WOOD RESEARCH doi.org/10.37763/wr.1336-4561/67.5.823836
e-ISSN 2729-8906
67(5): 2022 823-836 pp.

INFLUENCE OF VACUUM IMPREGNATION PRESSURES
ON THE NANOMECHANICAL CHARACTERISTICS AND PHOTOCATALYTIC
PERFORMANCE OF NANO TIO,-FURFURYL ALCOHOL/BALSA
WOOD-BASED COMPOSITES

GANG ZHU, HUI LI, KUNYONG KANG, XUPENG ZHANG, SHUDUAN DENG
SOUTHWEST FORESTRY UNIVERSITY
P.R. CHINA

(RECEIVED MARCH 2022)

ABSTRACT

In this work, a nano TiO,-FA/balsa wood-based composites were successfully fabricated by
mechanical stirring assisted vacuum impregnation method, and the influence of different
impregnation pressures on the microstructure, nanomechanical characteristics and photocatalytic
performance of obtained composites were investigated. Results show that the nano TiO,-FA
compound modifier was impregnated in the tracheid and attached to the wood cell walls. SEM
revealed that the size of TiO, nanoparticles grow larger as the impregnation pressure increases,
and the presence of TiO, globules with some areas agglomerated on the wood cell wall surface.
Compared with the unmodified wood, the elastic modulus of cell walls for nano TiO,-FA/balsa
wood composites prepared under 0.45 MPa significantly increased by 160.5%, and the hardness
improved from 0.36 + 0.04 GPa to 0.84 + 0.08 GPa. Furthermore, the UV-Vis showed that the
composite exhibited a high removal rate of methylene blue (10 mg'L™), up to 88.74% within 240
min.

KEYWORDS: Wood-based composite, nano TiO,-furfuryl alcohol compound modifier, vacuum
impregnation, nanomechanical characteristics, photocatalytic performance.

INTRODUCTION

Balsa wood with low density, sufficient porosity, and good mechanical stability, make it the
lightest commercial timber available (Osei-Antwi et al. 2012, Kotlarewski et al. 2016). The low
density is extremely valuable in applications that require lightweight materials with good
mechanical performance. Therefore, balsa wood is one of the preferred core materials in
structural sandwich panels for wind turbine blades, sporting equipment, boats and aircraft (Kwon
et al. 2012, Midgley et al. 2010). However, balsa wood also suffers from some less favorable
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characteristics such as dimensional instability, susceptibility to fungal attack under humid
conditions, photodegradation, and poor thermal stability (Li et al. 2018). Hence, many
modification techniques have been proposed to improve the physical, chemical and biological
properties of balsa wood (Evans et al. 2008). In recent years, with the development of
nanotechnology and other advanced technologies, strategies for designing functional
wood-based materials via the simple preparation method have received increasing attention in
the field of wood materials (Toivonen et al. 2015, Norgren et al. 2014, Tingaut et al. 2012).
Many researchers from all over the world have been using modification and functionalization
treatments to improve the natural hierarchical structures and attempt to make them useful in
many newly developed fields, such as sewage treatment (Chen et al. 2017a, Fu et al. 2018, Guan
et al. 2018, Cheng et al. 2020), solar-powered desalination systems (Zhu et al. 2017, Liu et al.
2017), energy storage (Chen et al. 2017b, Luo et al. 2017) and electronic devices (Chen et al.
2018, Tang et al. 2018, Lang et al. 2018).

