PEER-REVIEWED ARTICLE b | oresources.com

TiO2/Graphene Oxide and SiO2 Nanocomposites Based
on Poplar Wood Substrate under UV Irradiation and
Negative Oxygen lons Generation

Zhenxing Wang, Xiaoshuai Han, and Junwen Pu *

Indoor air quality is crucial to human health because poor air quality can
easily lead to disease. To improve indoor air quality, it is essential to
increase the concentration of negative oxygen ions in the air.
Consequently, it is necessary to design a material that can generate
negative oxygen ions indoors. In this study, a wood-based functional
material was developed by anchoring TiO2/graphene oxide (GO) and silica
nanoparticles (SiO2) onto wood. The results showed that the TiO2/GO- and
SiOz-treated wood greatly enhanced the mechanical properties of the
wood and increased the negative oxygen ion production to 1580 ions/cm?
after 60 min of ultraviolet irradiation, which met the standard for fresh air.
These treated wood materials could fulfil the pursuit by an individual for a
healthy and environmentally friendly life, and represents a highly
promising material in the application of indoor decoration materials.
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INTRODUCTION

Indoor air quality is closely related to quality of life, work efficiency, and physical
health. According to the World Health Organization standards for fresh air, the negative
ion concentration is an indicator of the air quality. Fresh air is defined as having a negative
oxygen ion concentration that exceeds 1000 ions/cm?® to 1500 ions/cm? (Gao et al. 2016).
Negative oxygen ions, also known as air vitamins, can affect the quality of human life and
the environment. Medical reports have shown that after inhaling negative oxygen ions for
30 min, the lungs can increase oxygen absorption by 20% and eliminate 14.5% of carbon
dioxide, which substantially improves pulmonary function, blood circulation, and the
mental state of a person (Tom et al. 1981; Sirota et al. 2006). Negative oxygen ions can
also activate various enzymes in the body, promote metabolism, improve sleep quality, and
enhance the resistance of the body to disease (Sirota et al. 2008). Negative ions also play
arole inair purification because they can quickly neutralize secondhand smoke, odors, and
specific volatile organic compounds (Daniels 2002). The concentration of negative oxygen
ions in the air affects the lives of people at all times. Under natural conditions, the
concentration of such ions may increase under a high pressure, strong ray effect, and after
heavy rain. However, these methods are inconvenient for improving indoor conditions. For
instance, although negative oxygen ions are produced under strong gamma ray irradiation,
this method is detrimental to human health and has a low production rate (Sirota et al.
2006; Cosby et al. 1975; Walton et al. 2003). Consequently, a highly efficient photocatalyst
was chosen in this study to provide energy of excitation and thereby cause oxygen
molecules to ionize and produce negative oxygen ions.
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In recent years, titanium dioxide (TiO2) has become a popular and often
investigated material in environmentally benign photocatalysis (Zeng et al. 2010; Zhang et
al. 2013; Hou et al. 2015). However, the photocatalytic efficiency of pure TiO- is limited
in practical applications because of the rapid recombination of light-induced electron
charge carriers. Titanium dioxide generates electron-hole pairs upon irradiation with
ultraviolet (UV) light and reacts with oxygen and water to form superoxide (O2) and
hydroxyl radicals (-OH); thus, the combination of oxide and TiO2 can enhance the
photocatalytic properties of a material (Shao et al. 2013; Cheng et al. 2014; Qiu et al.
2015).

Graphene oxide (GO) sheets possess good hydrophilic properties and are a two-
dimensional carbon structure with rich oxygen-containing functional groups on the base
surface plane. Thus, the deposition of metal oxides on GO sheets shows promise for
improving the photocatalytic activity of TiO. (Jiang et al. 2011; Cong et al. 2013; Gao et
al. 2014). Using a convenient sol-gel method, TiO2 nanoparticles were deposited on GO
sheets, and uneven patterns of TiO, formed on the surface of the GO flakes. However, the
large specific surface area of GO, strong van der Waals interactions between the GO layers,
and large-area - interactions caused heavy aggregation of the GO nanoplates in water.
These conditions prevented abundant GO-containing oxygen from being exposed and
weakened its practical application (Georgakilas et al. 2012; Wang et al. 2014; Yang et al.
2014). To overcome this defect, silica nanoparticles were added to the GO solution to
expose potential oxygen-containing groups that accumulate in GO, thereby opening the
aggregated GO layer to expose more oxygen-containing groups (Yang et al. 2015). The
addition of silica greatly increased the contact between the TiO2 and GO, which effectively
reduced the recombination of electrons and holes during the photocatalytic process, while
increasing the production of negative oxygen ions (O2).

