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Abstract: Magnetic wood would have potential uses in electromagnetic shielding and electromagnetic
wave absorption. In this paper, magnetic coatings on a wood surface were synthesized using a
layer-by-layer self-assembly method. As the cationic polyelectrolyte carrier, natural macromolecular
chitosan was pre-immobilized on a wood surface first, followed by the alternate adsorption of anionic
polyelectrolyte sodium phytate and positively-charged Fe;O4 nanoparticles. The concentration
of pH-controlled chitosan solution, sodium phytate solution, and Fe;O, nanoparticle suspension,
soaking time, and the number of alternating sedimentary layers varied. The morphology and crystal
structure of the Fe;0, modified wood samples were studied using scanning electron microscopy
(SEM) and X-ray diffraction (XRD). The magnetic hysteresis loops showed that the modified wood
had magnetic properties which were improved as the number of assembled layers increased.

Keywords: wood; magnetic; FesO4 nanoparticles; natural macromolecular polyelectrolyte; layer-by-
layer self-assembly

1. Introduction

Magnetic wood is a novel biomass composite material with magnetic characteristics that retains its
original wood texture, high strength-to-weight ratio, low density, easy processing, and molding [1-3].
It also has other special properties due to the addition of magnetic materials, including magnetic
attraction and wave absorption, which allow it to be used for indoor electromagnetic wave absorption,
heating plates, and heavy metal absorption. Such materials have promising application prospects in
electromagnetic shielding and other fields [4-6].

There are currently several typical ways to prepare magnetic wood. The Oka group first proposed
magnetic wood, which was obtained by combining wood with a magnetic fluid or powder loading
and coating [7-9]. The Chanana group used native biomaterial wood with intrinsic anisotropy and
hierarchy as a directional scaffold for the incorporation of magnetic nanoparticles inside the wood.
Nanocrystalline iron oxide particles were synthesized via the in situ coprecipitation of ferric and ferrous
ions within an interconnected pore network of bulk wood [10]. Segmehl et al. prepared a magnetic
hybrid material derived from wood and superparamagnetic iron oxide nanoparticles (SPIONs) using
microwave-assisted thermal decomposition. This novel in situ functionalization approach resulted in
a homogeneous distribution of the integrated inorganic component throughout the entire complex
wood cell wall structure [11]. Gan et al. prepared magnetic wood composites by modification with
magnetic CoFe,O4 and hydroxyapatite (HAP) via a hydrothermal process and improved thermal
stability and mechanical properties as well as UV resistance [12]. Sun et al. successfully prepared a
magnetic microencapsulated phase-change energy storage wood composite using a sol-gel method,
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in which microcapsules containing n-eicosane as the core and Fe30,/SiO; as the shell were adhered to
the wood surface [13].

In recent years, self-assembly techniques based on polyelectrolytes which are oppositely-charged
from matrix surfaces have seen increasing applications in wood science. By non-covalently attaching
a water-soluble polyelectrolyte, a controllable functional film layer can be created on the surface of
wood fibers at room temperature without the aid of complex instruments and equipment [14-16].
Wood surface is rich in hydroxyl groups which are electronegative in aqueous solution and can be used
to assemble polycation layers, which are the basis for subsequent polyanionic layers and nanoparticles.
Renneckar et al. and Rao et al. both demonstrated that wood surface modification by attaching
polyelectrolytes in a layer-by-layer assembly method provided a path to creating functional surfaces in
a controlled manner [17,18].

In addition to traditional polyelectrolytes such as polyacrylamine hydrochloride, sodium
polystyrene sulfonate, etc., natural macromolecules such as chitosan, pectin, alginate, and xanthan
gum, etc. are also ideal materials for layer-by-layer assembly [19-21]. Compared with synthetic
polyelectrolytes with high crystallinities and low melting points, which lead to narrow processing
temperature ranges, low permeability, and poor interface stability, natural polyelectrolytes are highly
water-soluble and have excellent adsorption abilities and interfacial stabilities [22-24]. For example,
dopamine is a self-adhesive “biological glue” that firmly adheres many polymers to the surface of
basement membranes [25].