Furfuryl alcohol (FA) is a low-molecular organic chemical with strong polarity, derived
from the hydrolysate of pentosan-rich agricultural waste (Wang et al. 2006). The stable furan
ring structure and hydroxymethyl make furfuryl alcohol have better heat, water resistance and
high activity. The previous studies have indicated that FA has a good affinity for wood and easily
enters the wood cell wall owing to its swelling effect (Dong et al. 2020). Therefore, furfurylation
has been used in wood modification, in which wood is impregnated with furfuryl alcohol (FA)
and acidic catalysts. The impregnated wood is then polymerized in-situ at elevated temperature,
resulting in so-called “furfurylated wood”, a wood-polymer composite with enhanced
mechanical properties, excellent dimensional stability, and good resistance to biological
degradation (Li et al. 2015). FA modification as a non-toxic and non-polluting wood
modification technology has good application prospects in wood modification. Additionally, the
photocatalytic performance of modified wood was remarkably improved by the TiO, inorganic
nanoparticles modification in a previous study. For example, Luo synthesize TiO, wood charcoal
composites photocatalysts by using the wood tissue as charcoal resources and bio-template. The
results showed that the prepared composites had extraordinary adsorption ability for BPA and
good photocatalytic activity (Luo et al. 2015). Ye et al. (2020) reported Nano-TiO,/insoluble
wood flour composite was successfully prepared using insoluble wood flour as bio-carrier and
dissolved components as the accelerant. However, there are some drawbacks in these modified
strategies, which it is difficult to co-enhancement of mechanical properties and photocatalytic
performance. Therefore, it is highly desirable to use efficient methods for developing novel
functional wood materials with a synergistic enhancement effect (Hazarika et al. 2014).

In this work, we developed a balsa wood-based functional composite based on furfuryl
alcohol treatment and nano TiO, modified through mechanical stirring assisted vacuum
impregnation method. The morphologies and structures of nano TiO,-FA/balsa wood
composites fabricated under different vacuum impregnation pressures are characterized by using
X-ray diffraction (XRD), Fourier transforms infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM). In addition, the micromechanical properties and photocatalytic performance
of obtained composites were observed by nanoindentation analysis and of degradation methylene
blue (MB) test. The results showed that the nano TiO,-FA compound modifier was successfully
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loaded onto the surface of the wood cell walls. Compared with the blank balsa wood scaffold, the
nanomechanical characteristics and photocatalytic performance of obtained composites have
substantially co-enhancement improved.

MATERIAL AND METHODS

Materials

Native balsa wood (Ochroma pyramidale) was purchased from Xuhong Materials Company
(China). In this work, the sapwood and corewood from a balsa wood with uniform anatomical
structure 20 mm (L) x 20 mm (T) x 10 mm (R) were selected to minimize the variability in the
morphological structure. This avoids the issue of unrepresentative statistical data due to
variations in wood properties. For the preparation of nano TiO,-FA/wood-based composites
materials, the materials used were furfuryl alcohol (99%, CsH¢O,), nanosize danatase titanium
dioxide (99.8%, nano TiO,) with a particle size of 20 nm, maleic anhydride (99%, C,;H,05),
sodium hexametaphosphate (99%, (NaPO;)s), sodium tetraborate (99.5%, Na,B40;-10H,0)
and KH560 (99%, CyH,00sS1). For photocatalytic degradation, methylene blue dye (82%,
Cy6HsCIN;Cl) was used. All chemicals used were supplied by the Aladdin Chemical Reagent,
China. In this experiment, all the chemical agents were of analytical grade and were used without
further purification.

Synthesis of nano TiO,-FA compound modifier

Ti0,-FA/balsa wood composite was prepared with reference to the method reported in
the literature with slight modifications (Dong et al. 2021). The impregnation solution with an FA
mass fraction of 30% was prepared according to the mass ratio of furfuryl alcohol: maleic
anhydride: borax (1 : 0.05 : 0.01). Subsequently, 0.6 g of sodium hexametaphosphate was
weighed and dissolved in 100 mL of deionized water, 2 g of nano titanium dioxide was added,
and 2% of KH560 ethanol solution was doped under high-speed stirring, and the above two
solutions were mixed and stirred for 10 min to obtain the nano TiO,-FA composite impregnation
solution.

Preparation of the nano TiO,-FA/balsa wood-based composites

The nano TiO,-FA/balsa wood-based composites were prepared via mechanical stirring
assisted a vacuum impregnation process. First, the dried balsa wood specimens were placed into
the vacuum impregnation device and evacuated for 30 min (—0.1 MPa). Afterward, the nano
Ti0,-FA composite impregnation solution was transferred into an above device and the balsa
wood specimens were immersed in the solution. The device was sealed and then the samples
(three corewood, three sapwood for each group) were treated by vacuum impregnation at
different vacuum pressures (0.4, 0.45, 0.5, 0.55, and 0.6 MPa) for 2 h. A total of 30 samples
were impregnated under the impregnation pressure range of 0.4—0.6 MPa, thereby ensuring
the consistency of the preparation conditions and process. To ensure the nano TiO,-FA
composite impregnation solution evenly dispersion, the impregnation process proceeded with
constant stirring using a magnetic stirrer. Subsequently, the prepared samples were washed with
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deionized water to remove any residual chemicals and put into a constant temperature drying
oven at 103°C for 24 h. Thus, the nano TiO,-FA/balsa wood composites were obtained.

