood
the penetration depends on the permeability of the
wood, in the case of veneer the permeability is
less important, since, in general, the thicknesses
are not greater than 3mm; and in the case of
shaped wood particle, the thickness is small and
the dimensions are big enough to have a greater
contact surface between the wood and the iron
solutions (Bolton and Humphrey 1994). Thus, it
is necessary to investigate different forms of
wood for different species.

Another important aspect of the technique of
magnetizing the wood in situ, in addition to the
shape of the wood, is the species; this method has
been applied to different species, such as the
genus Populus, Picea abies, poplar and fir woods,
Scots pine, Fagus sylvatica, and cedar sapwood
(Oka et al 2004a; Gao et al 2012; Dong et al
2015; Gan et al 2017a; Mashkour and Ranjbar
2018; Lou et al 2019b; Garskaite et al 2021).
These studies have been limited to species of tem-
perate climate.

Recently, Moya et al (2022) carried out the first
investigations in tropical woods, applying the
in-situ method with good results of coercivity
(Hc), retentivity (Mr), and saturation magnetization
(Ms) in two different species. They concluded that
the use of the method of in situ synthesis of the
magnetic material within the wood is appropriate.
However, the amount of NPs added is not adequate
to achieve high values of Hc, Mr, and Ms. Several
authors point out the weaknesses of this method,
which can be applied to the results obtained in
tropical woods. Lou et al (2019b) and Trey et al
(2014) pointed out that the dipolar forces between
the impregnated particles easily add to each other
forming conglomerates, affecting the uniformity of
the particle deposition in different parts of the mag-
netic wood. Also, Lou et al (2019b) and Trey et al
(2014) argued that indeed the magnetic particles
mixed with polymers and wood in large quantities
lead to brittle compounds, a situation that restricts
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the adequate application of the particles in the
wood in situs.

Other studies (Oka et al 2007; Lou et al 2018b)
have described the in situ method as the one that
uses immersion impregnation of solid wood or
veneer although without the vacuum pressure.
Therefore, the impregnation is superficial. Oka
et al (2007) noted that low values of Hc, Mr, and
Ms in solid wood or veneer are due to the superfi-
cial impregnation as it is not possible to control
the shape and size of the surface. The process is
not feasible and the magnetic particles cannot be
deposited properly. Another cause of low values
of magnetization parameters is that the surface of
the wood is rich in hydroxyl groups, which are
electronegative in aqueous solutions, so they are
not attractive for assembling layers of NPs on the
surface (Tang and Fu 2020). Rao et al (2016) and
Renneckar and Zhou (2009), demonstrated that
impregnation of wood superficially through the
union of polyelectrolytes. However, despite these
important advances, the manufacture of magnetic
fiber boards by chemical surface coprecipitation,
together with the investigation of the properties of
magnetic field-blocking of the wood, is limited
(Bolton and Humphrey 1994; Dong et al 2015;
Lou et al 2018a).

Magnetizing the particles of wood has the advan-
tage of, as we have indicated, a greater contact
area (Bolton and Humphrey 1994). Therefore this
would be one more option to increase the mag-
netic properties of tropical woods.

On the other hand, reforestation programs for
wood production have been implemented with
fast-growing hardwoods using a wide variety of
species (Tenorio et al 2016). Recently different
methods to improve wood properties such as
dimensional stability, MC, biodeterioration, and
durability, have been investigated, among which
mineralization, acetylation, furfurylation, and densi-
fication modification have been achieved (Gaitan-
Alvarez et al 2020a, 2021; Moya et al 2020). In
addition, in situ magnetized wood has been previ-
ously studied in tropical woods with good results
in He, Mr, and Ms values. However, the amount
of NPs added is not adequate to achieve higher
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values of these magnetic values (Moya et al
2022).

Therefore, to produce tropical wood species with
adequate magnetic properties, this work elaborates
magnetic wood particleboards composite (MWPC)
with NPs synthesized in situ with FeCls-6H,0,
FeCl,-4H,0, as a source of Fe’" and Fe?*, using
the wood of three different tropical species from
fast-growth plantations in Costa Rica: Pinus
oocarpa, Vochysia ferruginea, and Vochysia
guatemalensis. The characterization consists of
obtaining the physical properties (density, thick-
ness, swelling, and water absorption), mechanical
properties (internal bond and hardness), chemical
properties (Fourier transform IR [FTIR] and
X-ray diffraction [XRD]), and magnetic prop-
erties (vibrating sample magnetometry [VSM])
of wood fiber particles and wood boards.

MATERIALS AND METHODS
Experimental Materials

The reagents used were iron (III) hexahydrate
(FeCl3-6H,0) =98%; iron (II) chloride tetrahy-
drate (FeCl,-4H,0) =98%; ammonium hydrox-
ide solution at 30%; and absolute ethyl alcohol
and toluene.