In this work, a natural macromolecular-based coating with adjoined magnetic Fe;04 nanoparticles
was designed for wood surface modification. Chitosan was first immobilized on a wood surface in an
interfacial layer, and then multilayer coatings were obtained by alternating layer-by-layer deposition
of sodium phytate and Fe3O4 nanoparticles. The magnetic activity of the coatings was also tested.
Through process is in an early development stage, it provides a more efficient combination scheme
and provides a theoretical basis and technical guidance for a practical wood modification method.

2. Materials and Methods

2.1. Materials

Balsa wood blocks (purchased from Suzhou Zhonglin Wansen Wood Industry Co., Ltd., Suzhou,
China) were formed into 10 mm (Longitudinal x 10 mm (Tangential) X 10 mm (Radial) small wood
blocks. Chitosan (low viscosity: <200 mPa.s), sodium phytate (99.0% metals basis), and Fe3zOy4
nanoparticles (99.0% metals basis, 20 nm) used to prepare magnetic coatings were purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China. Hydrochloric acid
(36.5-38.0%, BioReagent, for molecular biology) was purchased from Sigma-Aldrich (Shanghai,
China), and deionized water was provided by Barnstead Nanopure Diamond Laboratory water system
(Gilroy, CA, USA). Wood specimens were immersed in a beaker filled with distilled water to clean and
remove dust and grease from the wood surface. They were then placed into an oven set to 60 °C and
dried for 2 h.

2.2. Preparation of Cationic and Anionic Polyelectrolyte Solutions

Cationic polyelectrolyte solutions were prepared by first dissolving 0.5, 1, or 2 g chitosan powder
in 100 mL distilled water with a constant stirring speed. The pH of all solutions was adjusted to
2.5 with dilute hydrochloric acid, which protonated the amino group of chitosan and resulted in a
positively-charged solution.

In the same manner, anionic polyelectrolyte solutions were prepared by dissolving 0.5,1,0r2 g
sodium phytate powder in 100 mL distilled water with a constant stirring speed. The pH of all solutions
was adjusted to 2.5 with dilute hydrochloric acid. Since sodium phytate is a natural polyanion,
the obtained solutions were negatively-charged.



Coatings 2020, 10, 51 30f8

2.3. Preparation of Positively-Charged Fe304 Nanoparticles Suspension

Positively-charged Fe3O4 nanoparticle suspension were prepared by first dissolving 0.5,1,0r2 g
Fe304 nanoparticles powder in 100 mL distilled water at a constant stirring speed. The pH of all
solutions was adjusted to 2.5 with dilute hydrochloric acid. Fe3Oy4 is a common metal oxide with an
isoelectric point between 6.5 and 6.8 [26]. Since the pH of the prepared solutions was lower than the
isoelectric point of Fe3Oy4, they were positively-charged.

2.4. Formation of Magnetic Coatings on Wood Surfaces by Layer-by-Layer Self-Assembly

First, wood samples were pre-treated by immersion in a chitosan cationic polyelectrolyte solution.
Since the wood surface was negatively-charged in the aqueous solution, the polycationic assembled
on the wood surface via electrostatic adsorption. After a certain period of time, the wood sample
was removed and washed with distilled water and then placed in an oven at 60 °C for 1 h. Then,
the chitosan-wood was immersed in a sodium phytate anionic polyelectrolyte solution. At this time,
the chitosan-wood sample was positively-charged, which allowed the polyanion to assemble via
electrostatic adsorption. After a certain period of time, the wood sample was removed and washed with
distilled water and then placed in an oven at 60 °C for 1 h. Finally, the sodium phytate-chitosan-wood
sample was immersed in the prepared positively-charged Fe;O, nanoparticle suspension. After a
certain period of time, the wood sample was removed and washed with distilled water and then placed
inan oven at 60 °C for 1 h. Due to electrostatic adsorption, a Fe3O4 nanoparticle coating was assembled
on the surface of sodium phytate-chitosan-wood. The sodium phytate anionic polyelectrolyte and
the positively-charged Fe;O4 nanoparticles were used as the assembly units, which were alternately
deposited on the wood surface until the targeted number of coating layers was achieved (Figure 1).
In order to determine the optimal coating preparation conditions, the solution concentration, soaking
time, and the number of alternating sedimentary layers were varied during the growth control
experiment, and the original wood was used as a control.
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Figure 1. Scheme of fabricating magnetic coating on wood surface by layer-by-layer self-assembly.

