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Abstract: To suppress the agglomeration of a photocatalyst, facilitate its recovery, and avoid
photolysis of dyes, various support materials such as ceramic, carbon, and polymer have been
investigated. However, these support materials pose the following additional challenges: ceramic
supports will settle down at the bottom of their container due to their high density, while the
carbon support will absorb the UV-vis light for its black color. Herein, we propose a floatable, UV
transmitting, mesoporous bleached wood with most lignin removal to support P25 nanoparticles
(BP-wood) that can effectively, recyclable, three dimensional (3D) photocatalytic degrade dyes such
as methylene blue (MB) under ambient sunlight. The BP-wood has the following advantages:
(1) The delignification makes the BP-wood more porous to not only quickly transport MB solutions
upstream to the top surface, but is also decorated with P25 nanoparticles on the cell wall to form a 3D
photocatalyst. (2) The delignification endows the BP-wood with good UV transmittance to undergo
3D photocatalytic degradation under sunlight. (3) It can float on the surface of the MB solution to
capture more sunlight to enhance the photodegradation efficiency by suppressing the photolysis of
MB. (4) It has comparable or even better photocatalytic degradation of 40 mg/L and 60 mg/L MB
than that of P25 nanoparticles suspension. (5) It is green, recyclable, and scalable.

Keywords: bleached wood support materials; 3D photocatalyst; UV transmittance; floatable;
recyclable

1. Introduction

In order to rapidly, efficiently, and cost-effectively remove dyes from industrial waste water [1],
various technologies, such as physical adsorption [2], photocatalytic degradation, chemical oxidation,
and membrane filtration, have been implemented, among which photocatalytic degradation has been
demonstrated to be of high efficiency [3–5]. Heterogeneous photocatalysis is based on the use of UV
light with a wavelength shorter than 380 nm to stimulate a semiconductor material (i.e., TiO2 with
band gap of ca. 3.2 eV, corresponding to radiation of UV light with a wavelength of about 380 nm)
to excite the electrons from the valence band to the conduction band to generate electron–hole pairs,
which serve as the oxidizing and reducing agents to photocatalytic degrade dyes [6]. The efficiency
of TiO2 was reported to be influenced by many factors, such as crystalline structure [7–10], particle
size [10–13], and doping with the other ions [14–17]. However, there are some disadvantages in
the use of TiO2 nanoparticle suspension during photocatalytic processes: it tends to agglomerate at
high concentrations, and is difficult to separate and recycle from the solution [18,19]. To overcome
these disadvantages, TiO2 can be supported on a material that suppresses the agglomeration and
facilitates its further recovery. In this context, various support materials, such as ceramic (i.e., molecular
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sieves, silica, zeolite, and clay) [19–22], carbon (i.e., activated carbon, carbon nanotube, graphene,
and graphite) [18,23–26], and polymer (i.e., chitosan, polyamide, polyester) [27–29] have been
investigated. However, these support materials pose additional challenges. For instance, ceramic
supports will settle down at the bottom of their container due to their high density, while the dyes in
the upper solution will absorb the UV light to have photolysis instead of photocatalytic degradation
by the photocatalyst. The carbon support will absorb the UV-vis light due to its black color [30–32].
Thus, it is still a challenge to provide an excellent support material with low density to float on the
dye solutions’ surface to efficiently exploit UV light, 3D porous structure to support photocatalysts
nanoparticles, transmit UV light and transport dye upstream.

Wood, an earth-abundant, natural, low density, hierarchical, mesoporous material, has been
widely used as the template to prepare TiO2 nanomaterials [33,34], the substrate to coat with TiO2

nanoparticle to enhance weathering performance [35], and the support to decorate with palladium
nanoparticles for efficient wastewater treatment [36]. With its mesoporous structure, wood is comprised
of numerous long, partially aligned lumens as well as nanochannels along its growth direction,
facilitating its floatation on the solutions’ surface, decoration nanoparticles on the cell wall, and bulk
treatment as water flows through the entire mesoporous wood [36]. However, it is difficult to exploit
wood as a photocatalyst support due to the 20–30% lignin, whose absorption ranges from 300 nm to
600 nm [31].