Sapwood particles of Pinus oocarpa, Vochysia
ferruginea, and Vochysia guatemalensis extracted
from trees from fast-growing forest plantations in
Costa Rica, which have shown good permeability
of liquids (Gaitdn-Alvarez et al 2020a), were
used. These species have shown excellent absorp-
tion of different substances by different treatments
that have been used to improve their wood prop-
erties, such as dimensional stability and resistance
to biodeterioration and fire (Gaitan-Alvarez et al
2020a, 2020b; Moya et al 2020). Likewise, the
solid wood of these three species has shown
acceptable magnetic properties when they were
copolymerized in situs with NPs of Fe;O4 using
the two solutions of Fe** and Fe?*.

Preparation Wood Particles

For the three species, all logs were first chipped and
then milled in a Nogueira DPM-2 blade-hammer
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mill using a sieve with 5 mm diameter holes. The
particles were dried to an MC of approximately
8%. Then, the particles were screened and two
sizes were selected to fabricate the composites:
1) particles between 4.9 and 3.0 mm were called
large particles and 2) particles between 2.9 and
1.5 mm were called small particles.

In-situ Precipitation

The in situs precipitation of NPs Fe;0, was car-
ried out according to Dong et al’s (2016) methods
was carried out. Firstly, the wood patticles were
pretreated: 2kg of each particle size were placed
in 20L (1) of distilled water and heated for 2 h (h),
to extract the largest amount of water-soluble
extractives. This process was repeated approxi-
mately 10 times until the water turned clear. The
particles were then dried to constant MC in an
oven at 105°C for 24 h. Then, the dried wood par-
ticles were placed with a solvent mixture of
alcohol/toluene (1:2, V/V) overnight to remove
the wood extractive compounds, such as gums,
tropolones, fats and fatty acids, and to improve
the surface affinity for the iron salts. After this
time, the alcohol was allowed to evaporate and
then the two groups of particles were dried at 4%
MC in an oven. Next, a mixture solution of
FeCl5-6H,O and FeCl,-4H,O (molar ratio of
Fe’*: Fe’™ = 2:1) was prepared and dissolved in
distilled water to form the iron precursor solution
with a concentration of 0.45mol L™ ferric chloride.
The pretreated wood particles were impregnated
in the mixture for 12h, at atmospheric pressure.
The particles were filtrated and washed several
times with distilled water to remove the residual
iron salts on the surface. Then, the particles were
dried at 65°C for 12 h and were again impregnated
in a 25% ammonia solution for 12h. Again, the
wood particles were filtrated and washed several
times with distilled water until reaching neutral
pH, and then, the particles were dried at 65°C for
24 h to reach 4% of MC.

Characterization of the Wood Particles

The Fe;04 NPs content formed and the ash con-
tent was determined for each species and each
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treatment (untreated and treated). Three samples
were taken with a size of 420 pm to 250 pm (40
and 60 mesh, respectively). The Fe;04 NPs con-
tent was measured by direct aspiration in an
atomic absorption spectrometer (AAnalyst 800,
Spectralab Scientific Inc, CA), following the
ASTM D6357-19 standard (ASTM 2021). Then,
the amount of Fe;0O, in the wood was calculated
by Eq (1). The ash content was determined accord-
ing to ASTM-D1102-84 (ASTM 2013).

mg \ _ Ash contentgmpie(%)
100
Fe;04 content gymple (Mg)
L an(g)
y 1000 ash(g),
1 an(kg)

)]

where Ash content sample: ash percentage obtained
in the laboratory.

FTIR spectroscopy. For each species, three dif-
ferent samples were obtained, for both treated and
untreated-sample particles, with a size of 420 um
to 250 pum (40 and 60 mesh, respectively) and
dried at 0% of MC (MC). FTIR spectroscopy
scanning was performed on the samples using a
Nicolet 380 FTIR spectrometer (Thermo Scien-
tific, Mundelein, IL) with a single reflecting cell
(equipped with a diamond crystal). The equip-
ment was configured to perform readings accu-
mulating 32 scans with a resolution of 1cm™',
with a background correction before each mea-
surement. The FTIR spectra obtained were pro-
cessed with Spotlight 1.5.1, HyperView 3.2, and
Spectrum 6.2.0 software developed by Perkin
Elmer Inc. (Waltham, MA). The main vibrations
where the greatest changes in the wood occurred
were identified according to Dong et al (2016),
Gao et al (2017), and Gan et al (2017a): the peak
in 1251cm™! was related to C-O stretching
vibration, the peak at 1505 cm ! was attributed to
the methylene and methyl groups in the saturated
hydrocarbons, the peak at 1601 cm ! to C=C
aromatic skeletal vibrations of lignin components,
the peak at 1739 cm ™' was assigned to the C=0

215

stretching in nonconjugated ketones and ester
groups, the peak at 2901 cm ™' corresponded to
-CH; asymmetric and the peak at 3340cm ™' the
absorption band assigned to the O-H stretching
vibration of hydroxyl groups.

