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The existence of ‘electrostatic poles’ on the schorl surface encouraged us to apply schorl for a TiO, support.
TiO,/schorl composite photocatalyst was prepared and characterized by XRD, SEM and UV/DRS, and their
photocatalytic activity was evaluated by discoloration of acid fuchsine (AF). The results indicated that
TiO; existed in the form of anatase and was well deposited and enwrapped on the schorl surface. The
absorption edge of TiO,/schorl exhibited a slight red shift in the UV/DRS spectra, compared with that of

pure TiO,. The photocatalytic activity of TiO, [schorl for AF discoloration was higher than that of pure TiO,.
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The AF discoloration ratio approached 100% after irradiation time of 12 h. The optimum photocatalyst was
found to be that containing 4.76 wt.% of schorl and sintered at 550 °C. The reaction followed pseudo-first-
order kinetics, discussed by the Langmuir-Hinshelwood model. Hypotheses were proposed to interpret
the mechanism for the enhanced photocatalytic activity of TiO,/schorl.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Colored wastewater is released in effluents from textiles, print-
ing, dyeing and food, and poses an increasing environmental
danger. In textile industry, it was estimated that 10-15% of the dye
was lost during the dyeing process and released as effluents, which
constitute threats to environment [1]. Dye pollutants from these
industries have a considerable effect on the water environment and
are visually unpleasant [2]. Moreover, a variety of organic chemi-
cals are produced during the dyeing process, and some have been
shown to be carcinogenic [3]. If these effluent dyestuffs are improp-
erly treated, they will be a threat to all species on earth because
the hydrolysis of the pollutants in the wastewater can produce a
great deal of toxic products [4]. Techniques for dyeing wastewater
decoloration can be grouped into physical, chemical and biological
methods [5].

Environmental catalysis performs an essential role in mini-
mizing the emission of toxic compounds and the development
of energy saving, residue-free processes [6]. Due to its non-toxic
nature, photochemical stability, low cost and complete mineraliza-
tion of organic and inorganic substrates, TiO,-based heterogeneous
photocatalysis has been considered to be environmentally friendly
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in the degradation of various organic pollutants [3,7]. TiO, works
as photocatalysts based on the semiconducting property [8].
The initial process for TiO, photocatalysis is the generation of
electron-hole pairs in the semiconductor particles. When a pho-
ton of light, of sufficient energy (E > Ey) strikes a TiO; particle, the
energy of the photon is absorbed and used to promote an electron
(e~) from the valence band to the conduction band. This movement
of an electron leaves a hole (h*) in the valence band. These species
(h* and e~) generated by the absorption of light, can either recom-
bine or they migrate to the surface of the TiO, particle where they
can react with other species at the interface. The holes can directly
oxidize organic species adsorbed onto the TiO, particle or can give
rise to hydroxyl radicals (*OH) by reacting with water or OH™.
These highly reactive hydroxyl radicals then attack organic com-
pounds present at or near the surface [9]. However, the pure TiO,
exhibits spectral response only in UV region [10]. Thereby, there are
two main obstacles for the practical application of TiO, photocat-
alyst: low quantum efficiency and restriction to short wavelength
excitation [11,12]. Several attempts of modification methods have
been made, such as single metal element doping [4,8,9,11-13], sin-
gle non-metal element doping [14], combination of metals and/or
non-metals doping [10,15] and composite semiconductors [16,17],
to extend the absorption spectrum to visible light, to slow down
the recombination rate of the electron-hole pairs and to enhance
the interfacial charge transfer efficiency [13]. Moreover, with the
decreasing size of the TiO, nanoparticles, the photocatalytic activ-
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Fig. 1. Chemical structure of acid fuchsine.

ity will be greatly improved, owing to the surface effect and quanta
size effect [18]. But, it will bring about a new problem that fine
TiO, powder is difficultly separated from the aqueous phase after
use. Several methods have been explored to solve this problem,
such as preparation of TiO, film [12,13] and TiO, nano-fiber [18] or
immobilization of TiO, powder onto supports like Al,03 [19], clay
[20], zeolite [2,7,21] and activated carbon [3,22,23]. However, the
immobilization usually decreases the overall photoactivity of TiO,
[19].

