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Hierarchical Porous TiO2 Monolith Prepared Using Cellulose 
Monolith as Template 
Yanting Lyu, a Taka-Aki Asoh *a and Hiroshi Uyama *a

The photocatalytic process using TiO2 materials under UV light illumination has shown great advantages in wastewater 
treatment. However, it is necessary to recover the catalyst from the suspension, and the small particle size of the catalyst 
can cause secondary pollution. Hierarchically porous TiO2 monolithic materials are potential candidates for water 
remediation, as they are easy to recover and can be used in flow systems. In this study, we used an ecofriendly cellulose 
material as a template to prepare a hierarchically porous TiO2 monolith. The cellulose monolith template was prepared from 
cellulose acetate by a thermally induced phase separation method. A composite monolith was then prepared in the presence 
of the cellulose monolith by a typical sol–gel reaction of titanium isopropoxide (TTIP). This composite monolith was then 
converted to a TiO2 monolith by burning in air to remove the cellulose monolith. Owing to the hierarchically porous structure 
of the cellulose monolith template, the obtained TiO2 monolith showed a similar hierarchically porous structure, as 
confirmed by scanning electron microscopy and nitrogen adsorption–desorption analyses. The pore structure could be 
controlled by changing the fabrication parameters, such as the type of cellulose monolith and TTIP content. The 
photocatalytic performance of the TiO2 monolith was evaluated by studying its effect on the degradation of methylene blue 
(MB) in flow system.

Introduction
A variety of chemical substances, such as dyes, detergents, 
pesticides, organochlorines, and aromatic hydrocarbons, enter 
water bodies and cause water pollution.1, 2 Among several 
water remediation methods, the photocatalytic process based 
on the use of titanium oxide (TiO2) materials under UV light 
illumination has shown great advantages in the treatment of 
wastewater pollutants owing to its ability to decompose almost 
all organic contaminants with only photoenergy.3 Typically, the 
decomposition of organic contaminants in water is performed 
by the simple addition of TiO2 powder or TiO2-based materials 
into the contaminated water.4, 5 TiO2 materials can effectively 
bind to organic contaminants and are light-absorbing, resulting 
in a high rate of the photocatalytic reaction. However, the 
catalyst powders need to be recovered from the suspension 
after the reaction. Moreover, inorganic powders frequently 
cause secondary pollution, which has hampered their practical 
application. To solve these problems, TiO2-polymer composites 
are potential candidates for water remediation. For example, 
cellulose/TiO2 monolith,6 and MS@TiO2@PPy monoliths7 were 
prepared as photocatalytic materials. However, polymer-based 
materials are limited in their applicability due to calcination at 
temperatures well below 200 °C and are inadequate as catalyst 
support for many organocatalytic reactions due to dissolving in 
most organic solvents. For these reasons, hierarchically porous 
monolithic TiO2 materials are potential candidates for water 
remediation in flow system.
Hierarchically porous materials have already received much 
attention in biomedical and environmental applications owing 
to their high surface area, high pore volume ratios, excellent 
accessibility to active sites, and enhanced mass transport and 