2.5. Characterization and Analysis

The crystalline phase of the Fe3O4 nanoparticles on the wood surface was revealed via X-ray
diffraction (XRD) using a D/MAX 2200 diffractometer (Rigaku Inc., Tokyo, Japan). The specific test
parameters were a Cu target K« radiation measured from 10°-90° at a scan rate (20) of 4°-mint,
an accelerating voltage of 40 kV, and current of 30 mA. The surface morphology of the as-prepared
samples was characterized via scanning electron microscopy (SEM), using a Quanta 400 FEG (FEI Inc.,
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Eindhoven, The Netherlands) at a 20 kV operating voltage. Samples were coated with a 5-10 nm Au
layer before SEM imaging.

For magnetic characterization, wood samples were cut into small sizes of 2 mm (Longitudinal x 2
mm (Tangential) X 2 mm (Radial) and measured by a vibrating sample magnetometer (VSM, PPMS-9T,
Quantum Design Corp, San Diego, CA, USA) at room temperature.

3. Results and Discussion

Chitosan/sodium phytate/nano-Fe3O4 composite coatings on wood surfaces obtained by stepwise
assembly were observed by SEM. Figure 2a shows the top view morphology of the original wood,
in which differentiated microstructural details can be clearly observed. The deposition of chitosan
and sodium phytate polyelectrolyte coatings gradually obscured the ultrastructural features of the
cell walls, which eventually appeared smooth and masked the surface topography (Figure 2b,c).
After assembly of the nano-Fe30y layer, high-magnification SEM images (Figure 2d) revealed that the
Fe304 nanoparticles were densely distributed over the entire wood surface.

Figure 2. Scanning electron microscopy (SEM) images of chitosan/sodium phytate/nano-Fe3O4
composite coatings on wood surfaces obtained by stepwise assembly: (a) original wood, (b) chitosan-
coated wood, (c) sodium phytate-chitosan-coated wood and (d) nano-Fe3O4-sodium phytate-chitosan-
coated wood.

XRD patterns of the original wood and the modified wood covered with coatings using different
solution concentrations are shown in Figure 3a. All wood samples showed the typical peaks of cellulose
Iat 20 =16.5° and 22.6°. Compared with the original wood, the absorption peaks of cellulose in the
modified wood samples were nearly unchanged, implying that the wood composition was minimally
damaged by this mild modification method. Wood samples modified using solutions (concentrations
of 0.5%, 1%, and 2%) with a molar ratio of chitosan sodium phytate, and Fe3O4 nanoparticles of 1:1:1
clearly displayed distinct crystallographic phases in their XRD patterns. The appearance of diffraction
peaks at 20 = 35°, 43°, 58°, and 69° agrees well with the Fe;04 powder standard (JCPDS 19-0629).
The peak intensities notably increased with the solution concentration, probably due to the increased
number of Fe3O4 nanoparticles.

The morphology of Fe;O, particles showed some variation with the solution concentration.
At lower solution concentrations, there was an insufficient number of Fe;O, particles to cover the
pits in wood cell walls, resulting in an uneven particle distribution (Figure 3b). At higher solution
concentrations, more Fe3Oy particles adsorbed on the wood surface, and the film layer was gradually
flattened (Figure 3c). This tendency continued until reaching a 2% solution concentration, which further
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increased the amount of Fe3O4 particles and increased the thickness of the composite coatings; however,
a certain degree of agglomeration was also observed (Figure 3d).

—— original wood
0.5% concentration
—— 1% concentration

2% concentration

Intensity(a.u.)

Figure 3. (a) X-ray diffraction (XRD) patterns of the original wood (black), concentrations of 0.5%
(red), concentrations of 1% (blue), and concentrations of 2% (green); high-magnification SEM images
of chitosan/sodium phytate/nano-Fe3;O4 composite coatings on wood surfaces obtained by different
solution concentrations: (b) 0.5%, (c) 1%, and (d) 2%.

The XRD patterns of modified wood samples obtained using 1% chitosan solution, sodium phytate
solution, and Fe3O4 nanoparticles suspension in a molar ratio of 1:1:1 and various soaking times
(30, 60, and 90 min) displayed diffraction peaks at 260 = 35°, 43°, 58°, and 69°. The peak intensities
increased with the soaking time (Figure 4a), suggesting that the soaking time greatly influenced the
distribution of Fe;O,4 nanoparticles in the final composite membrane. According to the SEM images,
more Fe304 nanoparticles were adsorbed on the wood surface at longer soaking time (Figure 4b—d),
which implied that the electrostatic adsorption of cations (chitosan and Fe3O4 nanoparticles) and
anions (sodium phytate) from the solution required a certain amount of time, which was improved at
longer immersion time.