Characterization

Phase identification of nano TiO,-FA/wood-based composites was analyzed by X-ray
diffractometry (XRD, Ultima IV, Rigaku, Japan), with Ni-filtered CuKa radiation, at 40 mA and
40 kV. Fourier-transform infrared spectroscopy (FTIR) spectra (KBr technique) were recorded
(IS50, Nicolet, America) with a resolution of (2 cm™), and the transmittance range of the scan
was 4000 cm” to 400 cm'. The morphology and microstructure were characterized via
field-emission scanning electron microscopy (HITACHI S4800, Tokyo, Japan) with a link
EDAX system for local chemical composition analyses. Wood cross-sections were prepared
using a microtome (REM-710, Tokyo, Japan).

Nanoindentation tests

The ISO standard method (ISO 14577-4: 2016) for detection of the nanoindentation test
(2016). A triboindenter (Bruker Hysitron TI1980, Germany) with a Berkovich diamond tip and
aradius less than 100 nm was used for indenting. The temperature and relative humidity of
the sample chamber was kept at 23 + 0.5°C and 40 + 0.5%, respectively. Samples were put into
the chamber at least 24 h before indenting, to minimize thermal shifts during testing.
Fig. 1 shows the images before and after nanoindentation testing on an area of the wood cell wall
of nano TiO,-FA/balsa wood-based composites. The procedure started with selecting a target
region under a light microscope which is integrated into the instrument. The indenter tip was then
used to acquire an image of the wood cell wall, from which the locations to be indented were
carefully selected. The residual indentations were imaged again with the same tip.
A three-segment load ramp was adopted. The target peak load and loading/unloading rates were
500 uN and 50 pN's™ for all of the tests, respectively. After attaining the peak load, the indenter
was held at a constant load for 2 s. The elastic modulus (E;) of elasticity and hardness (H) of
the materials were calculated using Eqs. 1 and 2 as follows:

F"'I’I.Il?.‘.' j— F:'na::
"= . 24.5R% (GPa) (1)
E = (2%+ %) (GPa) )

where: F),,. 1s the load measured at a maximum depth of penetration in an indentation cycle (uUN);
A is the projected contact area (nm’); and hc is the contact depth of the indentation; v, (0.422)
and v; (0.07) are the Poisson’s ratios of the specimen and indenter, respectively; E; is the modulus
of the diamond indenter (1141 GPa).
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Fig. 1: In situ imaging nanoindentation testing on the nano TiO,-FA/balsa wood-based
composites: (a) scanned image of the cell wall before indentation, (b) scanned image of the cell
wall after indentation; (c) 3D image of cell wall after nanoindentation.

Photocatalytic tests

The photocatalytic experiments were conducted as follows. Amount of 0.1 g of
photocatalyst and 100 mL methylene blue (MB) solution (10 mgL™) were put into a quartz
beaker. The mixture was stirred in dark conditions for 60 min to reach the adsorption equilibrium
and then placed under a UV light away from the beaker about 10 cm. The suspension was stirred
vigorously for 60 min under dark conditions, and the UV lamp away from the beaker about 10
cm was turned on for the catalytic reaction after reaching the adsorption-desorption equilibrium.
At given intervals, the suspension was withdrawn and centrifuged to remove the dispersed
sample powder. The concentration of the clean transparent solution was determined by
measuring the absorbance of MB at 665 nm (UH-5300, HITACHI, Japan). The changes in
maximum absorption vs. irradiation time (C/C, vs. t) reflect the MB concentration decrement.

