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Synthesis of Mesoporous TiO2 Induced by Nano-
Cellulose and Its Photocatalytic Properties
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Nano-cellulose was prepared via acid hydrolysis and cell crushing using
microcrystalline cellulose as the raw material. Mesoporous TiO2 was then
prepared via hydrothermal synthesis using butyl titanate as the titanium
source and the previously prepared nano-cellulose as the template. It is
confirmed by FT-IR and XRD that the commercial product P25 consisted
of anatase and rutile mixed crystal structure, in which the content of
anatase and rutile was 80.5% and 19.5%, respectively. The prepared
TiO2 had an anatase single crystal structure. XPS analysis showed an
elemental content of C, O, and Ti with two kinds of TiO2. TEM, HRTEM,
and electron diffraction were used to characterize the particle size of the
prepared mesoporous TiO2, mainly concentrated in the 10 to 20 nm
range. Crystalline spacing was 0.35 nm (101). By comparison, the
particle size of P25 was mainly distributed in the 15 to 25 nm range with
a crystalline spacing of 0.35 (101) and 0.32 nm (110) respectively. XRD
analysis was consistent with the results. Based on Nz adsorption-
desorption isotherm curves it was evident that the surface area of
prepared TiO2 and P25 was 38.92 m?/g and 53.54 m?/g, the cumulative
pore volume of the two is 0.24 m?/g and 0.17 m?/g respectively. The
experiments of photocatalytic degradation of rhodamine B showed that
the catalytic ability of the prepared mesoporous TiO2 to degrade
pollutants was better than commercial TiO2 under UV irradiation.
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INTRODUCTION

Nano-TiOz2 is an important semiconductor photocatalyst with many advantageous
properties, including high activity for the photocatalytic degradation of organic
compounds, chemical stability, as well as chemical and photochemical resistance (Wu et
al. 2014), and non-toxic nature. This material is therefore valuable in sewage treatment
and air purification applications. In recent years, mesoporous materials with pore sizes
between 2 and 50 nm have been widely applied across many fields. These materials are
highly suited for applications such as catalysis, separation, and adsorption because of
their high specific surface area and developed pore structure. Such mesoporous materials
have attracted significant research attention in the materials science field and related
fields. Mesoporous molecular sieves with a hexagonal TiO:2 structure were first
synthesized successfully in 1995 (Antonelli and Ying 1995); this achievement drew the
attention of the research community toward mesoporous TiO2 materials. Novel
mesoporous TiO2 materials exhibit higher catalytic activity than nano-TiO2 (Dai et al.
1998; Yu et al. 2002; Wen 2011).

Research into mesoporous TiO2 has made great progress. Synthetic methods have
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been successfully developed for the preparation of mesoporous TiO2 with various crystal
types, pore sizes, and channel structures (orderly or disorderly), as well as good thermal
stability (Li et al. 2014). Anatase is the major crystalline phase of TiO2 and is commonly
used in photocatalytic reactions (Augustynski 1993; Carp et al. 2004). Moreover, both the
surface and bulk regions of TiOz calcined at 500 °C exist in the pure anatase form (Zhang
et al. 2008).

Mesoporous materials are typically synthesized using organic matter as a
template. The synthesis occurs via interfacial assembly between the inorganic species and
the template agent, and the resulting materials display the narrow channel structure and
narrow pore size distribution of inorganic porous materials. The surfactant template
method is based on the use of molecular surfactant aggregates (capsules, e.g., micelles) as
templates to synthesize the desired material. The synthesis of mesoporous materials is a
multidisciplinary science and is a complex process. At present, the synthesis of
mesoporous TiO2 materials is achieved using techniques including sol-gel (Antonelli and
Ying 1995; Yang et al. 1998; Gao et al. 2007), microemulsion, and hydrothermal
synthesis methods (Danumah et al. 2001; Wang et al. 2005; Wang et al. 2007). Using
surfactants as a template agent, self-assembly between organic and inorganic species can
be generated (Preethi et al. 2014).