As a fast-growing material with a short growth cycle, poplar wood has been used
widely in the fields of architecture and furniture because of its beautiful appearance, light
weight, thermal expansion, and renewability. However, it possesses several drawbacks,
such as a poor mechanical stability, dimensional stability, and corrosion resistance, all of
which greatly limit its potential applications (Gao et al. 2015b). Therefore, it is necessary
to address the weaknesses of poplar to realize functional improvements. Conventional
wood modification methods are generally complex, difficult to manipulate, costly, and
likely to cause environmental pollution (Shi et al. 1996; Byrappa and Adschiri 2007; Gao
et al. 2015a; Yao et al. 2016). Hence, there is strong interesting in finding a simple, low-
cost, easily processed, and environmentally benign approach to the modification of wood
and its utilization in composites.

Based on the above considerations, this paper considered the anchoring of TiO2/GO
and silica nanoparticles (SiO2) on a wood substrate. A simple and effective strategy was
proposed to transform the original wood into a high-performance structural material with
better dimensional stability, mechanical properties, corrosion resistance, and negative
oxygen ion generation under UV irradiation.

EXPERIMENTAL

Materials
All of the reagents were purchased from Ke Bai Ao Co. (Beijing, China). The
reagents used were a GO solution (0.25% w/w), neutral silica sol (SiO2; 30% * 1%; pH:
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7.5 to 8.5; particle size: 10 nm to 20 nm), and TiO, (AS-9306). Deionized water was used
throughout the study. Poplar wood was obtained from the northern base of Beijing Forestry
University; the trees were approximately 4 years to 5 years old. The wood samples were
oven-dried (24 h and 103 °C + 2 °C) to a constant weight after being ultrasonically rinsed
in deionized water for 30 min.

Methods
Synthesis of the TiO2/GO and SiO2 nanocomposite modifier

The TiO2/GO modifier were prepared via a simple modified sol-gel method at room
temperature (25 °C). The GO solution 1% w/w (based on the mass of modifier) and neutral
silica sol 15% wi/w were suspended in deionized water 69% w/w under continuous stirring
for 1 h. Then, the photocatalyst 15% w/w was added to the mixed solution under continuous
stirring for 5 h. Finally, the modifier was obtained.

Vacuum pressure impregnation

The poplar wood logs were peeled and sawn into blocks measuring approximately
300 mm (longitudinal) x 200 mm (tangential) x 30 mm (radial). First, the wood samples
were placed in an impregnation tank and subjected to a vacuum treatment under reduced
pressure at -0.08 MPa to 0.1 MPa for 2 h. Then, the modifier was injected until the
impregnation tank was filled with the solution. Subsequently, a pressurized treatment was
performed at a pressure of 0.6 MPa to 0.8 MPa for 2 h. Finally, the wood loaded with
TiO2/GO and SiO2 was removed and air-dried for 3 d to 4 d at room temperature (20 °C)
to obtain TiO2/GO- and SiO-treated wood.

Mechanical properties

The density, bending strength, and compressive strength parallel to the grain of the
original and treated wood were measured according to the Chinese standards GB/T 1933—
2009, GB/T 1936.1-2009, and GB/T 1935-2009, respectively. The surface hardness was
tested using a TH210 hardness tester (Beijing TIME High Technology Ltd., Beijing, China)
and the shore D hardness according to ASTM D2240 standard (Gooch 2011). Furthermore,
the dimensions of the samples tested for the bending strength and compression
perpendicular to the grain were 300 mm x 20 mm x 20 mm and 30 mm x 20 mm x 20 mm,
respectively. The required size for the other test samples was 20 mm x 20 mm x 20 mm.
To ensure rigorous experimental data, the measured values for each test were recorded
based on the average of 10 samples.

Weight percent gain
The weight percent gain (WPG) after vacuum pressure impregnation was calculated
according to Eg. 1. The measurements were repeated using 10 samples,

WPG (%) = 100(W; - Wo) / Wo 1)

where Wi is the oven-dry weight of the wood samples after impregnation (g), and W is the
oven-dried weight of the original wood samples (g).

Water uptake

Water absorption tests on the original and modified wood were performed at room
temperature (20 °C). Each sample was soaked in water for 12 d with the weight measured
at various intervals. Before each measurement, a clean cloth was used to remove excess
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water from the sample surface. Each set of tests recorded data for 10 samples and the
average value was reported. The water uptake (%) was calculated with Eq. 2,

W (%) = 100(M; - Mo) / Mo (2)
where Mi; is the final mass (g), and Mo is the original mass (g).