RESULTS AND DISCUSSION

Characterization of nano TiO,-FA/balsa wood-based composites

To study the phase composition, XRD analysis was carried out for the five nano
Ti0,-FA/balsa wood composites impregnated with the vacuum impregnation treatment under
different pressure, the results are shown in Fig. 2. The analytical results show that the unmodified
balsa wood sample exhibited two obvious diffraction peaks respectively at 16.1° and 22.1°,
which was consistent with the characteristic diffraction peak of cellulose. However, it is worth
noting that the diffraction peak of nano TiO,-FA/balsa wood composites was well consistent
with the characteristic diffraction peaks of anatase TiO, (25.4°, 37.8°, and 48.0°) and cellulose
(22.1°), which indicated that the sample of composites was composed of anatase TiO, and wood
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flour, and the TiO, structure is not destroyed during the vacuum impregnation treatment(Ye et al.
2020).
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Fig. 2: XRD patterns of unmodified wood and nano TiO,-FA/balsa wood-based composites
by vacuum impregnation treatment under different pressures.

Furthermore, with the rise of vacuum pressure, the diffraction peaks of 16.1° exhibited
a trend of decreasing first and then increasing. Specifically, the (101) crystal plane peak intensity
of the cellulose is obviously decreased when the vacuum pressure increased from 0.4 MPa to 0.5
MPa. This is ascribed to the fact that lots of FA entering into the wood cells partially up-taken
into the cellulose amorphous regions and reacted with the hydroxyl groups in the amorphous
regions, which causes a distinct decrease in cellulose as a percentage of the balsa wood and leads
to a reduction in diffraction intensity (Hazarika et al. 2014). On the contrary, it should be noted
that the diffraction peaks develop an opposite trend with a further increase in pressure. It is
owing to the clear agglomerations of TiO, nanoparticles and the average grain size growth
significantly took place (Fig. 4g), which suppressed the content of cellulose decrease and thus
led to an increase in peak intensity corresponding to (101) crystal plane.

The chemical composition of the unmodified wood and nano TiO,-FA/balsa wood
composites prepared at different vacuum pressures were measured by the Fourier transform
infrared, which is shown in Fig. 3. It can be seen that the absorption peak at 3420 cm™ is the OH
stretching vibration and the peak at 2929 cm™ is the band for C-H vibration from CH and CH, in
cellulose and hemicellulose (Fig. 3a). A bending vibrational peak of C—H bonds in cellulose and
hemicellulose molecules was observed at 1370 cm'. Additionally, the spectra of samples after
FA treatment showed some notable changes due to the incorporation of FA. In detail, the bands
at 1714 cm™' were related to the ring opening of poly furfuryl alcohol, and a small band at
1561 cm™" also corresponded to the skeletal vibration of 2,5-disubstituted furan rings. More
importantly, the degradation of the cellulose and hemicellulose by the acidic modification
solution, which resulted that the peak at 1058 cm ' representing the C-O bond in hemicellulose
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or cellulose, and the peaks at 1735 cm ' representing the conjugated C=0 stretching bands are
weakened. In brief, all of these pointed out that the FA treatment had some effect on
the structure of balsa wood. Furthermore, in contrast to balsa wood, the higher strength band of
Ti-O was seen at 585 cm™, indicating the attachment of TiO, on the balsa wood cellular lumen
(Fig. 3b). The new peaks resulting from FTIR analysis show that the nano TiO,-FA/balsa wood
composites have been successfully synthesized, which is also proven by the SEM-EDS analysis.

0.6MPa

® - ] Ve

0.55MPa
0.55MPa

0.5MPa

0.5MPa

DITMIR e

0.4MPa

Transmittance(%)
Transmittance(%)

Vi

— T — L] — T T T . A T
4000 3600 3200 2800 2400 2000 1600 1200 800 400 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber(cm™) Wavenumber(cm™)

Fig. 3: FTIR spectra of unmodified wood and nano TiO,-FA/balsa wood-based composites by
. . . . =1
vacuum impregnation treatment under different pressures: (a) Region from 4000 cm

to 400 cm™'; (b) region from 2000 cm™" to 400 cm™".

