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Summary

Natural rutile from China was found to have good photocatalytic activity for methylene
blue (MB). Under UV irradiation, 50% of MB was decomposed in three hours by
natural rutile, 90% in 77 hours and 100% in 119 hours. The Brunauer-Emmett-Teller
(BET) specific surface area of natural rutile was only 0.4495 m* /g. In order to explain
the decomposition of MB, rutile was characterized by XRD, FESEM and TEM, reveal-
ing a modulated structure. Crystal structural parameters are consistent with the data
from JCPDS. Chemical composition approximates to Ti; ¢;90,. Photocatalytic proper-
ties of rutile are believed to relate to metal ionic substitution, vacancies and defects in
its microstructure. Natural rutile is a practical photocatalyst, although its reaction rate is
a fifth of anatase. Rutile might be effective and practical for a large-scale photocatalytic
decomposition of organic pollutants in quiet and still waters (e.g. pools and lakes) since
it is relatively cheap and widely available.

Introduction

Titanium oxides are very attractive materials for photocatalysis (Ohno et al., 2001).
There are three polymorphs of TiO,: rutile, anatase and brookite, of which rutile is
by far the most common in nature, anatase less so and brookite rare (Jaffe, 1988;
Chuan et al., 2004). Only anatase-type TiO, has attracted interest as a catalyst for
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environmental remediation, since its photocatalytic activity shows promise for the
decomposition of several organic pollutants, e.g. decomposition of acetaldehyde in
air (Ollis and Al-Ekabi, 1993; Inagaki et al., 2001), decomposition of methylene
blue and phenol in water (Tryba et al., 2003; Chuan et al., 2004), degradation of
chlorinated organic compounds in water, feedstock etc. (Chachula and Liu, 2003).

However, anatase rarely occurs in nature and can only be produced at signifi-
cant costs by industrial processes. Recently, rutile nanoparticles synthesized by
thermal hydrolysis of TiOCl, (Li et al., 2004) and TiCl, aqueous solution (Sun
et al., 2003), have been tried to decompose organic pollutants using photocatalysis.
As the most common polymorphy of TiO, (Zack and Luvizotto, 2006), natural
rutile has previously been considered as being inert as a photocatalyst and we know
of no attempt to study its catalytic activity.

The implantation of metal atoms (e.g. Pt, V, Fe, Cu, Ag, Nb, Zn) into anatase
improves its photocatalytic properties (Depero, 1993; Choi et al., 1994; Depero et al.,
1994; Gao and Chambers, 1996; Sanchez et al., 1996; Jimmy and Rayund, 1997,
Lin et al., 1999; Towle et al., 1999; Cristallo et al., 2001; Tsuji et al., 2002).
However, no research on rutile with metal impurities related to the enhancement
of photocatalytic activity has been done. The crystal structure of rutile is tetrago-
nal, P4, /mnm, aq = 0.459 nm, ¢, =0.296 nm (JCPDS). As the most common poly-
morph of TiO, in nature, rutile could have numerous ionic substitutions of
elements such as Nb>*, Ta’*, Fe?*, Fe’" in its crystal structure (Penn and
Banfield, 1998, 1999; El Goresy et al., 2001). Rutile with substituted ionic sites
(V> and Nb>*; Li et al., 2003) may lead to a good photocatalytic material.

In the present paper, we examined the adsorption, microstructure and photo-
catalytic properties of natural rutile to decompose the organic molecule methylene
blue. Natural materials represent a widely available and relatively cheap source.

Experimental

Natural rutile was selected from a rutile mine in a basalt in Shaanxi Province,
China. It is a product that is sold commercially. The dark red—brown rutile powder
was provided as grains 0.1-1.0 mm in size. The chemical composite of rutile was
characterized by an Electron Probe Micro-Analyser (Joel JCXA-733 EPMA) using
an acceleration voltage of 15kV and a sample current of 20nA, and calibrated
using a rutile reference standard (Astimex Scientific Ltd., Toronto, Canada). The
crystallinity of rutile was examined by X-ray diffraction (XRD) using CuKa ra-
diation. The surface morphology and microstructure of the powders were observed
by Field Emission Scanning Electron Microscopy (FESEM), Hitachi S-4700 at
an accelerating voltage of 15kV and a nominal emission current of 10pA and
Transmission Electron Microscopy (TEM), HO9000ONAR at 300kV with a point-
to-point image resolution of less than 0.2 nm, respectively. TEM samples were pre-
pared by ion-beam milling (Chen and Fu, 2006). The Brunauer-Emmett-Teller (BET)
specific surface areas of natural rutile powders were measured via nitrogen adsorp-
tion, using an accelerated surface area and porometry (Micromeritics ASPA 2010).