X-ray diffraction. The XRD spectrum was
performed on the treated and untreated particles
of the three species. The XRD spectrum was
obtained on a PANanalytical Empyrcan Series 2
diffractometer (Malvern Panalytical Ltd, Malvern,
United Kingdom) (Cu-Ka, 6° - 40°20), in con-
junction with the PANalytical High Score Plus
software. The particles were placed in a neoprene
rectangle that was placed on a glass plate for mea-
surement. The apparatus parameters were set as
follows: Cu-Ka radiation with a graphite mono-
chromator, voltage 40kV, electric current 40 mA,
and 2 h scan range from 5° to 90° with a scanning
speed of 2° min~'. The average diameter of crys-
talline Fe;O, NPs (D) in magnetic wood was
evaluated based on its XRD pattern using the
Scherrer Eq (2) (Lin and Ho 2014).

K\

(Bcosh)’

where K is the X-ray wavelength (0.15418 nm), A
is the Scherrer constant (0.89), 8 is the peak full
width at half maximum (FWHM), and 0 is the
Bragg diffraction angle.

2

Vibrating sample magnetometry. Three sam-
ples of the treated and untreated particles of the
studied species were used. Three hundred micro-
gram of particles were pelleted to a cylindrical
shape of 5mm diameter and 5 mm length. Then,
the magnetic hysteresis loops (magnetization vs
applied magnetic field) were determined at room
temperature using a MicroSense EZ7 VSM, in an
external magnetic field from —20 to 20kOe in
2 Oe and 10 Oe steps at a low magnetic field, and
in 100 and 500 Oe steps at higher fields, and an
average time of 100ms (Fig 1[a]). The Ms, Hc,
and remanence (Mr) were extracted from the hyster-
esis loops. To evaluate the stability of the magnetic
property in the acid environment, acid resistance
tests were conducted by immersing the specimens
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Figure 1.
during heating in the particleboards fabrication (c).

in 4% hydrochloric acid solution for 7 d. Then, the
magnetic property was evaluated by VSM.

Preparation of MWPC

Three treatments of MWPC were fabricated with
12 mm thickness of the three species: 1) particle-
boards with untreated wood particles, 2) particle-
boards with 100% magnetic wood particles
(MWPC-100), and 3) particleboards with two
layers, one layer of 10 mm thickness with parti-
cles untreated and an external layer of 2mm
thickness with magnetic wood particles or treated
(MWPC-layer). For the construction of MWPC, a
small metal rack was built to make the specimens
(Fig 1[b]), according to the methodology used by
Moya-Roque et al (2014): 21 specimens for treat-
ment were fabricated, for a total of 63 specimens
per species. The fabrication of specimens was cir-
cular, with dimensions of 53 mm in diameter and
12 mm in thickness. The rack consisted of a 5cm
diameter metal pipe, 7cm long with a plug at

Vibrating sample magnetometer and location of composite sample (a), metal rack utilized (b), and press application

each end introduced at a 2.9 cm depth as blocks,
leaving a 12mm gap in the middle that corre-
sponds to the thickness of the test specimen. The
particleboards specimen was fabricated at a den-
sity of approximately 0.70 g cm > and was made
up of 90% coarse chips (4.9 to 3.0mm) and 10%
thin chips (2.9 to 1.5 mm). The particles were uni-
formly mixed and glued with urea formaldehyde
in 10% proportion (weight/weight). Once the
mixture was made, the rack was carefully filled
and pressed until they filled up the 12mm gap
in the middle with the help of a manual press
(Fig 1[c]), after which the semipressed tubes were
transferred to a heat press for hot pressing. Using
a pressure of 35 MPa at a temperature of 120°C
for 30 min. Lastly, the samples were left for a
24 h room-temperature-conditioning period.

Physical Properties

The following physical properties of MWPC speci-
mens were determined: density, thickness swelling,
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and water and moisture absorption. The density
was measured in all the specimens made in the
three species; this was obtained by measuring vol-
ume and weight (weight/volume). To determine
the thickness swelling and moisture absorption,
five MWPC specimens in each treatment were
conditioned and weighed at 12% EMC, and then
conditioned for 3-4 wk at 18% EMC. After condi-
tioning, the samples were weighed and measured
again. This procedure was based on the ASTM
D4933-99 norm (ASTM 1999) but modified to the
conditions in Costa Rica, where environmental
moisture conditions are around 18%. The thickness
swelling was calculated using Eq 3. Moisture
absorption was determined through Eq 4 by obtain-
ing the percentage weight gain from 12% to 18%
of MC with respect to dry weight. The difference
between both moisture measurements (12% and
18%) represented the sample moisture absorption

(Eq 5).
Swelling(mm)
measurement 12% (mm)

—measurement 18% (mm)
measurement 12% (mm)

= (g) X100 (3)

Moisture contentyc

_ VveightMC (g) B Weightovenfdried (g)

’ X100
Welghtovenfdried (g )

“4)

Moisture absorption = Moisture content,qq,

—Moisture content,,q,

&)

For water absorption, another five MWPC speci-
mens for each species/treatment previously weighed
were immersed in water for 24 h. After this period,
the samples were again weighed, and weight gain
or water absorption was determined following Eq 5,
according to ASTM D4446-13 (ASTM 1985).