diffusion.8-11 Compared with conventional porous materials 
with uniform pore dimensions, hierarchical porous materials 
with well-defined pore dimensions and topologies can offer the 
combined benefits of each pore size in a single structure. For 
example, micro-/mesopores possess size or shape selectivity 
and high surface area for active site dispersion. The macropores 
act as flow-through channels and can minimize diffusive 
resistance to mass transport and provide easier access to the 
active sites.8, 12 Therefore, hierarchical porous materials show 
superior properties for flow-through applications and enable 
fast separation without loss in efficiency and high-throughput 
screening.13 Many hierarchical porous materials have been 
prepared and used in flow system such as cellulose acetate (CA) 
monolith,14 and carboxyl multiwalled carbon 
nanotubes/thermoplastic polyurethane-based (cMWNTs/TPU) 
composite monoliths.15 
Such novel interconnected porous TiO2 materials with a 3D 
network are currently attracting wide interest owing to their 
excellent physicochemical properties, such as high specific 
surface area, high chemical, thermal stabilities, and 
environmental benignity. These properties enable their 
utilization in wide applications such as water remediation, next-
generation solar cells, gas sensing, and lithium/sodium-ion 
batteries.4, 16-18 Novel porous TiO2 monoliths with controlled 
morphology, porosities, and architectures (especially with 
hierarchical porosity and mesopores in combination with 
macropores or micropores) are highly desirable owing to their 
unique structural features.
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Of the numerous methods for the preparation of porous 
inorganic materials, amphiphilic block copolymer-assisted sol–
gel methods have been confirmed to be a particularly promising 
approach owing to their advantageous features such as low 
cost, operational compatibility with ambient atmosphere, and 
easy one-pot processing route.19 In the sol–ge process, the 
hydrolysis and condensation reactions of the organic precursors 
are preferentially incorporated into one of the blocks through 
hydrogen bonds. Accordingly, reaction conditions are selected 
to simultaneously form co-continuous structures, resulting in a 
network structure of inorganic-material skeletons with 
macropores.20 Mesoporous phosphate-based glass (MPG) in 
the P2O5-CaO-Na2O system was synthesized by using a 
combination of sol–gel chemistry and supramolecular 
templating.21 Macroporous α-Al2O3 was synthesized by using 
dicarboxylic acids as porogenes in the sol–gel process.22 
Pudukudy et al. prepared MgO nanoparticles supported nickel 
and iron catalysts via a facile sol–gel route without the 
assistance of any surfactants.23 However, it is difficult to 
maintain a porous structure because their synthesis often 
involves a complicated phase separation in sol–gel reactions. 
The most commonly used synthetic technique for the 
fabrication of inorganic materials is “nanocasting” (hard 
templating), where a hierarchical structured polymer is used as 
a template, followed by carbonization of the composite and 
subsequent removal of the template.24-26

Cellulose monoliths, as a result of their monolithic and 
hierarchically porous structure, possess several features such as 
hydrophilicity, easy chemical modification, large surface area, 
insolubility in water and common organic solvents, and high 
mechanical strength.27 Additionally, hierarchically porous 
cellulose monoliths exhibiting high hydrophilicity and tolerance 
toward common solvents can be easily fabricated from a 
cellulose acetate solution by thermally induced phase 
separation (TIPS).28 Utilizing the hydrophilic but water-insoluble 
properties of cellulose monoliths, it is possible to incorporate 
the TiO2 precursor into the monolith skeleton during the sol–gel 
reaction.
Herein, we used an ecofriendly cellulose monolith as a template 
to prepare a hierarchically porous TiO2 monolith. The TiO2 
monolith was prepared in the presence of a cellulose monolith 
via a typical sol–gel reaction of titanium isopropoxide (TTIP). 
Hydrolysis and condensation reactions of TTIP occurred during 
the sol–gel process. Finally, the TiO2 monolith was obtained by 
burning the composite monolith in air to remove the cellulose 
template. Owing to the hierarchically porous structure of the 
cellulose monolith template, the obtained TiO2 monolith 
showed a similar hierarchically porous structure. Moreover, the 
pore structures could be controlled by altering the fabrication 
parameters such as the type of cellulose monolith and TTIP 
content. Furthermore, the photocatalytic performance of the 
TiO2 monolith was evaluated by analyzing its effect on the 
degradation of methylene blue (MB).

Results and discussion

Fig. 1a shows a schematic illustration of the preparation of the 
TiO2 monolith using a cellulose monolith as a template. The 
hierarchically porous cellulose monolith was fabricated 
according to the TIPS method reported in a previous work.28 
First, the cellulose_TiO2 monolith was prepared via the sol–gel 
method and a subsequent reaction of TTIP with the cellulose 
monolith. After the sol–gel reaction, the cellulose_TiO2 
monolith retained a good columnar shape. The cellulose 
monolith template was then removed by burning at 500 °C to 
obtain the TiO2 monolith. By removing the cellulose, a TiO2 
monolith with a good columnar shape was prepared. The 
thermal decomposition behavior of the template between 40 
and 800 °C was studied by TGA (Fig. S1). Usually, the 
decomposition temperature of a polymer under air is lower 
than that of under nitrogen. The weight loss of cellulose 
monolith under nitrogen and air commences at 300 °C and stops 
around 450 °C. The combustion of the cellulose produced 
enough energy that the temperature momentarily increased 
more than the programmed rate, which accounts for the 
unusual shape of the curve due to the cooling that followed the 
reactive overheating under air. The weight loss of cellulose_TiO2 
monolith commenced at 300 °C and stopped after 450 °C; 
however, the TiO2 monolith did not show any weight loss. 
Therefore, a burning temperature of 500 °C was sufficient to 
remove the template.
TTIP is easily hydrolyzed by H2O molecules. The hydrolysis 
reaction mechanism between TTIP and H2O molecules is an SN2 
nucleophilic substitution. During the sol–gel method, a 
condensation reaction also occurs between the hydroxyl groups 
of cellulose and TTIP (Fig. 1b). In the sol–gel process, a solid 
substrate with hydroxyl groups on its surface is allowed to react 
with the metal alkoxides in solution to form covalent bonds.29 
Cellulose monoliths possess hydroxyl groups on the surface, and 
are suitable vehicles for the surface sol–gel process. This means 
that it is possible to produce a TiO2 monolith in which the 
porous structure of the cellulose monolith is transferred by 
subjecting an appropriate quantity of TTIP to a sol–gel reaction 
in the presence of the cellulose monolith, followed by the 