The objective of the current study is to test the hypothesis that the bleached wood
(i.e., cellulose-based hierarchical porous structure of wood obtained via delignification) can also
be exploited as an alternative photocatalyst support material. Herein, P25, a commercial TiO2

photocatalyst was coated on three kinds of wood-based supports, namely bleached wood with
P25 (BP-wood), half-bleached wood with P25 (HBP-wood), and natural wood (N-wood) with P25
(NP-wood). The first two are obtained by removing about 50% lignin and 95% lignin, respectively.
Notably, the mesoporous structure of N-wood is well maintained even after removing 95% lignin,
and possess transmittance with UV light. The photocatalytic activity of above three wood-based
catalysts are investigated in aqueous solution by using methylene blue (MB) dye as a model
contaminant under ambient sunlight illumination. The mesoporous structure of the bleached wood is
demonstrated to play important roles in the photocatalytic degradation since the wood is composed of
50% vessel channels and 20% fiber channels, which provide a pathway to quickly transport MB solution
onto the top surface to be photodegraded with the P25 nanoparticles under sunlight illumination.
Moreover, the P25 nanoparticles can be penetrated into the wood cell wall to form 3D photocatalitic
composites to further enhance the photodegradation with the illumination of transmitted UV light.
The experimental result shows that it has better photocatalytic degradation of 60 mg/L MB than that
of P25 nanoparticles suspension.

2. Results and Discussion

Scheme 1a illustrates the preparation process of BP-wood and the photocatalytic process. In order
to remove lignin, the natural basswood is delignified by H2O2 steam. Scheme 1b demonstrates
the approximate photodegradation mechanism of BP-wood-supported catalysts. The degraded
materials are continuously transported from the bottom of the BP-wood to the top and inside, forming
a 3D catalytic mechanism under the permeation of the light source. As for the control group (P25
nanoparticles are directly added to the MB solution), shown in Scheme 1c. P25 is easily wrapped with
the light-absorbing dye in the solution, so that the dye undergoes weak photolysis under illumination,
which has a certain degree of influence on the photocatalytic degradation of P25.
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Scheme 1. Material preparation and usage. (a) Sketch of BP-wood preparation. (b) Wood absorbs
methylene blue (MB) from the bottom of the contact surface and sends MB to the location of lower
concentration by capillary action and transpiration of the pipeline. With the provision of ultraviolet
light from sunlight, TiO2, once exposed to MB, immediately produces an effective photocatalytic
degradation. There is also a degradation process of MB inside the timber pipe and inside the pipe wall.
Due to the higher transmission of UV light in BP-wood, the P25 penetrating into the interior of the wood
also plays a role of catalyzer. (c) Schematic diagram of a control group-added P25 particles directly.

The lignin content can be decreased from 22.5% (N-wood) to 12.3% (Half B-wood), to 1.01%
(B-wood) when the H2O2 steam time prolong to 1 h and 4 h, respectively (shown in Figure 1a). The
mechanical strength of BP-wood is shown in Figure 1b. For the wet BP-wood with a thickness of 5 mm,
the fracture strength is about 0.4 MPa. It is lower than that of N-wood and dry BP-wood (2.4 MPa),
which was strong enough to be carried out in the photocatalytic process. From Figure 1c,d, we can see
that massive microscale pores were generated in the cell wall and cell wall corners after delignification
compared with N-wood, which will provide sites to P25 nanoparticles, and a pathway to quickly
transport dye solution upstream to the B-wood’s top surface. Furthermore, P25 nanoparticles dispersed
in aqueous solutions were coated on the surface of N-wood, Half B-wood, and B-wood to obtain
P25 nanoparticles supported on the N-wood (NP-wood), Half B-wood (HBP-wood ), and B-wood
(BP-wood), respectively. As shown in Figure 1e, Raman spectra revealed that peak intensity of B-wood
at 1300, 1602, and 1730 cm−1 decreased compared with that of N-wood, which further demonstrated
the removal of most of the lignin in B-wood [37]. Moreover, the degradation of the cellulose was
negligible, while both lignin and hemicellulose were dramatically removed, as shown in our previous
work [38]. The color changed from yellow to white during delignification process, shown in Figure 1f.
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Figure 1. (a) Lignin content and (b) Mechanical strength of BP-wood in wet state. SEM images of cell
wall corners and the middle lamella of (c) Natural basswood (N-wood) and (d) B-wood. (e) Raman
characterization of N-wood, B-wood. The images were obtained through baseline corrected and
normalized. (f) Photos of wood after removal of different content of lignin.

In order to investigate the water transportation capacity, we designed a dye transportation
experiment. N-wood and B-wood are put into a dye solution to observe the distance the dye arrives
after a certain time. As shown in Figure 2a, the dye in the B-wood reaches to a larger distance than that
of the N-wood, which indicates that the B-wood exhibits better material transportation capabilities
than that of N-wood. The speed of dye transportation in the B-wood and the N-wood are determined
to be 2.2 and 6.3 mm/min, respectively (Figure 2b).
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Figure 2. (a) The MB transport distance through B-wood and N-wood after 0, 5 min. (b) The MB
transport speed through B-wood and N-wood during 5 min.