Mechanical Properties

Mechanical properties tested were Janka hardness
and internal bond. Janka hardness was determined
for eight MWPC specimens per treatment in each
species, according to ASTM D143-14 (ASTM
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1999). The internal bond test was performed in
accordance with the ASTM D1037-12 (ASTM
1999) standard, using another eight specimens per
treatment in each species. All mechanical tests
were performed on a Tinius Olsen H10KT uni-
versal testing machine.

Statistical Analysis

First, the normality and homogeneity of the data
and the elimination of strange data or “outliers”
of the variables evaluated were checked. Then a
descriptive analysis was made, determining the
average, standard deviation, and coefficient of
variation for each variable studied. Then, analysis
of variance was applied to determine the differ-
ences in the three treatments, where this repre-
sents the independent variable of the model and
the measured variables as the dependent variables.
Tukey’s test was used to determine the statistical
significance of the difference between the means
of the variables.

RESULTS AND DISCUSSION
Fe304 and Ash Content

The Fe;O4 content of MWPC varied between
176.26 and 466.307mg kg '. The composites
fabricated with three species were statistically dif-
ferent from untreated wood. The two Vochysias
species have similar Fe;O, content (Fig 2[a]), but
Pinus oocarpa has the statistically lowest values
of the three species. Ash values varied between
0.26% and 2.76% for untreated wood and
between 3.28% and 4.86% for MWPC, with sta-
tistical differences observed in all species between
untreated and MWPC (Fig 2[b]).

The retention of Fe;O4 NPs, measured by Fe;O,
content in ash, was variable in the three different
tropical species. This variability is attributed to
the fact that the species present different perme-
ability to the flow of liquids within the wood
(Thomas 1976). Moya et al (2022) explained that
the anatomical structures of the three species used
are different and that the species Vochysia guate-
malensis and Vochysia ferruginea have anatomi-
cal elements that are more appropriate for fluid
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Figure 2. Fe;04 (a) and Ash (b) content of magnetic wood particleboards composite (MWPC) of three tropical species from
fast-growth plantations in Costa Rica. Note: Uppercase letters mean statistical differences between treatments at 95%

significance.

flow. Thus, these two species achieve greater pre-
cipitation of the Fe;O4 NPs compared with Pinus
oocarpa wood.

On the other hand, regarding the Fe;O, content
comparison of the three species with solid wood
using the same in situ synthesis systems (Moya
et al 2022), it was observed that the Fe;O4 content
in Pinus oocarpa average was 817.19mg kg™ ', it
ranged from 1600 to 4298 mg kg™ ' in Vochysia
ferruginea and the average is 1907 mg kg~ ' in
Vochysia guatemalensis and the ash content
values were from 3.5% to 4.11% for Pinus
oocarpa, between 9.47% and 10.40% for Vochy-
sia ferruginea, and between 6.51% and 7.85% for
Vochysia guatemalensis in solid wood (Moya et al
2022). These value ranges of Fe;O4 and ash con-
tent in solid wood are higher than the values
obtained when the wood was magnetized in fiber
shape (Fig 2[b]). Therefore, although the forma-
tion of NPs was evident, it was lower than when
it came to magnetizing solid wood.

The shape of the wood (solid or particle wood)
will determine the degree of penetration of the
solution in the liquid state (Bolton and Humphrey
1994). Therefore, a ferrous source solution, for
the in situ formation of NPs, will also depend on
the shape of the wood. In solid wood, the penetra-
tion depends on the permeability of the wood; in
the case of wood in particle shape, the thickness

was small and there was a greater contact surface
between the wood and the iron solutions (Bolton
and Humphrey 1994). However, regardless of the
shape of the wood to be magnetized, it is impor-
tant to apply pressure during the process. In the
case of the solid wood of these species, Moya et al
(2022) concluded that the use of the method of
synthesis of the magnetic material in situ within
the wood was appropriate. However, in the case
of the fiber shape, there was no application of
pressure, so the ferrous solution was only superfi-
cial, and therefore, there was less formation of
Fe3;0,4 NPs in relation to the solid wood, in which
pressure was applied in the copolymerization pro-
cess of the Fe;O,4 content.