Fig. 1 (a) The preparation process of TiO2 monolith. (b) Reaction between TTIP and 
cellulose monolith. (c) Schematic diagram of preparation of TiO2 monolith using 
cellulose monolith as template. 
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subsequent removal of the template. Moreover, TiO2 oligomers 
and nanoparticles diffuse into the cellulose skeleton, causing 
cellulose_TiO2 to form, as shown in Fig. 1c. Therefore, when the 
TTIP content is sufficiently high, the macropore diameter 
decreases because the amount of TiO2 covering the skeleton 
surface increases. The chemical structure of the monolith was 
studied via XPS and FT-IR analyses. The XPS survey spectrum of 
cellulose_TiO2 indicates 
the presence of Ti than pure cellulose (Fig. 2a). The peaks at 
458.4 and 464.3 eV are attributed to the Ti 2p3/2 and Ti 2p1/2 of 
TiO2 (Fig. S2a). The original cellulose monolith displayed two 
typical peaks at binding energies of 530.4 and 531.0 eV, 
corresponding to the C–OH bond and C–O–C bond of cellulose, 
respectively (Fig. S2b). Compared with the O 1s spectrum of 
cellulose, the cellulose_TiO2 has some additional characteristic 
signals (Fig. 2a). The results obtained from the XPS analysis also 
suggest the presence of Ti–O–C carbonaceous bonds, which was 
further supported by the high-resolution O 1s XPS spectra. As 
shown in Fig. 2b, the spectrum can be deconvoluted into three 
peaks: the peaks at binding energies of 529.8, 531.8, and 534.1 
eV can be attributed to the Ti–O–Ti, C–O–Ti, and C–O–C bonds, 
respectively.30 As shown in Fig. 2c, the FT-IR spectrum of the 
cellulose monolith features bands at 1023 and ~3400 cm-1, 
which can be assigned to C–O–C and –OH, respectively.31 After 

the sol–gel process, cellulose_TiO2 monoliths exhibited bands 
at 500–800, 1023, and 1632 cm-1, indicating the presence of Ti–
O–Ti, C–O–C, and C–O–Ti,32, 33 and the TiO2 monoliths show a 
band at 800–500 cm-1, which can be attributed to the presence 
of Ti–O–Ti bonds. These results indicate that the prepared TiO2 
can be fixed to the cellulose template because of the 
condensation reactions between cellulose and TTIP. XRD 
patterns of cellulose, cellulose_TiO2, and TiO2 monoliths are 
presented in Fig. 2d. The pattern of the cellulose monolith has 
a peak at 2θ = 20.3°. The cellulose_TiO2 monolith has peaks at 
2θ = 25.2, 38.1, 47.9, 54.1, and 63.0°, which can be indexed to 
the (101), (112), (200), (105), and (204) crystal faces of anatase 
TiO2. The TiO2 monolith also shows peaks consistent with the 
anatase phase at 2θ = 25.2, 38.1, 47.9, 54.1, 55.1, 63.0, 69.0, 
70.4, and 75.3°, which can be indexed to the (101), (112), (200), 
(105), (211), (204), (116), (220), and (215) crystal faces of 
anatase TiO2 (PDF # 001‐004‐0477).34