As shown in Figure 3a–d, P25 nanoparticles are not only decorated on the top surface of B-wood,
but also penetrate into the cell wall of B-wood due to its mesoporous structure, which results in
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three-dimensional (3D) P25-wood composites. The light transmittance of wet BP-wood and NP-wood
in the range of 200–800 nm are shown in Figure 3e. It is worth noting that, in the ultraviolet range of
300–400 nm, BP-wood still has a light transmittance of 0.5–20%, while NP-wood does not have light
transmittance before about 550 nm due to the existence of 22.5% lignin.

To demonstrate the 3D photocatalytic features of BP-wood, the P25 nanoparticles coated on the
B-wood surface were purposely removed to preserve the P25 nanoparticles which had penetrated
into the interior of the B-wood (BI-wood). 10 mg/L methylene blue (MB) aqueous solution was
photocatalytically degraded with BI-wood, and B-wood under ambient sunlight. The re-plotted linear
graph of ln(c0/c) ~t shown in Figure 3f indicates that the photocatalytic degradation of MB with P25
decorated inside the BP-wood follows roughly the pseudo-first-order reaction [7]. The rate constants
were determined to be 0.35, 0.21, and 0.18 h−1 for BI-wood, B-wood, and methylene blue (MB) aqueous
solution, respectively. That is, the photocatalytic degradation of BI-wood is better than absorption of
B-wood and the photolysis of MB, which indicates that the bleached, delignified wood can be used as
3D photocatalyst support due to its mesoporous structure, and UV transmittance.
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Figure 3. SEM images of B-wood’s (a) top surface and (b–d) cross section decorated with P25
nanoparticles. (e) Optical transmittance of BP-wood and NP-wood. (f) Comparison of photocatalytic
degradation of BI-wood with TiO2 removed at the top and B-wood and blank control groups
(where C0 is the initial concentration of the dye solution and C is the concentration of dye at
corresponding time) [6].

The photocatalytic properties of BP-wood, HBP-wood, and NP-wood were examined by
measuring the photodegradation of 20 mg/L MB under ambient sunlight. As shown in Figure 4a, all
wood-based photocatalysts, including BP-wood, HBP-wood, and NP-wood can float on the surface of
the MB solution, and the P25 nanoparticles coating the top surface of the BP-wood are directly exposed
to sunlight. Figure 4b shows the MB photolysis and photodegradation kinetic curves for reactions in
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which P25, NP-wood, HBP-wood, and BP-wood are used as photocatalysts. Overall, the photocatalytic
activity increased when the lignin content decreasing. The re-plotted linear graph of ln(c0/c) ~ t
shown in Figure 4b indicates that the rate constants were determined to be 0.52, 0.41, 0.21, and 0.08
h−1 for P25, BP-wood, HBP-wood, and NP-wood, respectively. Combining with the corresponding
lignin content, we can conclude that the photocatalytic activity of wood supported P25 increases with
the decreasing of lignin content. Notably, the photolysis of MB with 20 mg/L is very small. After
photodegradation, both BP-wood and NP-wood were taken out from the solutions. It is clear that,
after the photodegradation, the P25 nanoparticles’ suspension leads to a turbidity inside the entire
beaker, which indicates the difficulty to be separated and recycled (Figure 4c). As for NP-wood, the
solution after photodegradation exhibits yellow color due to the leaching of N-wood [32]. However, it
is clean and pollution-free for BP-wood, which reveals the clean and environmental benign. We further
exam the BP-wood and NP-wood after photodegradation, shown in Figure 4d,e. Compared with the
blue color of the interior of NP-wood, BP-wood appears pure white without MB molecules. That is,
the MB molecules inside BP-wood are also photocatalytical degraded, which further demonstrates the
3D photocatalyst feature of BP-wood. As for NP-wood, although there was photocatalytic degradation
occurring on the surface, the MB molecules absorbed in the porous wood still remained.
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Figure 4. (a) Photo of photocatalytic degradation devices under sunlight. (b) Photodegradation of MB
monitored as the normalized concentration change versus irradiation time under sunlight. Photo of
(c) MB solutions, (d) BP-wood, and (e) NP-wood after photodegradation of MB solution under sunlight.

We also characterize the photocatalytic degradation of the high-concentration MB solution
with BP-wood under ambient sunlight. From Figure 5a,b, we can see that the photodegradation
performance of the BP-wood is comparable to or even better than those of P25 suspension when the
concentration of MB increases to 40 mg/L and 60 mg/L, respectively. As we know, MB molecules
can be degraded by either photolysis or photocatalytic degradation. With the MB concentration
increased, MB molecules will absorb more UV light to be degraded by photolysis, which decreases the
photocatalytic degradation efficiency of P25 suspension, while the effect on BP-wood is negligible due
to its floatability. Figure 5c further demonstrates that the enhancement factor of the BP-wood versus
P25 suspension increased with the increasing of MB concentration.
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Figure 5. Photodegradation of MB solutions with (a) 40 mg/L, (b) 60 mg/L monitored as the
normalized concentration change versus irradiation time in the presence of P25 and BP-wood under
ambient sunlight. (c) Enhancement factor of the use of BP-wood compared with P25. (d) Recycling
performance of BP-wood.