Nano-cellulose, given its large length-to-diameter ratio, large specific area, and
good biodegradability, is among the most widely used ideal template materials. The
diameter of nano-cellulose ranges from 1 to 100 nm and its length is typically tens to
hundreds of nanometers. Nano-cellulose can be made from natural cellulose or
microcrystalline cellulose; the process involves hydrolyzing the non-crystalline regions
of cellulose using concentrated sulfuric acid, liberating the cellulose nano-crystals. The
nano-cellulose template synthesis method has been widely applied to produce functional
materials with desirable optical, magnetic, mechanical, thermal, and/or acoustic
properties (Nada and Hassan 2000; Lu et al. 2006; Marques et al. 2006; Cai et al. 2009;
Sun et al. 2010).

In this study, nano-cellulose was uniformly dispersed with a networked nano-
structure in aqueous solution. Because of its steric effects, the nano-cellulose plays a
large role in facilitating good dispersion properties. TiOz typically agglomerates easily,
but by using nano-cellulose, this phenomenon was avoided. The method described in this
study was used to produce a novel mesoporous TiO2 material. First, nano-cellulose was
prepared using microcrystalline cellulose as a raw material. Mesoporous TiO2 was then
prepared via hydrothermal synthesis using tetrabutyl titanate as a titanium source.

EXPERIMENTAL

Materials

Microcrystalline cellulose, sulfuric acid, carbamide, tetrabutyl titanate (TNB),
Rhodamine B (RhB), anhydrous ethanol, and commercially available TiO2 P25 were all
of analytical grade (Aladdin, China); distilled water was also used.

Preparation of Nano-Cellulose

First, 4.0 g of microcrystalline cellulose was added to a reactor, which was
maintained at a constant temperature of 50 °C. Then, 200 mL of a 50% solution of
sulfuric acid was added to the reactor, and the reactor was placed on a magnetic stirrer.
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The reaction was carried out for 3.5 h under constant stirring. The product was washed
using centrifugation until the pH of the supernatant reached approximately 6 to 7. The
sediment was then removed and subjected to 15 min of splintering by a Sonifier® Cell
Disrupter (Scientz JY99-11D, Ningbo Scientz Biotechnology co., LTD, China). A nano-
cellulose hydrosol was obtained from this process. The nano-cellulose hydrosol obtained
was replaced with a dialysis solvent of anhydrous ethanol. This replacement process was
continued until anhydrous copper sulfate (which was used to test the sample) did not
exhibit a change in color.

Preparation of Mesoporous TiO2

First, 10 mL of the aqueous suspension of nano-cellulose only containing rod-
shaped cellulose species prepared in the last step described above was dissolved in 70 mL
of ethanol. The resulting solution was placed in a 100-mL beaker and subjected to
ultrasonication for 15 min. Then, 5 mL of butyl titanate was added. The sample was
stirred uniformly and placed in a 100-mL hydrothermal synthesis reactor, which was
placed in an oven and maintained at a temperature of 120 °C for 10 h. The sample was
cooled, centrifuged, and washed three times each with distilled water and ethanol. After
centrifugation, the treated sample was placed in the oven at 50 °C for 10 h and then
calcined for 3 h in a muffle furnace at 500 °C. Mesoporous TiO2 with good dispersibility
was thus obtained.

Characterization

The structure of the mesoporous TiO2 was confirmed using a Fourier transform
infrared spectrometer (FT-IR Magna-560, Thermo Nicolet Corporation, USA). The
crystal phase of the mesoporous TiO2 was assessed by X-ray diffraction (XRD, Rigaku
D/MAX 2200 VB/PC, Rigaku Corporation, Japan).

The morphologies of the nano-cellulose and the mesoporous TiO:2 particles were
analyzed using transmission electron microscopy (Hitachi H-7650, Hitachi, Japan) and
high-resolution TEM (HRTEM, FEI T20, FEI, USA). X-ray photoelectron spectroscopy
(XPS, Thermofisher Scientific Company, K-Alpha) was used to determine the elemental
composition of TiOz,

The specific surface area of the mesoporous TiO2 was measured using a gas
adsorption instrument (Coulter Omnisorp 100CX, Beckman Coulter, USA). Nitrogen
adsorption was measured at low temperature (-195.8 °C); the sample was first degassed
at 300 °C for 5 h before analysis. The Brunauer-Emmett-Teller (BET) equation was used
to calculate the specific surface area of the sample.