X-ray diffraction

X-ray diffraction (XRD) was used to study the crystal structure and degree of
crystallinity of the TiO2/GO- and SiO.-treated and original wood. The XRD analysis was
performed at room temperature at a scanning rate of 2°/min using an XRD 6000 X-ray
diffractometer (Shimadzu, Kyoto, Japan) (40 kV and 30 mA). The relative crystallinity was
obtained using the ratio of the sample crystallinity to that of a standard amorphous material.
The degree of crystallinity (Cr) was calculated according to Eq. 3,

Cr (%) = 100F¢ / (Fa + Fe) 3

where F¢ is the intensity of the crystalline region, and F, is the corresponding intensity in
the amorphous region.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra were recorded using a Tensor 27 (Bruker,
Karlsruhe, Germany) over a scanning range of 4000 cm™ to 400 cm™ with a resolution of
2 cm for 32 scans. The original and treated wood samples were ground into a 120-mesh
particle size and mixed with potassium bromide pellets at a 1:80 ratio.

Field emission scanning electron microscopy

The morphology of the original and treated wood was determined using field
emission scanning electron microscopy (FESEM) (SU-8020, Hitachi, Tokyo, Japan). The
required working distance was 20 nm with a lighting current of 0.7 Na and acceleration
voltage of 1 kV. The original and treated wood samples were cut into small wooden bars
that measured 10 mm x 1.5 mm x 1.5 mm.

Negative oxygen ion production tests under ultraviolet irradiation

The negative oxygen ion concentration was determined using an AIC1000 air anion
counter (Shuangxu, Shanghai, China). The samples were placed in an obturator measuring
500 mm (length) x 300 mm (width) x 300 mm (height). The samples underwent UV
irradiation at a wavelength of 400 nm during the experiment. The air anion counter was
rezeroed before starting the test at a resolution ratio of 10 ions/cm? at 5-min intervals. Each
set of negative oxygen ion production under UV irradiation lasted for 60 min, and the
negative oxygen ion concentration was measured every 5 min.

RESULTS AND DISCUSSION

Functional Modifier

The synthetic modification reagents are shown in Fig. 1. Figure 1 shows that the
solution without SiO> contained a large number of visible flocculation particles caused by
large-area m-w interactions and strong van der Waals interactions between the GO layers
(Yang et al. 2015). This modifier had difficulty meeting the wood modification
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requirements; the flocculation of GO particles caused a notable reduction in the binding to
TiO2, which is inefficient for the production of negative oxygen ions (Ali et al. 2017).
However, the flocculation particles disappeared when the silica was added to the solution
(Fig. 1). The functional group of GO nanosheets would be exposed owing to the addition
of SiO», which could reduce the restacking of the GO nanosheets (Yang et al. 2014; Liu et
al. 2013). Thus the expected requirements for the modifier were met.

r y

;

| 4

Fig. 1. Modifier: (A) TiO2/GO with SiOz; and (B) TiO2/GO without SiO2

Mechanical Properties

The density and mechanical properties of the original and TiO2/GO- and SiO;-
treated wood samples (data averaged from 10 specimens) are shown in Table 1. The air-
dried density of the TiO2/GO- and SiO»-treated wood increased by 21.6% compared with
that of the original wood, from 0.37 g/cm?® to 0.45 g/cm?3; the oven-dried density increased
by 42.5%. The surface hardness of the treated wood was 21.4% greater than that of the
original wood. The bending strength and compressive strength parallel to the grain of the
treated wood were remarkably superior to those of the original wood. The treated wood
demonstrated the highest bending strength of 106.3 MPa, which was 1.5 times higher than
that of the untreated natural wood.

Table 1. Mechanical Properties of the Original and Treated Wood Samples

Property Original Wood Treated Improvement
Air-dried Density (g/cm?) 0.37 £ 0.05 0.45 £ 0.06 21.62%
Density (g/cm?3) 0.40 + 0.08 0.57 +0.03 42.50%

Compressive Strength
Parallel to the Grain 42.43 £ 2.64 74.56 + 4.33 75.72%
(MPa)
Bending Strength (MPa) 69.38 + 9.78 106.32 £ 6.43 53.24%
Hardness (shore D) 45.80 £ 2.47 55.58 + 3.42 21.35%
WPG (%) - 28.50 + 1.63
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The compressive strength parallel to the grain increased by 75.7%. This data
indicated that the mechanical properties of the treated wood were enhanced by the reaction
between the modifier and wood cells. Compared with the mechanical properties of the
original wood, the treated wood exhibit more obvious improvement. The test results were
also in line with the expectations that excellent modifiers should exhibit better mechanical
properties. Each set of tests had the same external conditions.