Although ionic doping in the structure of the TiO, crystal can
prevent the electron-hole recombination, which is advantage for
the improvement of the quantum efficiency, some photogenerated
positive holes may be recombination centers, if the accumulated
negative charges are not consumed or not further transferred out
of the metal particles. External electric field is applied to drive
these accumulated electrons to improve the photocatalytic activity
of TiO,. This process is described as photo-electro-catalytic pro-
cess [24], whose efficiency is much higher than that of the single
photocatalytic process [25]. Schorl is one kind of minerals of tour-
maline groups. It has unique characteristics of pyroelectricity and
piezoelectricity [26]. It has been confirmed that the spontaneous
(or the permanent) ‘electrostatic poles’ exist on the surface of the
tourmaline crystals at room temperature [27], and this property
encourages us to approach to application of tourmaline for a TiO,
support. Hence, in our present study, TiO, loaded on schorl was
prepared by sol-gel method and the composite samples were char-
acterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM) and diffuse reflection spectra (UV/DRS). The photocatalytic
activity of the composite samples was evaluated using acid fuchsine
(AF) as the model pollutant under UV irradiation.

2. Experimental
2.1. Materials

Powdered particles of schorl, using as the support for TiO,,
were purchased from Wuhua-Tianbao Mining Resources Co. Ltd.,
Inner-Mongolia, China. The physical properties and chemical
compositions have been discussed in our previous work [28].
Analytical-grade tetrabutyltitanate (TBOT) was used as the pre-
cursor of TiO,; analytical-grade reagents of ethanol, acetic acid,
and deionized water were used to prepare the composite catalysts.
Analytical-grade dye of acid fuchsine (AF) was selected as the model
pollutant; its chemical structure is shown in Fig. 1.

2.2. Preparation of catalysts

Before use, the powdered particles of schorl were pretreated
with HCI (1 mol/L) at room temperature for 24 h, washed with
deionized water repeatedly, till pH value of the lotion up to neu-
trality, and then dried at 80°C in oven. Sol-gel method was used
to prepare the catalysts. In stirred condition, the mixed solvent of
TBOT/ethanol/acetic acid, at a volumetric ratio of 1:2:3, was drop-
wise added to the schorl suspension that had been stirred for 20 min
in adequate amount of ethanol solvent. The mixture was stirred

at 60°C for 3 h in air, and then NH3-H,0 was added to adjust the
pH to 8. Subsequently, the solvent was removed by filtration and
the resultant solid was dried in oven at 100 °C for 5 h. Finally, the
prepared sample was sintered at different temperatures for 3 h,
respectively. After ground, the powdered sample of TiO2/schorl
composite catalyst was obtained. As comparison, the pure TiO,
sample was also prepared using the same procedure except for the
addition of schorl.

2.3. Characterization of catalysts

The crystal structure of catalysts was determined by XRD. Mea-
surements were carried out on a D/MAX-3B X-ray diffractometer
with Cu-K, radiation at 30 mA and 40KkV, over the 26 range of
10-80°. The crystal morphology of catalysts was observed by
SEM. Measurements were made on a FEISirion200 SEM instrument
using a digital imaging process. UV/DRS was employed to ana-
lyze changes in band energy of catalysts. The UV/DRS spectra in
the range of 200-800 nm were recorded on a Lambda900 UV-vis
spectrometer equipped with an integral sphere using BaSO4 as a
reference. The BET specific surface area of catalysts was obtained
from nitrogen adsorption-desorption data and measured using a
ST-08 surface area analyzer at liquid nitrogen temperature.

2.4. Photocatalytic experiments

The photocatalytic activity of the composite catalysts was esti-
mated by using AF and halogen tungsten lamp as the model
pollutant and irradiation source, respectively. The photocatalytic
discoloration of AF was conducted in a 200 mL glass reactor at room
temperature. The 15W ZSZ15-40 UV lamp, with predominant UV
radiation at a wavelength of 365 nm, was located at about 15cm
above the solution. A stock solution containing AF (1000 mg/L)
was prepared using deionized water, subsequently diluted to the
required concentrations for the experimental work. The concen-
tration of AF was maintained at 100 mg/L for all the photocatalytic
discoloration. 100 mL of the AF solution and 0.5 g of the photocat-
alyst were placed in the reactor before irradiation. At regular time
intervals of irradiation, 2 mL of the samples was collected from
the reactor for measurements of AF concentrations, using a 721-
type UV-vis spectrophotometer. The discoloration ratio, i.e. the
removal degree of color at the Anax of the AF solution (545 nm)
was calculated using Dg (%)=(Co — Ct)/Co x 100, where Cy is the
initial concentration of the AF wastewater and C; the concentra-
tion at irradiation time t. In order to evaluate the adsorption of
AF on the photocatalysts, experiments were run under the same
condition but without UV irradiation. The measurement of AF con-
centrations and calculation of AF adsorption ratios were conducted
using the same method mentioned previously. In order to check the
reproducibility of the results, random tests were done for different
experimental conditions.