Natural rutile powders were immersed in methylene blue (MB) guaranteed
reagent grade, C,;gH;gCIN3S, (Beijing Chemical Reagent Company) as a 1.0x
107> moldm~2 aqueous solution to carry out the photocatalytic reaction. Decom-
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position and photocatalytic activity was evaluated from the decomposition of MB.
One g rutile was added to 40 cm’ of the solution and then irradiated by ultraviolet
rays with an intensity of 1.6 mW cm~2 whilst continuously stirring with a magnetic
stirrer. The change of concentration of MB in solution was determined from the
relative absorbance at a wavelength of 665 nm in UV-VIS spectrum by using a
calibration curve by an UV-Visible spectrophotometer (HP8453, Agilent Technol-
ogies Co. Ltd., China). The photocatalytic performance of rutile powders was
simultaneously compared to the response of a commercial anatase control (HG-
01, Huijinya Materials Ltd., Shanghai, China).

Results and discussions

Chemical composition of natural rutile

The chemical composition of rutile is listed in Table 1.

The formula of the natural rutile studied can be described as (Tig o971 Vo.022-
Zng 005F€0.004Cu0.002A10.003P0.003Nb0.002S10.002N20.002C00.001Ca0.001Ni0.001)1.01902,
which approximates to Tij ¢;90,. No Cr is present, but some OH was detected
by IR spectroscopic measurements (Liu et al., 2003). The presence of significant
oxygen vacancies (Jung et al., 2001) or a surplus of Ti in this natural rutile is
assumed.

Table 1. The chemical composition of natural rutile from Shaanxi Province, China (values in wt.%)

TiO, V,0s ZnO FeO* CuO AlL,O; P,05 Nb,Os SiO, Na,0O CoO CaO NiO Total
96.49 122 036 039 022 0.16 0.11 0.14 021 0.03 0.05 0.03 0.08 99.49

* The total iron content is assumed to be present in the divalent state
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Fig. 1. XRD pattern of natural rutile from a rutile mine in a basalt in Shaanxi Province,
China
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X-ray diffraction of natural rutile

A representative XRD pattern of natural rutile is shown in Fig. 1. From a comparison
of interlayer spacings d values and relative intensities (I/I,) with the published data
the sample was found to be pure rutile. The d values of the X-ray powder diffraction
peaks assigned only to rutile. That complies with the ICDD entry for rutile, and
JCPDS 21-1276 (Ohno et al., 2001). From its X-ray powder pattern natural rutile
possesses the tetragonal unit cell parameters of ag=0.458 nm, cy=0.295 nm.

Morphology of natural rutile by FESEM

The morphology of natural rutile particles in different magnifications is shown in
Fig. 2a, b. The size of the powders is in the range from ~100 to 300 pm. Natural
rutile does not have smooth surfaces; rather there are a number of cracks and small
protrusions, ~10nm in size (Fig. 2c and d).

Micro-structure and morphology of natural rutile by HRTEM

The TEM image of natural rutile is shown in Fig. 3a and b, representing the (010)
plane (Fig. 3c¢).

()

@

Fig. 2. FESEM images of natural rutile at different magnifications. (a and b) representative
particles of rutile, (c) the representative surface of a rutile crystalline particle, (d) rutile
surface showing cracks and small protrusions
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Fig. 3. (a) TEM image, (b) electron diffraction pattern and (c¢) indexing of the diffraction
spots of natural rutile

As shown by the diffraction patterns in Fig. 3b, the satellite diffraction spots
could often be observed along the [101] direction of different crystal zones in
rutile, implying existence of (101) two-dimensional modulated structures (Meng
et al., 2004; Wang et al., 2007). The satellite spots compose a centered rectangle
around the matrix spots.

The high resolution TEM image of natural rutile is shown in Fig. 4. There are
lattice fringes in two directions [101] and [~, 101], in which d;¢; =0.247 nm.
Rutile displays some commensurate modulated structures along the [101] direction
with repetition period of 0.736 nm (Fig. 4b), which is three times that of d,o, for
basic lattice fringes.

()
Fig. 4. (a and b) HRTEM images of rutile showing (101) lattice fringes (d;o; = 0.247 nm)
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Fig. 5. (a) N, adsorption and desorption isotherms for natural rutile, (b) corresponding
Barrett-Joyner-Halenda (BJH) pore size distribution of natural rutile powders determined
from the N, adsorption branch isotherm

Adsorption of natural rutile

A N, adsorption-desorption isotherm is given in Fig. 5a. A hysteresis loop at high
relative pressure is observed, which is related to the capillary condensation associ-
ated with large pore channels. It is similar to that of rutile nanoparticles synthe-
sized by thermal hydrolysis of TiOCl, (Li et al., 2004).