Water Uptake

The results of water absorption for the original and treated wood at room
temperature are shown in Fig. 2. The water resistance of the treated wood was significantly
improved compared to the original wood. The water absorption of the treated wood was
less than that of the original wood in the 12-d test. Both sets of test curves increased
substantially after approximately 1 d and then flattened after 8 d, which indicated that the
present synthesis strategy successfully achieved combination of the TiO2/GO and SiO;
nanocomposites with the wood water-absorbing groups. This reduced the number of
hydroxyl groups in the wood. The addition of SiO. effectively resolved the issue of
substantial aggregation of the GO solution, and SiO, produced by the drying and
solidification of silica sol blocked the holes in the surface of the wood; thus, the opportunity
to combine wood with water molecules was reduced (Rahman et al. 2010).

A—®— Original wood
g0 -| B—®— GO/TiO, and SiO,-treated wood
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Fig. 2. Water uptake of the (A) original and (B)TiO2/GO and SiOz-treated wood

XRD Analysis

Figure 3 shows the crystallinity of the original and TiO2/GO- and SiO»-treated
wood that was determined using XRD analysis. The original wood showed a maximum
intensity at a 26 of 16.1° (cellulose crystal diffraction, 101), and the curve extended to a
minimum of 18°, which is a region characteristic of amorphous cellulose. The most
remarkable diffraction peak of cellulose (002) appeared near 22.5°, and a small diffraction
peak (040) appeared around 35° (Cave 1997). Based on these findings, the crystallinity of
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the original wood was 22.4%, whereas that of the treated wood was 21.3%. Compared with
the original wood, the change in the position of the treated wood peaks was small, which
suggested that the modified solvent did not destroy the basic structure of the wood during
the impregnation process. The reason for the slight decrease in the crystallinity was
speculated to have been because the nanoparticles in the reaction solvent increased the
spatial size of the amorphous region, which resulted in the expansion of the amorphous
region (Fu et al. 2006).
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Fig. 3. XRD patterns of the (A) original and (B) TiO2/GO- and SiO2-treated wood

FTIR Analysis

The FTIR spectra of the original and treated wood samples are illustrated in Fig. 4.
The original wood bands at 1050 cm™ and 3400 cm™ indicated that -OH stretching and
vibration of various polysaccharides were pronounced (Horikawa et al. 2006; Devi and
Maji 2012). Peaks appeared around 1250 cm™ (Si-O-C), 812 cm™ (Si-O), and 705 cm™ (Si-
O-Si), which were attributed to the presence of silica (Gwon et al. 2010).

Field Emission Scanning Electron Microscopy Analysis

The FESEM images in Fig. 5 show the microstructural features of the TiO2/GO-
and SiO»-treated wood. The original wood surface had unevenly sized holes, which
indicated that the poplar wood was a heterogeneous and porous material before being
modified. After the vacuum-pressure impregnation, the wood surface was covered by
Ti02/GO and SiO> microparticles (Fig. 5B). The holes of the modified wood were filled
with modifier particles. These close-knit accumulated modifiers could play a key role in
protecting the wood from various forms of damage in addition to enhancing the structural
strength of the wood and reducing the water absorption (Zou et al. 2008). The SEM studies
showed that the modifier had been successfully impregnated into the cell cavity/wall of
wood, thus contributing to the above obviously improved mechanical properties and water
resistance (Tan and Cheetham 2011).
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Fig. 4. FTIR spectra of the (A) original and (B) TiO2/GO- and SiO»-treated wood