Chemical Composition: FTIR

Figure 3 shows only the FT-IR spectrum from
500 to 1800cm ™! (Fig 3[a-c]) and not the band
from 1900 to 3500cm™'; this region represents
the absorption bands assigned to the O-H stretch-
ing vibration of hydroxyl groups (3340cm™ ')
and the bands at 2901 correspond to -CH; asym-
metric (Gan et al 2017b). The band from 500 to
1800cm ™" corresponds to the organic region of
the wood and the presence of Fe;O, formation
(Garskaite et al 2021). In the case of the organic
region, changes in the structure of cellulose,
hemicellulose, and lignin are evident and to a dif-
ferent degree in each of the species (Fig 3). In the
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Pinus oocarpa
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Fourier transform IR spectrum of magnetic wood particleboards composite (MWPC) of three tropical species (a-c)

from fast-growth plantations in Costa Rica. a) Pinus oocarpa b) Vochysia ferruginea c) Vochysia guatemalensis. Note: Super-
script letters mean statistical differences between treatments at 95% significance.

region of 500-800cm ™', the presence of Fe;0, in
MWPC of different degrees in each of the species
is also evidenced.

The wavelengths associated with the cellulose:
896cm™ ! show a heterophase carbon, and an
increase in Pinus oocarpa (Fig 3[a]), but in both
Vochyseas did not change (Fig 3[b] and [c]), the
vibrations at 1054 cm ™! associated with C-H/C-O
cellulose and 1090 associated with C-H/C-O cellu-
lose (Lou et al 2018b) changed in the Vochyseas
species (Fig 3[b] and [c]), but not in Pinus oocarpa
(Fig 3[a]). While the vibration at 1145 cm ! sig-
nal, stretching vibration of C-O in glucose of cellu-
lose (Gao et al 2012), was similar in untreated and
treated wood. Thus, the previous results indicate
that there was a modification of cellulose in
Vochysia guatemalensis and Vochysia ferruginea
due to the magnetization, and Pinus oocarpa was
less affected.

In the case of vibrations of the hemicellulose,
the vibration at 1379 cm ™! is associated with C-H
bending cellulose and hemicellulose (Yang et al
2020); these decreased only in the Vochyseas spe-
cies, but not in Pinus oocarpa. The vibrations at
1601 and 1739cm ™', associated with the C=0
stretching vibration absorption peak of hemicellu-
lose (Yang et al 2020), decreased with the pres-
ence of magnetic particles in the three species and
are associated with hemicellulose degradation
(Gao et al 2012; Dong et al 2016; Gan et al
2017a, 2017b; Wang et al 2019; Garskaite et al
2021). Finally, the vibrations associated with lig-
nin: 1601 cm™ !, which is associated with C=C
aromatic skeletal vibrations (Garskaite et al 2021),
and 1462 cm™ !, to an aromatic C=C stretching of
aromatic rings of lignin, increased in the vochy-
seas (Fig 3[b] and [c]), but not in Pinus oocarpa
(Fig 3[a]), 1505cm ™" associated with lignin, did
not show significant changes, peak at 1419cm ™!
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associated with C-H bonds of lignin, decreased in
all three species and 1251 cm™ ' associated with
the ester linkage of carboxylic groups of the ferru-
lie and p-coumaric acids of lignin (Lou et al
2019a) decreased in the vochyseas, but not in
Pinus oocarpa (Fig 3[a]). Again, according to the
results of the signals associated with hemicellulose
and lignin, it is observed that the two species of
Vochyseas (Vochysia guatemalensis and Vochysia
ferruginea) showed greater degradation than Pinus
oocarpa.

The formation of Fe;0,4 in the wood samples is
evident in the bands from minor to 800cm !,
specifically bands around 561 and 667cm ',
However, with the FTIR spectrum, it is difficult
to demonstrate the formation of Fe;Qy, since they
overlap with other signals, so, it is better to use
techniques that measure the wavelength between

Pinus oocarpa

20) (3
(220) (31D (400)

Intensity (a.u)
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650 and 450cm™ ' (Lou et al 2019a, 2019b).
Despite this drawback, a signal at 800cm ™'
obtained—corresponding to tetrahedral sites of
the crystal lattice, which is due to the oxidation of
Fe’" and Fe’" splits (Garskaite et al 2021)—
increased mainly in the wood of Vochysia ferrugi-
nea and Vochysia guatemalensis (Fig 3[b] and
[c]). In Pinus oocarpa, the peak is less evident
(Fig 3[a]), thus confirming the low measurement
of Fe;0, content (Fig 2[a]) and the lesser forma-
tion in relation to the other two species of wood.