The porous structures of the cellulose, cellulose_TiO2, and TiO2 
monoliths were examined via SEM (Fig. 3). The obtained 
cellulose_TiO2 and TiO2 monoliths possessed a porous structure 
similar to the hierarchically porous structure of the cellulose 
monolith. The macropore diameters at each reaction stage 
were investigated, as shown in Fig. 3a. The macropore diameter 
of the cellulose 80_TiO2 30 monolith was 7.6 ± 1.7 µm, which 

Fig. 2 (a) Survey XPS spectra of cellulose 80 and cellulose 80_TiO2 40. (b) High-resolution XPS spectra of O 1s of cellulose 80_TiO2 40. (c) FT-IR spectra and (d) XRD patterns 
of cellulose 80, cellulose 80_TiO2 40, and TiO2 80_40 monoliths.
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was smaller than that of the cellulose 80 monolith (10.7 ± 2.1 
µm) used as the template. Furthermore, the macropore 
diameter decreased after the removal of the template, and the 
TiO2 80_30 monolith had a macropore diameter of 5.5 ± 1.1 µm. 
As the TTIP content is considered to affect the amount of TiO2 
synthesized, the macropore diameters of the cellulose 80_TiO2 
y and TiO2 80_y monoliths were evaluated as a function of TTIP 
content by using the same template (cellulose 80). During the 
calcination process, TiO2 particles were sintered together and 
porous TiO2 monolith formed. When the TTIP content was less 
than 20%, after calcination, the prepared TiO2 particles also can 
be sintered together to form porous structure, however, it is not 
enough to form a columnar skeleton structure because the 
amount of TiO2 covering the skeleton surface is not sufficient. 
As shown in Fig. 3, increasing the TTIP content tended to 
decrease the macropore diameters of cellulose 80_TiO2 y and 
TiO2 80_y monoliths. With a TTIP content of 40%, the 

macropore diameters of cellulose 80_TiO2 40 and TiO2 80_40 
monoliths were almost similar, but when the content was 
increased to 60%, the macropore diameter of TiO2 80_60 was 
1.7 ± 0.3 µm, which was approximately 1/5th of the macropore 
diameter of the cellulose monolith template. The results 
indicated that with an increase in the TTIP content, the amount 
of TiO2 synthesized and attached to the surface of the cellulose 
monolith increased. Meanwhile, the macropore diameter of the 
TiO2 80_y monolith decreased with an increase in the TTIP 
content. 
When the cellulose acetate monolith is a precursor of the 
cellulose monolith, the pore diameter of the cellulose monolith 
can be controlled by adjusting the polymer concentration, aging 
temperature, and solvent composition.28 In this study, various 
TiO2 monoliths with different pore diameters were prepared 
using cellulose monolith templates obtained by varying the 
polymer concentration was changed when the fixed content of 
TTIP was 40%. As shown in Fig. 3a and Fig. 4, with the increase 
in cellulose acetate concentration, the macropore diameter of 
the cellulose monolith decreased slightly from 10.7 ± 2.1 µm 
(cellulose 80) to 1.7 ± 0.2 µm (cellulose 140), but the obtained 
cellulose x_ TiO2 40 monoliths maintained the porous structure, 
and the TiO2 x_40 monoliths also reflected the template 
structure (Fig. 4b–j). These results indicate that the macropore 
diameter of the TiO2 monolith can be controlled by controlling 
the macropore diameter of the cellulose monolith template.
For the application of these monoliths as columns, solvent 
permeability is required. Additionally, the absolute 
permeability was examined to determine the intensive 
properties of the monolith in the flow system. The permeability 
coefficient in the flow system, B0, was measured at a flow rate 
of 1, 2, 3, 4, and 5 mL/min, and then calculated using the 
average value. As shown in Table 1, B0 varied depending on the 
TTIP content and type of cellulose monolith. B0 decreased in the 
TiO2 monolith prepared with a higher TTIP content and higher 
cellulose acetate concentration. Hence, all the prepared TiO2 
monoliths could be used in the flow system.

Fig. 3 (a) Macropore diameters of cellulose, cellulose_TiO2, and TiO2 monoliths 
prepared with different TTIP contents. SEM images of (b) cellulose 80, (c) cellulose 
80_TiO2 30, (d) TiO2 80_30, (e) cellulose 80_TiO2 40, (f) TiO2 80_40, (g) cellulose 
80_TiO2 50, (h) TiO2 80_50, (i) cellulose 80_TiO2 60, and (j) TiO2 80_60 monoliths.