3. Results and discussion
3.1. Photocatalysts characterization

The composite photocatalysts with 0, 0.99, 2.91, 4.76, 6.54 wt.%
of schorl using as the TiO, support were prepared at 550 °C, labeled
as TiO,, TS099-550, TS291-550, TS476-550, and TS654-550, respec-
tively. At the same time, the sintering temperatures of 350, 450,
650, and 750 °C were adopted to prepare the composite photocat-
alysts with 4.76 wt.% of schorl, and the samples were denoted as
TS476-350, TS476-450, TS476-650, and TS476-750, respectively.
Fig. 2 shows the XRD patterns of the composite catalysts containing
different amounts of schorl. Six distinctive TiO, peaks can be found
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Fig. 2. XRD patterns of the composite catalysts containing different amounts of
schorl.

at 26 of 25.28¢, 37.93°, 48.38°, 53.89°, 55.29° and 64.17°, corre-
sponding to the crystal planesof(101),(004),(200),(105),(211),
and (2 04) of the anatase phase of TiO, (JCPDS 78-2486), respec-
tively. This result indicates that TiO, exists in the form of anatase
phase. As expected, no rutile phase can be found in all samples,
which is beneficial to photocatalytic activity of the composite cata-
lysts, owing to higher photocatalytic activity of anatase than that of
rutile [18]. No XRD peaks of schorl can be observed in the patterns.
This might be due to the fact that the content of schorl is so low that
it cannot be detected by XRD. Similar results have been found and
reported by Song’s group, when they loaded 10 wt.% tourmaline
mineral onto TiO, [29]. Based on the XRD results, the crystal size
of TiO, was calculated by the Scherrer formula, i.e. D=KX/Bcos 6,
where D is the crystallite size in nm, g is the full-width-at-half-
maximum for the peak of (101) plane, A is the wavelength of
the X-ray radiation (0.15418 nm), and K is the Scherrer constant,
assumed to be 0.9[16,22]. The TiO, crystallite sizes for TiO,, TS099-
550, TS291-550, TS476-550, and TS654-550 are listed in Table 1.
The data clearly reveal that, compared with pure TiO,, the addition
of schorl can make the TiO, crystallite size smaller, which con-
firms that the electrostatic field on the schorl surface can strongly
affect the nucleation and growth of TiO, [30] and matches the result
reported by Song’s group [29]. Moreover, the results of the sur-
face area of these catalysts (Table 1) indicate that the surface area
increases with the increasing amount of schorl. This means that, in
the composite catalysts, TiO, particles are restricted to agglomerate
and well dispersed by depositing on the surface of schorl particles.
The more the amount of schorl is, the better the dispersion of TiO,
particles is; whereas, pure TiO, particles are easier to agglomerate

Table 1
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Fig. 3. XRD patterns of the composite catalysts sintered at different temperatures.