Fig. 4 shows the microstructures of the unmodified wood and nano TiO,-FA/balsa wood
composites prepared at different vacuum pressures, respectively. The unmodified balsa wood
sample exhibited the typical porous anatomical structure of wood, with irregular rounded shapes
cell lumina, and close linkage between the wood cells was also observed (Fig. 4a). Additionally,
the micromorphology of the balsa wood showed a much more porous structure in wood cell
walls compared to other types of wood (Chen et al. 2021, Wang et al. 2021), which was
beneficial for the impregnation of the nano TiO,-FA compound modifier and the interplay
between it and the cellulose. After vacuum impregnation treatment, the porous structure was
well preserved but exhibited a change in cell lumina. As shown in Fig. 4b, it can be seen that
abundant spherical nanoparticles are present on the wood cell wall, and the attachment made
the wood cell wall uneven. By EDX energy spectrum analysis (Fig. 4h), we found that
the elements C, O and Ti were detected by SEM-EDS. In addition to the C and O elements
derived from the wood chemical compositions, the energy dispersive spectrometer (EDS)
spectrum also confirmed the existence of Ti elements. This provides a further demonstration that

Ti0; nanoparticles were impregnated in the tracheid and successfully immobilized on the wood
substrate.
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Fig. 4: Transverse section SEM micrographs of unmodified balsa wood (a), high magnification
radial section of nano TiO,-FA/balsa wood composites (b), and radial section images of

the composites by vacuum impregnation treatment under different pressures of: (c) 0.4 MPa,
(d) 0.45 MPa, (e) 0.5 MPa, (f) 0.55 MPa, (g) 0.6 MPa, (h) EDS spectra and compositions
corresponding to Point 1 in Fig. 4d.

A close examination of the sample radial section micrographs revealed several interesting
points regarding the structure under an enlarged view. Fig. 4c-g indicates that the impregnation
pressure has similar effects on particle size variation and distribution at different vacuum
pressures. When the impregnation pressure is 0.4 MPa and 0.45 MPa, the samples exhibited very
nearly identical TiO, morphology, comparable high coverage with particles of fairly similar size
(~130 nm). TiO, nanoparticles entered the interior of the wood and attached to the cell wall,
many small spherical TiO, particle appears to be uniformly dispersed on the wood matrix. A
closer look at Fig. 4c-frevealed that the particles size grows larger as the impregnation pressure
increases, and the presence of TiO, globules with some areas agglomerated on the wood cell wall
surface. In contrast, as shown in Fig. 4e (pressure 0.5 MPa), much smaller agglomerates (184 nm
and smaller) with spherical shapes are common and appear to be uniformly dispersed within the
specimen. However, when the impregnation pressure increased further to 0.6 MPa (Fig. 4g),
some nano TiO, spherical particles gradually agglomerate into bulk irregular shapes grains
(300-400 nm). SEM observations confirmed that the dissolved hemicellulose and low molecular
weight cellulose indeed promoted the formation of nano TiO,.
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Nanomechanical characteristics and photocatalytic performance of nano TiO,-FA/balsa
wood-based composites

The nanoindentation technique is a method to determine the mechanical properties of wood
cell walls at the nanoscale (Ammann et al. 2014, Wu et al. 2010, Xing et al. 2016, Tze et al.
2007). By the use of nanoindentation techniques, the elastic modulus and hardness of
the unmodified wood, furfurylation balsa wood and nano TiO,-FA/balsa wood composites are
shown in Fig. 5. Previous studies have suggested that penetration and polymerization of furfuryl
alcohol in wood cavities and even cell wall could improve most properties of modified woods (Li
et al. 2015). Fig. 5 shows that relative to untreated wood, the indentation modulus of cell walls
for furfurylation balsa wood significantly increased by 125.9% from 8.18 +0.77 GPa to 19.90 +
1.69 GPa and the hardness improved by 108.3% from 0.36 + 0.04 GPa to 0.75 £ 0.11 GPa. An
improvement in the indentation modulus and hardness of furfurylation balsa wood cells
demonstrated indirectly but strongly that furfuryl alcohol (FA) can easily penetrate wood cells
walls and polymerize in-situ during the vacuum impregnation process, which results in
significantly improved physical-mechanical properties.
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Fig. 5: Elastic modulus (a) and hardness (b) of unmodified wood, FA/balsa wood and nano
TiO,-FA/balsa wood-based composites by vacuum impregnation treatment under 0.45 MPa.