Fig. 4 (a) Macropore diameters of cellulose, cellulose_TiO2, and TiO2 monoliths 
prepared with different cellulose acetate concentrations. SEM images of cellulose x 
monolith, cellulose x_ TiO2 40, and TiO2 x_40 monoliths. x is 100 for (b), (e), and (h); 
120 for (c), (f), and (i); and 140 for (d), (g), and (j)
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 Table 1 BET surface areas, mesopore diameters, pore volumes, B0, and porosities of TiO2 monoliths

The photocatalytic activity and adsorption results are shown in 
Fig. 6 and Fig.S3. In batch experiments, 94.5% and 96.2% of the 
initial dye can be decomposed after 30 min for P25 powders and 
TiO2 80_40 powders under UV illumination, respectively. After 
60 min, 98.6% and 98.7% of the initial dye can be decomposed 
for P25 powders and TiO2 80_40 powders, respectively. The 
results indicate the prepared TiO2 show high photocatalytic 

activity (Fig. S3). For the circular flow tests, the TiO2 80_40 
monolith (φ8 × 7 mm) was fixed in a shrinkable tube and 
exposed to UV illumination, and the MB solution was flowed 
circularly through the monolith using a peristaltic pump(EYELA, 
MP-1000) (Fig. 6a, inset). The distance between UV light and 
monolith is 5 cm. After 1 h, the TiO2 80_40 monolith can adsorb 
14.1% of MB solution; even increase to 10 h, only 15.0% of MB 

Sample Surface area (m2/g) Mesopore diameter (nm) Pore volume (cm3/g) B0 (m2) Porosity (%)
TiO2 80_30 64 7.5 0.22 1.7 × 10-11 89.8
TiO2 80_40 61 7.5 0.23 3.2 × 10-12 88.8
TiO2 80_50 60 7.5 0.24 2.2 × 10-12 88.9
TiO2 80_60 64 6.8 0.29 4.7 × 10-13 87.4

TiO2 100_40 53 7.5 0.17 1.3 × 10-13 .87.1
TiO2 120_40 67 7.5 0.22 2.2 × 10-13 87.2
TiO2 140_40 64 7.1 0.22 6.3 × 10-13 85.9

Fig. 5 (a) Nitrogen adsorption–desorption isotherms and (b) corresponding pore size distribution curves of the TiO2 monoliths prepared with different contents of TTIP.

Fig. 6 (a) Photocatalytic activity and adsorption of TiO2 80_40 monolith for MB solution. Shaded areas indicate periods without illumination (inset is a schematic 
representation of the experimental setup used for the photocatalytic test). (b) Reusability efficiency of the TiO2 80_40 monolith after several photocatalytic cycles.
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solution can be adsorbed, the result shown the TiO2 80_40 
monolith reached adsorption saturation after 1 h. For the 
photocatalytic activity, 91.5% of the initial dye can be 
decomposed after 5 h under UV illumination. After 9 h of 
irradiation, 98.2% of the initial dye was decomposed (Fig. 6a). 
The stability of the TiO2 80_40 monolith was evaluated by 
recycling experiments. As shown in Fig. 6b, after ten successive 
uses, it can decompose 96.6% of the MB dye. This indicated the 
good stability and reusability of the TiO2 monolith. 

Experimental
Materials

Cellulose acetate powder (L30) with an acetylation degree of 
55% was provided by Daicel Co., Ltd. Japan. TTIP (titanium (IV) 
isopropoxide), isopropyl alcohol, and MB were purchased from 
Tokyo Chemical Industry Co., Ltd. Titanium (IV) oxide (P25) was 
purchased from Fujifilm Wako Pure Chemical Corporation. All 
the other chemicals used were chemically purified and 
commercially purchased.
Preparation of TiO2 monolith