The change in the RhB’s absorbance after photocatalytic degradation of the
titanium dioxide was analyzed using a UV spectrophotometer (TU-1800, Purkinje
General, China).

Photocatalytic Activity

The rate of degradation of Rhodamine B was measured to evaluate the
photocatalytic activity of the TiO2. First, 150 mL of a 10-mg/L Rhodamine B solution
was prepared, and its UV absorption was measured at a wavelength of 550 nm. Both the
solution and 50 mg of the mesoporous TiO2 were maintained at room temperature after
being added to the photocatalytic device. The pre-adsorption experiments were then
carried out for 30 min under magnetic stirring and blowing air under dark conditions.
Then, 10 mL of the sample was removed and centrifuged to obtain the supernatant. The
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UV absorption of the supernatant was measured at 550 nm. The solution was then stirred
and blown with air under ultraviolet light (A = 365 nm, power = 8 W). Ten milliliters of
the sample was removed every 30 min, and the UV absorption was measured as
described above. The rate of photocatalytic degradation was calculated following the
method described by Wang et al. (2008). Commercial TiO2 P25 was evaluated using the
same method as that used to measure the blank.

RESULTS AND DISCUSSION

TEM Analysis of Nano-Cellulose

The nano-cellulose was investigated using TEM. Examples of the resulting
images are shown in Fig. 1. The TEM images showed that the nano-cellulose had a
diameter of less than 20 nm with fibrous nanowires and a uniform distribution. The nano-
cellulose was dispersed in solution with a networked nano-structure. Nano-cellulose is
regarded as one of the most useful cellulosic biomaterials and has broad applications in
the chemical industry.

Fig. 1. TEM images of the nano-cellulose

FTIR Spectroscopy Analysis of Mesoporous TiOz2

The FTIR spectrum for the mesoporous TiOz2 is shown in Fig. 2(a). In the FTIR
spectrum, the peak at 3450 cm™ was assigned to —OH stretching vibrations. The peak at
around 750 to 500 cm™ was assigned to the characteristic absorption of the Ti-O bond,
confirming the successful preparation of mesoporous TiOx.
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Fig. 2. (a) FTIR spectra for the TiO2; (b) XRD patterns for the TiO2
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According to Chen and Gu (2002), the catalytic activity of nano-TiO: is closely
related to the surface adsorption of the nanoparticles and their surface state (for example,
the presence of hydroxyl groups or oxygen vacancies). Surface oxygen vacancies and the
amount of surface hydroxyl groups have certain matches, so the number of hydroxyl
groups directly affects the photocatalytic activity of TiOx.

XRD Analysis of Mesoporous TiOz2

XRD patterns of the TiO2 are shown in Fig. 2 (b). It can be seen that the
diffraction peaks of the prepared TiO2 at 26=25.4° (101), 37.86° (004), 48.82° (200),
54.14° (105), 55.38° (211), and 62.78° (204) all corresponded to anatase TiOz, and there
were no other impurity peaks. Thus, the prepared TiO2 had a pure anatase crystalline
structure. The XRD spectra of P25 showed not only the presence of diffraction peak of
anatase TiOz2, but also the presence of diffraction peaks at 26=27.32° (110), 35.89° (101),
41.15° (111), 43.91° (210), 54.16° (211), and 62.4° (002), all corresponding to rutile
TiO2. HRTEM analysis showed a crystal spacing of 0.35 nm and 0.32 nm, according to
the formula Xa(%) =100/(1+1.265Ir/la), which makes it possible to calculate the mass
fraction of anatase TiO2 as 80.5% and the mass fraction of rutile TiO2 as 19.5%, wherein,
Irand Ia respectively represent the intensity of diffraction peak of rutile TiO2 (110) and
anatase TiO2 (101).