>
1

Hardness(GPa)

Comparison with furfurylation balsa wood, both the indentation modulus and hardness of
nano TiO,-FA/balsa wood composites fabricated under 0.45 MPa slight additional increases to
21.31+2.29 GPa and 0.84 + 0.08 GPa, respectively. It is clear that the degree of modification in
balsa wood properties mainly depends on the polymer content inside wood cell walls.
At the same time, lots of TiO, nanoparticles entering into the wood cells partially up-taken into
the cellulose amorphous regions and reacted with the hydroxyl groups in the amorphous regions,
which results in further improved physical-mechanical properties of balsa wood. Collectively,
a positive effect of the multi-incorporation of furfuryl alcohol and TiO, nanoparticles into the cell
wall of balsa wood on mechanical properties was strongly demonstrated by means of
nanoindentation.

The photocatalytic properties of the nano TiO,-FA/balsa wood composites with different
vacuum impregnation pressures for methylene blue (MB) degradation are shown in Fig. 6.
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The results show that the adsorption equilibrium is reached within 60 min, and the composite
fabricated under 0.45 MPa exhibits an excellent adsorption capacity. Compared with the control,
the elimination effectiveness for all the nano TiO,-FA/balsa wood composites at A = 665 nm
exhibited a non-ignorable degradation performance of MB. Moreover, from Fig. 6 it is denoted
that photocatalytic activity first increases and then decreases with increasing vacuum
impregnation pressure. This indicates that there is an optimal vacuum impregnation pressure of
the nano TiO,-FA/balsa wood composites. The degradation rate of MB by the obtained
composite under 0.4 MPa is only 66.16% within 240 min, by contrast, the nano
Ti0,-FA/composites prepared under 0.45 MPa presents a remarkable degradation performance
which achieves much higher to 88.74% with the same time. Notably, when pressure is increased
further, photocatalytic activity exhibits a declining trend. When the pressure increases further to
0.6 MPa, the degradation rate of MB distinctly decreased to 80.56% within 240 min. This
behavior is mainly attributed to the presence of TiO, globules with some areas agglomerated on
the wood cell wall surface and transformed to bulk irregular shapes grains (Fig. 4g), which would
reduce the specific surface area and cause the decreased number of exposed reactive sites,
thereby reducing the photocatalytic activity of the composite.

—0oO— control
—0—0.4MPa
—A—0.45MPa
—v—0.5MPa
&—0.55MPa
—0.6MPa

-1 T T T T
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Time(min)
Fig. 6: Photocatalytic activities of the nano TiO,-FA/balsa wood-based composites by vacuum
impregnation treatment under different pressures in the degradation of MB under UV-light

irradiation.
CONCLUSIONS

In the present study, the influence of different vacuum impregnation pressures on
the microstructure, nanomechanical characteristics and photocatalytic performance of obtained
nano TiO,-FA/balsa wood-based composites were investigated. The conclusions of this study
can be summarized as follows: (7) The nano TiO,-FA compound modifier was impregnated in
the balsa wood cell wall and successfully immobilized on the wood substrate. Moreover,
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the average grain size of TiO, nanoparticles grows larger as the impregnation pressure increases,
and the presence of TiO, globules with some areas agglomerated on the wood cell wall surface,
some nano TiO, spherical particles gradually agglomerate into bulk irregular shapes
grains. (2) Compared with unmodified wood, nano TiO,-FA/balsa wood composites showed
optimum comprehensive properties by vacuum impregnation treatment under 0.45 MPa.
The elastic modulus of cell walls for nano TiO,-FA/balsa wood composites fabricated under 0.45
MPa significantly increased from 8.18 + 0.77 GPa to 21.31 £+ 2.29 GPa, and the hardness
improved from 0.36 &+ 0.04 GPa to 0.84 + 0.08 GPa. Furthermore, the photocatalytic activity of
obtained composite first increases and then decreases with increasing vacuum impregnation
pressure. when the impregnation pressure reaches 0.45 MPa, the photocatalytic degradation
performance of nano TiO,-FA/balsa wood composites is up to 88.74% within 240 min, which is
obviously higher than that of the degradation rate under the other pressure conditions.
The current study offers a stable and sustainable strategy for the fabrication of multifunctional
balsa wood-based composites with potential applications in environmental and green
building-related fields.
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