 The cellulose monolith was prepared via the TIPS method 
reported in a previous work.28 Cellulose acetate (2.0, 2.5, 3.0, 
and 3.5 g) was dissolved in 10 mL of dimethylformamide (DMF) 
at 90 °C. Once the cellulose acetate was completely dissolved 
by stirring, 15 mL of 1-hexanol was added gradually. 
Subsequently, the mixture was continuously stirred until it 
became clear and then was transferred into a mold and stored 
at 20 °C for 6 h to induce phase separation, forming the cellulose 
acetate monolith. The dried cellulose monolith was then 
obtained by deacetylation under alkaline conditions (0.5 mol/L 
NaOH in methanol) for 3 h and vacuum drying. The cellulose 
monoliths prepared using different concentrations of cellulose 
acetate were designated as cellulose x monoliths, in which x 
refers the concentration of cellulose acetate. 
 The cellulose_TiO2 monolith was prepared via a sol–gel 
reaction in the presence of a cellulose monolith. TTIP was added 
to isopropyl alcohol and stirred for 20 min. Then, the cellulose 
monolith (0.50 g) was immersed in the TTIP/isopropyl alcohol 
solution. Subsequently, deionized water was added to the 
mixture under vigorous stirring. The volume ratio of isopropyl 
alcohol to water was 1:10. The solution was subsequently 
heated to 80 °C for 5 h and cooled to room temperature, 
following which, the cellulose x_TiO2 y monolith was washed 
with distilled water and dried at 80 °C, the total volume of the 
solution after added distilled water is 15 mL, the TTIP content is 
defined as the ratio of TTIP volume to the total volume of 
solution, x refers to the concentration of cellulose acetate 
(mg/mL) and y refers to the content of TTIP (%).The details are 
shown in Table S1. To remove the cellulose monolith, the 
cellulose_TiO2 monolith was calcinated in air (heating from 
room temperature to 500 °C at a rate of 1 °C/min), maintained 
at 500 °C for 2 h, and then cooled to room temperature to 
prepare the TiO2 x_y monolith.
Characterization

Fourier transform infrared (FT-IR) measurements of the 
samples were performed using a Thermo Scientific Nicolet iS5 
spectrometer equipped with an iD5 ATR attachment. All spectra 
were acquired at a resolution of 4 cm-1 across 100 scans in the 
scan range of 4000–500 cm-1. The morphology of the monoliths 
was investigated via scanning electron microscopy (SEM) by 
using a Hitachi S-3000N scanning electron microscope operated 
at 15 kV. The Brunauer-Emmett-Teller (BET) surface area was 
studied by nitrogen adsorption–desorption analysis 
(Quantachrome Instruments). Samples were vacuum-degassed 
at 70 °C for 24 h prior to measurement. The pore diameter 
distribution and pore volume were obtained using density 
functional theory (DFT). Thermogravimetric analysis (TGA) was 
conducted using a thermogravimetric analyzer (Hitachi, 
STA7200RV) in the temperature range of 40–800 °C at a heating 
rate of 10 °C/min under nitrogen protection. Powder X-ray 
diffraction (XRD) patterns were obtained using a SmartLab 
(Rigaku Corporation, Japan) with a Cu K-beta X-ray source and a 
scanning speed of 5°/min over a 2θ range of 5–80°. The 
generator voltage and current were 45 kV and 200 mA, 
respectively. The elemental compositions of the surfaces were 
calculated using X-ray photoelectron spectroscopy (XPS, Kratos 
Ultra 2). For XPS, monochromatic Al Kα was used, and the 
power of analysis was 75 W (wide) and 150 W (narrow). The 
survey and high-resolution XPS spectra were collected at fixed 
analyzer pass energies of 160 eV and 10 eV, respectively. To 
confirm reproducibility, the measurement was performed three 
times for each sample. The peaks were fitted using CasaXPS 
Version 2.3.15 (Casa Software Ltd. Japan). 
To measure the permeability of the monolith, it was tightly 
fitted with a heat-shrink tubing and connected to a digital 
quantitative tubing pump (As One, DSP-100SA) and digital 
pressure gauge (Krone, KDM30). The peristaltic pump was 
employed to allow the water to flow through the monolith. The 
value of the permeability coefficient, B0, depends only on the 
structure of the porous medium. Hence, permeability is 
regarded as absolute, regardless of the working fluid. Darcy’s 
law defines the equation of permeability in terms of measurable 
quantities,3535