TEM Analysis of Mesoporous TiO2

TEM and HRTEM were used to characterize the microstructure of the prepared
TiO2 and P25, as seen in Fig. 3, wherein, a, b, and ¢ show the images of the prepared
TiO2, and d, e, and f show the images of P25. From a and d it can be seen that the two
kinds of TiO2 both consisted of spherical particles with good dispersion. The particle size
of prepared TiOz2and P25 were mainly distributed in the ranges of 10 to 20 nm and 15 to
25 nm, respectively, indicating that the nano-cellulose played a good role in the
dispersion process of preparation of the TiO2. Based on the b, ¢ combined XRD patterns,
it could be concluded that the prepared TiO2 corresponded to an anatase crystalline
structure, and the lattice spacing was 0.35 nm (101). The combined XRD patterns for e
and f made it possible to conclude that the P25 had a mixed crystalline structure which
was composed of anatase and rutile, and the lattice spacing was 0.35 nm (101) and 0.32
nm (110).

A synthetic simulation process is presented in Fig. 3(g). The actual synthesis
results show nano-cellulose had a positive effect on the dispersion of TiO2 and was able
to prevent the agglomeration of TiO2 particles. Cellulose is also a hydrophilic substrate,
so it can promote the nucleation and growth of TiOz2 particles.

XPS Analysis of Mesoporous TiOz2

X-ray photoelectron spectroscopy (XPS) not only can determine the chemical
composition of the surface, but also it can give information on the chemical state of the
elements. The XPS spectra of prepared TiO2 and P25 are shown in Fig. 4. Based on the
data from XPS analysis it can be seen that the TiO2 and P25 surfaces were composed of
Ti, C, O, and other elements. A high-energy segment appeared the Auger spectrum, and
the low-energy segment revealed Ti2s, O1s, Ti2p, C1s, Ti3s, Ti3p, and O2s spectral lines,
which correspond to the binding energy in descending order. The peak of Ex=458eV,
Eb=529 eV, and Eb=284 eV respectively correspond to the Ti2p, Ols, and C1s, and the
peak of all of the electronic energy spectra can be clearly observed.
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The elements of Ti and O are mainly derived from TiO2, and O element also may
be derived from the air, while the C element may be caused by the adsorption of CO2
from the air. According to the elemental content analysis, the contents of C, O, and Ti of
the prepared TiO2 were 25.28%, 52.45%, and 22.27%, respectively, and the contents of C,
O, and Ti of P25 were 24.53%, 52.73%, and 22.75%, respectively. From these results it
can be seen that the contents of the TiO2 and P25 were equal to each other. By the
analysis of the O1s region of TiOz, it can be decomposed into several parts, and the main
contribution comes from the Ti-O of TiOz, and the rest of the contribution can be
attributed to the hydroxyl group as well as the adsorbed water.

Adsorption-Desorption Curve for the TiO2

N2 adsorption-desorption isotherm curves of the prepared TiOz2and P25 are shown
in Fig. 5. There was a non-reversible H4 type hysteresis loop in the 0.7 to 1.0 P/Po region.
According to IUPAC classification, two H4 type hysteresis loops belong to type 1V
adsorption-desorption isotherms (Xu 2004). It follows that most of the pores were in the
size of the mesoporous materials. Because of the mesoporous structure and the developed
void space structure, the multi-layer adsorption and capillary condensation on the
desorption appeared within a relative pressure range of 0.8 to 0.95, so that N2 adsorption-
desorption curve will produce hysteresis loop. Therefore, the shape of the hysteresis loop
reflects the structure of a hole. Based on the N2 adsorption-desorption isotherm curves of
prepared TiOz, it can be found that the adsorption capacity of the prepared TiO2 was
higher than that of the P25. This may be due to the channels within the mesoporous TiO2
particles.