Fig. 5. FESEM images of the (A) original and (B) TiO2/GO- and SiO2-treated wood

Negative Oxygen lon Concentration

The results from negative oxygen ion concentration-measurements are shown in
Fig. 6. The initial negative oxygen ion concentration in the obturator, where the sample
was exposed to UV light, was 0.0 ions/cm?®. The absence of irradiation without the sample
group demonstrated that the internal environment of the obturator had no negative effects
on the experimental results. Figure 6 illustrates that the negative oxygen ion concentration
produced by the TiO2/GO- and SiO»-treated wood increased substantially and was larger
than that of the original and TiO2/GO-treated wood after 60 min of irradiation. The negative
oxygen ion concentration of the TiO2/GO-treated wood was slightly higher than that of the
original wood during the entire UV irradiation process. After 45 min of irradiation, the
negative oxygen ion concentrations in the three sample groups decreased slightly, but that
of the TiO2/GO- and SiO»-treated wood was still higher than that of the TiO2/GO-treated
and original wood. After 1 h of irradiation, the concentrations of the TiO2/GO- and SiO»-
treated, TiO,/GO-treated, and original wood were 1580 ions/cm?, 920 ions/cm?, and 400
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ions/cm?, respectively. After 60 min of irradiation, only the TiO,/GO- and SiO,-treated
wood had a concentration greater than 1000 ions/cm? and was able to meet the standard for
fresh air (Zhong et al. 1998). The results also indicated that the addition of GO and SiO>
effectively enhanced the production of negative oxygen ions. To further confirm the
efficiency of the negative oxygen ions generated by the photocatalyst under UV irradiation,
the time from 60 min to 120 min in Fig. 6 indicated that the sample generated a negative
oxygen ion content when the UV light was off. The overall trend of generating negative
oxygen ions by the three sample groups was gradually reduced. After 60 min without
irradiation, the concentrations of the TiO2/GO- and SiO-treated, TiO2/GO-treated, and
original wood were 1260 ions/cm?®, 550 ions/cm?, and 80 ions/cm?, respectively. The
negative oxygen ion concentration of the TiO2/GO- and SiO»-treated wood still met the
standard for fresh air.

Then, the UV light was turned on again to determine the durability and practicality
of the TiO2/GO- and SiO»-treated wood. As depicted from 120 min to 180 min in Fig. 6,
the concentrations of the TiO2/GO- and SiO»-treated, TiO,/GO-treated, and original wood
after 60 min of irradiation were 1560 ions/cm® 880 ions/cm® and 390 ions/cm?,
respectively. The performance stability of the TiO2/GO- and SiO--treated wood was still
better than that of the TiO2/GO-treated and original wood, and the negative oxygen ion
concentration released by the TiO2/GO- and SiO»-treated wood continued to meet the
standard for fresh air.
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Fig. 6. Negative oxygen ion concentrations in the obturator with the samples surface under UV
irradiation: (A) TiO2/GO- and SiOz-treated wood, (B) TiO2/GO-treated wood, (C) original wood,
and (D) sample without irradiation

Photocatalysis Mechanism

When TiO./GO composites were irradiated by UV light with energy equal to or
greater than the energy band, the GO acted as an electron acceptor in the TiO2/GO
combination and reduced the charge recombination. The charges e and h* were generated
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in the TiO2/GO composites, which caused excited electrons in the conduction band of the
TiO> to be transferred into the GO (Zhou et al. 2011). This left a positive charge in the
valence band of the TiO». Subsequently, the h* reacted with H>O or hydroxide ions (OH")
to generate hydroxyl radicals (-OH), and the e reacted with O to generate negative oxygen
ions (O2") (Khalid et al. 2013; Posa et al. 2016). The negative oxygen ion production
process under UV irradiation (Fig. 7) is expressed with Egs. 4 through 7:

TiO2/GO + hv —> TiO2 (h*) + GO (¢) (4)
h*+H,0—>.OH + H* ®)
h*+OH —-OH (6)
GO(e) + 02— GO + Oy (7)

GO ® sio, ® TiO,

Fig. 7. Possible scheme for negative oxygen ion production from the TiO2/GO- and SiO2-treated
wood under UV irradiation

CONCLUSIONS

1.

The mechanical properties of the TiO2/GO- and SiOz-treated wood, including the
density, bending strength, compressive strength parallel to the wood grain, and
hardness, were remarkably enhanced compared with that of the original wood. After
being modified with TiO2/GO and SiOz, the modified solvent was immersed in the
wood pores. The modifier reacted with the hydroxyls and other free radicals in the cell
and generated hydrogen bonds, while blocking the pores of the wood surface, thereby
reducing the likelihood of contact between moisture-absorbing groups in the wood and
water molecules.

Compared with the original wood, the treated wood released sufficient negative oxygen
ions to improve the air quality and meet the standard for fresh air. The presence of
negative oxygen ions is beneficial to the physical and mental health of people.

Regarding the overall experimental procedure of wood processing, this method is
simple, and it utilizes environmentally friendly materials, all of which align with the
social requirements for sustainable development.
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