𝐵0 =
𝐿 × 𝑣 × 𝜇

∆𝑃

𝑣 =
𝑞
𝐴

where 𝐿 is the length of the monolith (m), 𝑣 is the linear velocity 
of a given fluid in the flow system (m/s), 𝜇 is the viscosity of the 
fluid (Pa·s), ΔP is the pressure drop when an influent flows 
through the monolith (Pa), 𝑞 is the flow rate (m3/s), 𝐴 is the 
cross-sectional area of the flow (m2), and 𝐵0 is the permeability 
of the porous medium (m2).
The porosity of the TiO2 monoliths was evaluated by gravimetric 
measurement. The porosity was then calculated according to 
the following equation:

porosity = (1 ―
𝜌𝑎𝑝

𝜌𝑚 ) × 100%
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where ρm is the density of anatase TiO2 particles (ρm = 3.895 
g/cm3), and ρap is the density of the prepared TiO2 monolith.
Photocatalytic tests

The photocatalytic activity of the materials has been evaluated 
in batch and flow systems. The photocatalytic activity of the 
TiO2 powders (TiO2 monoliths were ground into powder) and 
P25 powders was tested by studying their effect on the 
decomposition of MB under UV light in a batch system at room 
temperature. Monolith pieces (30 mg) and P25 powders (30 mg) 
were placed in 50 mL of 5 mg/L MB solution under stirring and 
exposed to UV light LED lamp (λ = 365 nm, 100 mW/cm2, 
PiPhotonics, Inc. HLKK60). Prior to the decomposition 
experiment, the solution was allowed to flow through the 
monolith in the dark for 30 min to ensure adsorption–
desorption equilibrium, and the concentration was checked 
regularly. The concentration of MB was checked at different 
time intervals after centrifugation (14000 rpm, 2 min, 
Centrifuge MiniSpin plus, Eppendorf, Japan) using a UV-visible 
spectrophotometer (HITACHI, U-2810) 
The photocatalytic activity of the TiO2 monoliths was tested by 
studying their effect on the decomposition of MB under UV light 
in a circular flow system at room temperature. For the tests, the 
TiO2 monolith was fixed into a PTFE heat-shrinkable tube to 
construct a flow system. The reservoir was filled with 25 mL of 
5 mg/L MB solution. The MB solution circulated using a 
peristaltic pump (EYELA, MP-1000) and the flow rate of the 
pump was set at 3 mL/min. After flow through the monolith, the 
MB solution was recycled back into the reservoir at room 
temperature. Prior to the decomposition experiment, the MB 
solution was allowed to circular flow through the monolith in 
the dark for 1 h to ensure adsorption–desorption equilibrium, 
and the concentration was checked regularly. The 
decomposition was induced by a 25 W UV-LED light irradiation 
unit with a single peak wavelength of 365 nm (CCS Inc., EFICET-
8332A). The concentration of MB was checked at different time 
intervals using a UV-visible spectrophotometer (HITACHI, U-
2810). The decrease in the intensity of the most prominent 
absorption band of the MB spectra, typically at 664 nm, was 
analyzed to follow the degradation of the MB solution. After 
one cycle, the TiO2 monolith was washed and dried to test its 
recycling performance. Subsequently, another photocatalytic 
experiment was conducted as mentioned above. This process 
was repeated five times. The adsorption capacity of TiO2 
monoliths was tested by using the same method without UV 
light.

Conclusions
A hierarchically porous TiO2 monolith was fabricated via the 
sol–gel method by using a cellulose monolith as a template and 
TTIP as a raw material. The pore structures were controlled by 
changing the fabrication parameters, such as the type of 
cellulose monolith and TTIP content. SEM and nitrogen 
adsorption–desorption analyses were carried out to evaluate 
the porous features of the TiO2 monolith. The BET surface areas 
of all the TiO2 monoliths were similar, indicating that increasing 

the TTIP content or cellulose acetate concentrations did not 
affect the surface areas of the TiO2 monolith. Moreover, owing 
to their well-formed porous structure, the TiO2 monoliths 
possessed a high porosity (approximately 85.9%–89.8%). The 
TiO2 monolith exhibited excellent photocatalytic efficiency; the 
degradation efficiency of MB reached 98.2%. After ten cycles, 
the monolith also showed a degradation efficiency of more than 
96%. Therefore, the TiO2 monolith was quite stable and 
reusable. We also believe that the prepared TiO2 monoliths are 
promising in other application and further modification. More 
importantly, this strategy also can be used to prepare other 
inorganic monolith.
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