Crystalline Structure: XRD

The crystalline structures of untreated and treated
specimens were characterized by XRD (Fig 4[a-c]).
Untreated wood of the three species shows a typical
diffraction angle at 20° due to cellulose (Cave and
Walker 1994), which are 15.8°, 22.2°, and 34.6°

Vochysia ferruginea
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Figure 4. X-ray diffraction of magnetic wood particleboards composite (MWPC) (a-c) and particle size of Fe;0, of three

tropical species (d) from fast-growth plantations in Costa Rica.
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corresponding to the planes (101), (102), and
(400), respectively. But in samples with magne-
tized wood particles, two additional peaks are
observed (at 15.8° and 22.2°), which belong to
the cellulose and show that there were lightly
weakened bonds of the cellulose. According to
Dong et al (2016), these changes indicate that a
part of the crystalline structure of the wood was
damaged, confirming that the ammonia treatment
affected the wood structure.

In addition, it was observed that diffraction angles
at 20°, 30°, 35°, and 44° were more pronounced
in the magnetic wood (Fig 4[a-c]). In the case of
Pinus oocarpa, the peak was less intense at 30°
and 35° representing (220) and (311), respectively
(Fig 4[a]), which corresponds to the cubic phase
with the space of Fd3m (Lou et al 2019a). In the
magnetized Vochysia ferruginea and Vochysia
guatemalensis, the peaks are placed at 35° (311)
(Fig 4[b] and [c]). In the case of the Pinus
oocarpa, the strongest diffraction peak is seen at
34° (311), in Vochysia ferruginea, the strongest
peaks are at 30° and 35° and in Vochysia guate-
malensis, the strongest peaks are at 30°, 35°, and
44°. These differences in patterns and particle
size (determined using the Scherrer Eq 2) (Lin
and Ho 2014) show that the amount of Fe;O,
NPs deposited was different in each of the species.
The largest size was obtained in Pinus oocarpa,
followed by Vochysia guatemalensis and the least
size was obtained in Vochysia ferruginea (Fig 4[d]),
which correspond to 89.58, 67.80, and 51.39,
respectively. The particle sizes in Pinus oocarpa
were in agreement with the values found by
Mashkour and Ranjbar (2018). The values of
Vochyceas species were slightly higher than
those reported by Lou et al (2018b) and Gao et al
(2012).

Magnetic Properties

Figure 5(a)-(c) shows the hysteresis curves of the
untreated and magnetic wood particles. Represen-
tative magnetic properties, Hc, Mr, and Ms were
extracted from these hysteresis curves, while the
percentage of magnetic NPs present in the samples
was calculated with the Ms of the magnetic NPs
present in the samples; these values are presented
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in Table 1. In the case of untreated wood, the
hysteresis curves show negligible Ms (Fig 5),
which is the expected behavior of wood (Kojima
et al 2009).

On the other hand, the magnetized material, in all
species, exhibited a clear hysteresis loop corre-
sponding to ferromagnetic behavior (Fig 5), but
large differences between species were found.
For example, Ms was lowest in Vochysia guate-
malensis (Fig 5[c]) and highest in Pinus oocarpa
(Fig 5[a]), while Vochysia ferruginea had inter-
mediate values (Fig 5[b]).

It has been observed that there is significant varia-
tion in the precipitation of Fe;04 NPs between
species, proving their different absorption capac-
ity of NPs (Fig 2[a]). As indicated above, this
variability is attributed to the permeability of the
wood or the flow of fluids in it (Lin and Ho
2014), which varies depending on the anatomical
elements present in the wood samples (Moya et al
2022).

An important aspect to highlight, regarding the
values of Hc, Mr, and Ms of the species using
fiber in this work, is that they presented lower
values than when they are treated with solid wood
(Moya et al 2022) or previous studies with other
species (Dong et al 2016; Gan et al 2016).
Although these latest studies have used other pre-
cipitation methods for Fe;O4, NPs, these low
values may be associated with the low permeabil-
ity of wood to the flow of liquid substances in
the species studied (Gaitan-Alvarez et al 2020a,
2020b). However, an appropriate immersion time
in ammonia had positive effects on the magnetic
properties of wood (Lou et al 2018b; Moya et al
2022), which could increase the magnetic proper-
ties of wood when they are treated in the form of
particles.

If we compare these values of Ms (Table 2) with
the NP content of Fe;O,4 (Fig 2[a]), the highest
value of Ms in Pinus oocarpa (Table 2) contrasts
with the lowest contents of Fe;0,), while the Ms
values of Vochysia guatemalensis and Vochysia
ferruginea are low, but with high values of Fe;O,4
content (Fig 2[a]). This inconsistent behavior across
species could be because there are inhomogeneities
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Figure 5. Magnetic hysteresis curves of three magnetic wood particleboards composite of tropical species (a-c) from fast

growth plantations in Costa Rica.

in the dispersion of NPs along the samples (Lou
et al 2019a), and since these measurements are
made locally, ie, in different areas of the same sam-
ple, the values might change from one place to
another, resulting in small differences in the mag-
netic values. This can be verified by the values that
have been obtained in the three different samples of
the same wood, where it can be seen that they have
different amounts of NP.