Intensity(a.u)

Figure 4. (a) XRD patterns of different soaking time: 30 (black), 60 (red), and 90 min (blue);
high-magnification SEM images of chitosan/sodium phytate/nano-Fe3O4 composite coatings on wood
surfaces obtained by different soaking time: (b) 30 min, (c) 60 min, and (d) 90 min.
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The XRD patterns of modified wood samples with multiple layers (1, 5, and 10 bilayers) obtained
from alternating sedimentary of sodium phytate and Fe3O4 nanoparticles contained diffraction peaks
at 20 = 35°,43°, 58°, and 69°. A detailed list of the amount of materials for coatings prepared is shown
in Table 1. The peak intensities increased with the number of alternating sedimentary layers added
(Figure 5a). Different Fe3O4 nanoparticle distributions were clearly observed in the SEM images on
modified chitosan-wood samples coated with different numbers of sodium phytate/nano-Fe3O4 bilayers
(Figure 5b—d). The coating surface containing sodium phytate/nano-Fe;Oy 1 bilayer was composed of
only a few Fe3O4 nanoparticles. Along with increasing the number of sodium phytate/nano-Fe3O4
bilayers, the amount of FezOy particles further increased, resulting in a thicker composite coating.
At the same time, mass agglomeration was also observed.

Table 1. Reaction factors of the modified wood samples with multiple layers.

Layer Chitosan Sodium Phytate Fe304 Nanoparticles Soaking Time
Number Concentration Concentration Concentration 8
1 bilayer 1% 1% 1% 90 min
5 bilayers 1% 1% 1% 90 min
10 bilayers 1% 1% 1% 90 min

la 1 bilayer

5 bilayers

10 bilayers

Intensity(a.u.)

Figure 5. (a) XRD patterns of different numbers of alternating sedimentary layers at room temperature:
1 (black), 5 (red), and 10 bilayers (blue); high-magnification SEM images of chitosan/sodium
phytate/nano-Fe3O4 composite coatings on wood surfaces obtained by different numbers of alternating
sedimentary layers at room temperature: (b) 1 bilayer, (c) 5 bilayers, and (d) 10 bilayers.

The magnetic properties of wood samples coated with chitosan/sodium phytate/nano-Fe;Oy
were measured by vibrating sample magnetometer (VSM). Figure 6 shows the magnetization curves
of magnetic wood samples obtained from different numbers of alternating sedimentary layers at
room temperature. All magnetic wood samples showed typical paramagnetic behavior because their
magnetic hysteresis loops were very narrow and long. The magnetization saturation values (Ms) of
sodium phytate/nano-Fe;O4 1, 5, and 10 bilayers on chitosan-wood revealed that more assembled
layers of Fe304 nanoparticles on the wood surface improved the magnetic properties. The saturation
magnetization of magnetic wood was lower than that of pure Fe3O4 nanoparticles [27], likely due to
the presence of the nonmagnetic wood substrate.
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Figure 6. Vibrating sample magnetometer (VSM) curves of the magnetic wood with the number of
alternating sedimentary layers at room temperature of 1 (purple), 5 (black), and 10 bilayers (green).

4. Conclusions

It was demonstrated that creating multilayered coatings on wood surfaces using Fe;Oy
nanoparticles could be accomplished using a layer-by-layer self-assembly technique using
natural macromolecular chitosan and sodium phytate as cationic and anionic polyelectrolytes.
The concentration of the polyelectrolyte solution and Fe304 nanoparticles suspension, soaking time of
each wood sample, and the number of alternating sedimentary layers of sodium phytate and Fe;O4
nanoparticles were positively correlated with the quantity and distribution of Fe3O4 nanoparticles in
the final prepared coatings. The magnetic hysteresis loops demonstrated the paramagnetic behavior
of the modified wood, whose magnetic properties increased with higher numbers of alternating
sedimentary bilayers of sodium phytate and Fe;O, nanoparticles on the wood surface.
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