Both the channels and the exposed surfaces in the gaps between particles
contributed to a good adsorption performance. BET analysis showed that the surface area
and pore volume of prepared TiO2 were 38.92 m?/g and 0.24 cm®/g, respectively, and the
surface area and pore volume of P25 were 53.54 m?/g and 0.17 cm®/g, respectively. The
particle size of P25 nanoparticles perhaps was more uniform and smaller than that of
TiO2 nanoparticles, so the surface area of the former was slightly larger than that of the
latter. According to the hole volume analysis, the mesoporous pores of the prepared TiO2
may be more uniform and advanced than those of P25, so the accumulated pore volume
of the prepared TiO2 was relatively large, which may be more favorable for the
adsorption.
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Fig. 5. (a) Nitrogen adsorption—desorption isotherm of mesoporous TiOz; (b) The photocatalytic

degradation curve for the mesoporous TiO2
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Photocatalytic Analysis of Mesoporous TiO2

The organic dye rhodamine B was used as a simulation of pollutants. As shown in
Fig. 5, there was evident degradation of rhodamine B under ultraviolet light (wavelength
= 365 nm, power = 8 W). Experimental results showed that in the pre-adsorption of 0.5 h,
the prepared TiO2 was better than P25, which provides further evidence that the porosity
of the prepared TiO2 was more advanced than that of P25. When it is accompanied by
blowing, stirring, and UV irradiation, with the time extension, the prepared TiO2 and P25
exhibited different degrees of catalytic degradation. The degradation rate of TiO2 and P25,
respectively, were 96.9 % and 77.3 % after degradation for 1 h. After 2 h, the degradation
rate was 98.9% and 90.7%, respectively. These results further indicate that the
degradation of the pollutants in the prepared TiO2 was greater than that of P25.
According to research findings, pure rutile TiO2 structure provides stability, but the
catalytic activity is lower than that of pure anatase TiO2 (Shi and Weng 2008; Kandiel et
al. 2010); For a mixed crystalline structure of TiO2, the mixed crystal effect is not a
simple anatase and rutile mixture; rather the surface consisted of a thin rutile layer. An
internal anatase phase was coated with mixed crystal structure, and the contents of rutile
directly influenced the anatase excited valence electron optical line. According to a report,
the optimal photocatalytic activity of the mixed crystal TiOz2 is the best when the content
of anatase reaches 60% (Shi and Weng 2008). The content of anatase in P25 was 80.5%,
which much higher than the share of the optimal ratio of anatase. However, because of
the presence of rutile TiOz, the photocatalytic degradation ability was decreased, leading
to the catalytic activity of the prepared pure anatase TiO2 being better than the P25 mixed
crystal structure.

CONCLUSIONS

1. Nano-cellulose with a particle size of less than 20 nm was prepared using acid
hydrolysis and splintering by Sonifier® Cell Disrupter. Microcrystalline cellulose
was used as a raw material. Mesoporous TiO2 was prepared via hydrothermal
synthesis using butyl titanate as a titanium source, and the as-prepared nano-cellulose
was used as a template.

2. It was confirmed that the commercial P25 consisted of anatase and rutile mixed
crystal structure by FT-IR and XRD, in which the content of anatase and rutile was
80.5% and 19.5% respectively; the prepared TiO2 had an anatase single crystal
structure. XPS analysis showed the elemental content of C, O, and Ti, with two kinds
of TiO..

3. TEM was used to characterize the microstructure of the prepared TiO2 and P25. The
results showed that both kinds of TiO2 consisted of spherical particles with good
dispersion. The particle size of the prepared TiO2and P25 were mainly distributed in
the size ranges of 10 to 20 nm and 15 to 25 nm, respectively. Both species of TiO2
particles were dispersed as singlet particles with no evidence of reunion phenomena.
HRTEM further confirmed that the prepared TiO2 corresponded with the anatase
crystalline structure, and the lattice spacing was 0.35 nm (101), and the P25 had a
mixed crystalline structure incorporating both anatase and rutile, and the lattice
spacing was 0.35 nm (101) and 0.32 nm (110).
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4.

BET analysis showed that the surface area and pore volume of prepared TiO2 were
38.92 m?/g and 0.24 cm®/g, respectively, and the surface area and pore volume of P25
were 53.54 m?/g and 0.17 cm®/g, respectively.

Photocatalytic degradation of rhodamine B results showed that when the UV
photocatalytic degradation was carried out for 1 h, the prepared TiO2 was degraded
completely to some extent, its catalytic ability to degrade pollutants was better than
the commercial P25.
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