The pore size distributions of natural rutile are shown in Fig. 5b. Barret-Joyner-
Halenda (BJH) analyses show that natural rutile exhibits a mean pore diameter of
6.4 nm. Natural rutile has a wide ranged pore size distribution. However, Brunauer-
Emmett-Teller (BET) specific surface area of natural rutile was only 0.4495 m*/g.

Photocatalytic decomposition of methylene blue (MB)

Under UV irradiation, the decomposition of MB by natural rutile powders was
evaluated by the change in the magnitude of MB absorbance and concentration
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Fig. 6. Change of the absorbance curves of methylene blue solution with irradiation time
of UV in the presence of natural rutile powders, (a) after 3 hours (b) from 0 to 119 hours
(notice that the start is the top graph and intensity decreases with time)
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Fig.7. (a) Changes in concentration of methylene blue with irradiation time and (b) plot of
the value of {1 — AC/Cp}={1—[(Cy—C,)/Col]} against irradiation time

with irradiation time. After three hours of UV irradiation, the MB was decomposed
almost 100% by anatase and 50% by natural rutile (Figs. 6a and 7a). The decom-
position by natural rutile is slower than that by the control anatase. However,~90%
MB was decomposed by natural rutile after 77 hours and after 119 hours practi-
cally no MB was detected (Figs. 6b and 7a). Although slower, natural rutile decom-
posed MB efficiently.

Changes in concentration of MB with irradiation time are shown in Fig. 7a.
In order to evaluate the amount of MB decomposed, the concentration changes,
AC/Cy=(Cy—C,)/Cy (n=the photocatalytic reaction, hours) in different time
were calculated for natural rutile and control anatase respectively, which was rea-
sonably supposed to be the concentration decrease of MB due to photodecompo-
sition. Therefore, in Fig. 7b the value of {1 — AC/Cy} ={1 —[(Cy—C,)/Col},
which is the relative concentration of MB remaining in solution, was plotted in
logarithmic scale against irradiation time. The relation can be approximated to be
linear (Fig. 7b).

According to the linear relation, shown in Fig. 7b, which was assumed as
reaction regression, a rate constant k of photocatalytic decomposition rate can be
calculated. The rate reaction constants (k) derived from these linear relations, were
k=1.787 for anatase and k= 0.359 for natural rutile, respectively.

The rate reaction constant k of anatase is five times faster than that of rutile in
the decomposition reaction. However, natural rutile maintained an acceptable abil-
ity of photocatalytic decomposition and decomposed most MB in one day and all
of the MB in five days. However, the linear relationship is well developed for
anatase, but there are some points which deviate from the regression line for rutile
as evident in Fig. 7b. This implies a complex decomposition reaction process and
mechanisms induced by complicated microstructures of natural rutile.

Rutile can be used as a promising photocatalyst for the decomposition of
organic pollutants. It is possibly not efficient in fast flowing waters to decompose
the organic contamination because of its lower decomposition rate, but it might be
useful for remediation of contamination in quiet, still waters (e.g. pools, lakes) on a
large scale.
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Mechanism of photocatalytic property of natural rutile

Due to the small surface area, adsorption for MB by natural rutile is small. Thus,
decomposition of MB is mainly induced by photocatalytic activity of rutile. The
photocatalytic properties of rutile are believed to be related to ionic metal substi-
tution (V3*, Nb>* and other metal impurities) and non-stoichiometry (Jung et al.,
2001). About 3.5% Ti atoms in its crystalline structure substituted by V and Nb
might induce the superstructures (Meng et al., 2004) and defects in rutile crystales
(Figs. 2—4). Some of the metal impurities (V, Nb, Zn, Fe, Cu) might increase the
photocatalytic activity of rutile, similar to what is known for anatase with V and
with Sb and V (Choi et al., 1994; Stelzer et al., 2005; Bellifa et al., 2006). The
irregular defect and impurities concentrations might be responsible for the dis-
orientation of the linear relation in Fig. 7b. However, more work is still needed
to test this hypothesis. Research on microstructures and properties would be help-
ful to explain this phenomenon.

Conclusions

Natural rutile was found to have good photocatalytic activity for methylene blue
(MB). It decomposed 50% of MB in 3 hours, 90% in 77 hours and completely in
119 hours under UV irradiation. BET specific surface area of natural rutile was
only 0.4495 m* /g. Based on chemical composition and characterization of micro-
structure by XRD, FESEM and TEM, we propose that the good decomposition and
photocatalytic properties of rutile result from ionic substitution and structural
defects. Although the reaction constant of MB decomposition is only one fifth of
anatase, natural rutile could be an effective alternative to anatase or other Ti-com-
pounds for photocatalytic decomposition of organic pollutants.
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