In general, the values of Hc and Ms are low
(Table 2), which indicates the magnetically soft

properties of the wood, compared with the results
obtained previously by Moya et al (2022), which
reported the highest values of Ms in Vochysia
ferruginea and Vochysia guatemalensis, and simi-
lar values in Pinus oocarpa.

Regarding the process, Gan et al (2017a) indi-
cated that alkaline immersion is more invasive of
the structural components of wood than other
magnetization methods. So, in the case of these
species, the immersion time did not significantly
alter the magnetic properties of the materials,

Table 1. The He, Mr, Ms, and the experimental percentage of three MWPC of tropical species from fast growth planta-

tions in Costa Rica.

1 1

Species Hc (Oe) Mr(emugg ) Ms (emu g~ ') % experimental
Pinus oocarpa 11.94 0.02 1.39 9.04
Vochysia ferruginea 14.12 0.00 0.32 2.09
Vochysia guatemalensis 21.85 0.00 0.06 0.41

Hc, coercivity; Mr, retentivity; Ms, saturation magnetization; MWPC, magnetic wood particleboards composite.
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Table 2. Physical properties of three MWPC of tropical species from fast growth plantations in Costa Rica.

Thickness swelling (mm)

Moisture absorption (%) Water absorption (%)

Species Treatment Density (g cm ™ >)

Pinus oocarpa WPC 0.73 (1.62)"B
MWPC-layer  0.75 (2.20)*
MWPC-100  0.74 (4.64)®
Vochysia ferruginea WPC 0.72 (2.18)®
MWPC-layer  0.74 (1.88)*
MWPC-100  0.73 (1.49)*
Vochysia guatemalensis ~ WPC 0.73 2.0
MWPC-layer  0.74 (2.08)*
MWPC-100  0.73 (1.97)*

5.80 (6.19)8 4.90 (2.34)4 41.11 (442"
6.84 (26.18)B 4.84 (1.38) 37.07 (1.68)2
8.60 (22.88)* 425 (4218 29.21 (16.06)€
8.78 (11.57)» 5.35 (1.98) 45.60 (9.25)®
10.14 (36.11)* 433 (5.30)" 4226 (7.71)8
6.77 (19.79)* 4.39 (0.83)" 52.07 (8.57)*
10.96 (36.18)* 5.31 (1.09)* 37.24 (13.03)"B
5.83 (22.09)8 4.83 (1.89)8 42.46 (7.56)®
5.39 (24.12)8 439 (1.53)¢ 33.00 (16.91)*

Superscript letters mean statistical differences between treatments at 95% significance. And number in parentheses the

coefficient of variation of the data.
MWPC, magnetic wood particleboards composite.

wood composites, although the immersion itself
could affect the adhesion of the magnetic NPs in
the samples.

Physical and Mechanical Properties

The results of the physical properties of the differ-
ent particleboards (WPC, MWPC-100, and
MWPC layers) are presented in Table 2. These
results show that in Pinus oocarpa the density is
higher in the MWPC layer and MWPC-100. The
same situation was presented by the particle-
boards of Vochysia ferruginea, in which the den-
sity in MWPC-100 and the MWPC layers are
higher. While in Vochysia ferruginea, there were
no differences in density (Table 2). In the case
of swelling in thickness, Pinus oocarpa particle-
boards with magnetic particles presented greater
swelling. On the contrary, the Vochysia guatema-
lensis boards decreased the swelling values with
magnetization and, in the case of Vochysia ferru-
ginea, there were no differences (Table 2).

In the case of moisture absorption, this value
decreased statistically with the magnetization of
the Pinus oocarpa particleboard material from
MWPC-100. This same effect is observed in
Vochysia guatemalensis, where the lowest value
of moisture absorption was presented in the
MWPC-100 and the highest in MPC. For the
Vochysia ferruginea particleboards, there were
no differences between the different treatments
(Table 2). For the capability of water absorption,
in the case of the Pinus oocarpa, MWPC shows a

higher absorption, while MWPC-100 shows a
lower absorption. In Vochysia ferruginea, the
MWPC-100 treatment shows higher values.
Finally, in Vochysia guatemalensis, the highest
percentage of water absorption occurs in the
MWPC layer (Table 2).