The photodegradation process of BP-wood consists of the following steps. Firstly, the BP-wood
floats on the surface of MB aqueous solutions due to its low density. Secondly, the MB solutions
will transport to the top surface of the BP-wood via aligned channels to make contact with P25
nanoparticles. Thirdly, MB molecules will be photocatalytical degraded via P25 nanoparticles under
UV light with a wavelength shorter than 380 nm in sunlight. Fourth, MB molecules will continuously
accumulate in both top surface and the interior of BP-wood via a concentration gradient to continuous
photodegradation. It should be noted that the P25 nanoparticles decorated into the cell wall of BP-wood
also exhibit photocatalytic activity since UV light can be transmitted into the interior of BP-wood.

Thanks to its large size and 0.4 MPa mechanical strength, BP-wood can be easily recycled to
photodegrade the MB solution under ambient sunlight. After the degradation, the BP-wood was taken
out and kept under ambient conditions. As shown in Figure 5d, our BP-wood exhibited excellent
recyclable performance: during the 5 circles, it takes 6.5, 7.0, 6.8, 7.1, and 6.9 h respectively to achieve
photodegradation of a 20 mg/L MB solution. There is no significant decline in efficiency during the
photodegradation process.

3. Materials and Methods

3.1. Materials and Chemicals

Basswood was used in this study. P25 was bought from Degussa AG. H2O2, MB, anhydrous
ethanol ethanol were bought from Sigma Chemicals (Shanghai, China).

3.2. Preparation of N-Wood and B-Wood

Natural basswood (N-wood) slices with size of π × 20 × 20 × 5 mm3 were obtained by cutting
along the direction perpendicular to the growth of wood. Half-B-wood and B-wood were obtained
by H2O2 steam delignification of above-mentioned N-wood at 100 ◦C for 1 and 4 h, respectively [38].
After rinsed with water, and ethanol for three times, they were dried at 50 ◦C for 4 h.
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3.3. Preparation of NP-Wood and BP-Wood

The P25 nanoparticles were dispersed in deionized water and ultrasonically dispersed for 10 min.
After overnight, the upper 5 mL * 3 g/L P25 suspension was coated on the N-wood, Half-B-wood,
and B-wood to form NP-wood, HBP-wood, and BP-wood.

3.4. Photocatalytic Activity Measurement

The photocatalytic activity of the aforementioned samples was investigated by placing NP-wood,
HBP-wood, and BP-wood on the surface of MB aqueous solution to measure the P25-assisted
photodegradation of 100 mL MB aqueous solutions. At the same time, 0 mL and 5 mL * 3 g/L
P25 suspension was added into 100 mL MB aqueous solutions as the control group. Then, they were
irradiated under ambient sunlight. Finally, the concentration of MB after illuminating for a certain time
was monitored by measuring the absorbance of the solutions (which were centrifuged at 2000 rpm to
remove P25) at 664 nm.

3.5. Characterization

Scanning electron microscopy images were determined with a Nova NanoSEM 450, Lincoln,
Ne, USA. The accelerating voltage was 15 kV. The UV–vis absorption was measured on Cary
500 Scan UV–vis–NIR spectrophotometer (Harbor, CA, USA). The transmittance of the material
comes from the ultraviolet visible spectrophotometer. The UV-visible spectrophotometer model is
U-4100 Spectrophotometer, Hitachi (Tokyo, Japan). A universal mechanical test machine was used
to measure the mechanical properties with the SUNS UTM-5000 electronic universal testing machine
(Shenzhen, China). The size of the test sample was 10 × 1 × 0.5 cm3. And Raman spectra were
obtained from LabRam HR Evolution, Horiba, France.

4. Conclusions

To summarize, a floatable, recyclable, efficient, UV light permeable, environmentally friendly,
and 3D photocatalyst was easily synthesized through decoration with P25 nanoparticles on both
the surface and in the interior of bleached wood. The bleached wood was obtained by removing
most lignin from N-wood through H2O2 steam delignification. The delignification not only endows
bleached wood with UV light transmittance, but also provides a highway to transport the MB solution
up to the top surface. The as-made BP-wood photocatalyst shows a high photocatalytic degradation of
60 mg/L MB solution under ambient sunlight, better than that of P25 nanoparticles suspension. It also
exhibits excellent recyclability due to its large size, floatability, and 0.4 MPa mechanical strength. The
present work opens up an efficacious avenue for designing bleached wood-based recyclable, floatable,
UV permeable, and efficient 3D photocatalyst for environmental pollution.
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