The slight differences between the densities of the
WPC in the three types of treatments and, in all
the species studied, may be related to the fact that
the pressing process was very similar (tempera-
ture, time, and pressure) for all the particleboards
under the same conditions. On the other hand, the
swelling of the thickness did not present a clear
trend in the three species, but a high variation in
the results was observed. As for the MC, it is
observed that there was a decreasing trend in the
values with respect to the control, which is due to
the chemical synthesis of the Fe;O4 NPs in the
material since the amorphous fractions in the cel-
lulose decreases the access to moisture and water
absorption (Mashkour and Ranjbar 2018). The
same situation occurs in the water absorption,
especially in Pinus oocarpa where in MWPC-
layer and MWPC-100, a decrease is observed
compared with WPC (Table 2), meaning that in
this species the synthesis of Fe;O4 was carried
out correctly. On the other hand, the increase of
the water absorption in MWPC-layer and MWPC-
100 in Vochysia ferruginea and the Vochysia
guatemalensis with respect to WPC (Table 2) is
attributed to the fact that during the magnetic
treatment, the acidic condition of the ferric and
ferrous chloride solution, and the subsequent basic
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Table 3. Mechanical properties of three MWPC of tropical species from fast growth plantations in Costa Rica.

Species Treatment

Internal bond (MPa) Hardness (N)

WPC
MWPC-layer
MWPC-100
WPC
MWPC-layer
MWPC-100
WPC
MWPC-layer
MWPC-100

Pinus oocarpa

Vochysia ferruginea

Vochysia guatemalensis

8.60 (6.97)%
11.37 (3.48)"
6.99 (11.08)¢
9.70 (11.08)®
10.82 (11.97)"B
11.30 (11.35)*
12.85 (21.74)®
15.96 (20.24)AB
17.51 (16.06)®

0.70 21.61)*
0.65 (38.53)*
0.57 (47.65)*
0.64 (26.08)*
0.67 (24.79)*
0.17 (49.90)8
0.50 (24.93)*
0.39 (53.71)B
0.26 (30.75)8

Superscript letters mean statistical differences between treatments at 95% significance. And number in parentheses the

coefficient of variation of the data.
MWPC, magnetic wood particleboards composite.

condition of the aqueous ammonia solution lead to
a partial decomposition and collapse of the wood
components (Dong et al 2016), which damages
the wood and contributes to water absorption.

Regarding the mechanical properties, it was observed
that the internal bond decreased in the MWPC
(Table 3). In Pinus oocarpa, there was no statisti-
cal difference in the property of internal bond,
while in Vochysia ferruginea and Vochysia gua-
temalensis, the value decreased significantly in
MWPC-100, but in both the species the MWPC
layer treatment did not present differences with
WPC (Table 3). Regarding the hardness in Pinus
oocarpa, it increased significantly in the MWPC
layer but decreased in MWPC-100. In Vochysia
ferruginea and Vochysia guatemalensis, the hard-
ness value increased in MWPC-100 and the
MWPC layer (Table 3).

When comparing the results of internal bonds
with other works, in Pinus oocarpa, the values
are between the range obtained by Santos et al
(2021), where it presents internal bond values
between 0.42 and 0.66 MPa. In the case of Vochy-
sias, the values obtained are compared with those
obtained by Rigg-Aguilar et al (2019), which
reported internal bond values between (.14 and
0.589 MPa. On the other hand, the decrease in
this property with magnetism can be attributed to
the collapse of the wood components with the
treatment (Lou et al 2019a). A collapse in the
bonds of cellulose and lignin results in there being
no effective interaction between the hydroxyl
groups of the cellulose and the urea-formaldehyde
adhesive (Sheng Han et al 2006) used in the
elaboration of the WPC (Figure 6). Regarding the
hardness, it was possible to observe that this prop-
erty improves slightly with magnetism, especially

MWPC

Magnet

Figure 6. A magnetized sample of magnetic wood particleboards composite (MWPC) for Pinus oocarpa, attracted by a

magnet.



Moya et al—MAGNETIC AND PHYSICAL-MWPC

in the Vochyseas (Table 3). This can be attributed
to the Fe;04 NPs, as they create a higher resis-
tance on the surface of the MWPC (Martins et al
2021), which makes the material more resistant to
mechanical stress on the surface.

CONCLUSION

The use of wood composites with fiber magne-
tized with Fe;0, NPs and synthesized in situs by
means of an in-situ impregnation of Fe’* and
Fe?* and immersed in ammonia in three tropical
species (Pinus oocarpa, Vochysia ferruginea, and
Vochysia guatemalensis) presented low values of
Hc, Mr, and Ms compared with solid wood of
this species or other species, which is attributed to
the low permeability and penetration of solutions
in the species. The least precipitation occurred in
Pinus oocarpa, but it presented better magnetic
properties and, on the contrary, the species with
less magnetic properties were Vochysia guatema-
lensis and Vochysia ferruginea. Despite the little
effect on MWPC, there was evidence of changes in
the chemical components of the wood, a decrease
in density, an increase in swelling and moisture
absorption, and a few changes in the mechanical
properties of the wood because immersion in
ammonia produces changes in the chemical com-
ponents of wood. In general, the in-situs precipi-
tation by immersion limits the synthesis of the
NPs within the wood, to this added the size of the
wood fiber, which makes the impregnated surface
smaller, therefore the magnetic data were reduced.
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