than that of deposited ones [22]. The effects of sintering tempera-
ture on the XRD patterns of the composite photocatalysts are shown
in Fig. 3. Similarly, the composite photocatalysts are dominated
by anatase, and the phase of rutile and schorl cannot be found in
all samples. It is well known that TiO, exists in three different
crystalline habits: anatase (tetragonal), brookite (orthorhombic)
and rutile (tetragonal). Rutile is the stable form, whereas anatase
and brookite are metastable and are readily transformed to rutile
when heated [31]. The anatase-rutile transformation does not
have a transition temperature because there is no phase equilib-
ria involved. For this reason, the anatase-rutile transition does not
take place at a defined temperature and was observed at tem-
peratures between 400 and 1000 °C, strongly dependent on the
impurity content in TiO, and the reaction atmosphere [32]. Pre-
viously reported literatures for the anatase-rutile transformation
reveal various informations. For example, some researchers consid-
ered that the rutile phase of TiO, appeared at 600 °C or 700°C, and
formed completely at 900 °C [33,34]. Contrary to that, the presence
of two phases (anatase and rutile) after heat treatment up to 900 °C
was observed by Stojanovic's group [35]; Liu and Chen found that,
in S-doped TiO; photocatalyst, the phase transformation of anatase
to rutile started at 800°C, which is much higher than naked TiO,
[36]; when the double salt (NH4),TiO(SO4); was decomposed in
the static air to prepare TiO,, rutile occurred at 800°C or above
[37]; and, when anatase TiO, powders were prepared by an alco-
hothermal method using tetra-n-butyl titanate as a precursor, even
calcination at 800 °C for 4 h, the main crystal phase was still anatase,
and small peaks of rutile phase began to appear [38]. From these
samples, it can be concluded that the anatase-rutile transforma-

TiO; crystallite size, surface area, AF adsorption capacity and adsorption ratio for different catalysts.

Sample TiO, crystallite size (nm)

Surface area (m?/g)

Adsorption capacity for AF (mg/g) AF adsorption ratio (%)

Sample containing different amounts of schorl

TiO, 49.2 14.37
TS099-550 33.2 33.81
TS291-550 39.3 41.95
TS476-550 33.2 59.47
TS654-550 33.2 64.38
Sample sintered at different temperatures
TS476-350 50.2 18.11
TS476-450 28.8 46.89
TS476-550 33.2 59.47
TS476-650 67.3 13.05

TS476-750 67.3 11.81

2.37 11.86
2.56 12.81
2.85 14.26
8.89 36.43
9.23 40.15
2.40 11.98
3.89 19.47
8.89 36.43
2.06 10.32
1.85 9.26
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tion occurs at a wider range of temperature, owing to different
experimental conditions. In this work, it may be the addition of
schorl that inhibits phase transformation of TiO, from anatase to
rutile. Accordantly with our results, when 10 wt.% tourmaline min-
eral was loaded onto TiO,, rutile phase appeared at 800 °C [29]. The
TiO, crystallite sizes for TS476-350, TS476-450, TS476-550, TS476-
650, and TS476-750 are listed in Table 1. The results reveal that
an increase in sintering temperature beyond 350 °C results in an
intensity enhancement and narrowing of (10 1) peak, indicating a
progressive growth of crystallites [24]. Nevertheless, according to
the general scheme for TiO, crystallization processes, TS476-350
is very exceptional, with larger TiO, crystallite size and narrower
(101) peak than TS476-450 and TS476-550. Possible reason for
this phenomenon is advanced according to anatase crystallization
kinetics model. It can be assumed that a thin layer of the product
propagates fast from the reacting interface into the center of a par-
ticle and that the rate-determined process is controlled by diffusion
or phase-boundary reaction [35]. At 350°C, the electrostatic effect
of schorl may exceed the thermal effect of temperature and the
former can accelerate the diffusion process during anatase crystal-
lization, so anatase can be well crystallized at lower temperature
leading to the conclusion that the whole process is determined by a
rather fast rate, exhibiting larger TiO, crystallite size and narrower
(101) peak. With sintering temperature increasing beyond 350°C
(350-450°C), the thermal effect of temperature possibly increases
and gradually exceeds the electrostatic effect of schorl, and then
a new equilibrium is established between the thermal and elec-
trostatic effect. Now, the system is predominant by the thermal
effect, which might drive anatase crystallites fragmentize, rear-
range and even recrystallize, resulting in smaller TiO, crystallite
size and broader (101) peak of TS476-450 than those of TS476-
350. Continuing increasing the sintering temperature (450-750°C)
can make a progressive growth of anatase crystallites driven by the
thermal effect, resulting in the order of TiO, crystallite size being
TS476-450<TS476-550 < TS476-650 < TS476-750.

The surface morphology of the pure TiO, and composite pho-
tocatalysts was examined by SEM and Fig. 4 shows representative
SEM micrographs. Observed from Fig. 4(a), it becomes clear that, for
the pure TiO,, the TiO, particles present irregular shapes and they
desultorily aggregate together. However, for the composite pho-
tocatalysts, it can be observed that the particles of TiO, are well
deposited and enwrapped on the surface of each schorl particle
(Fig. 4(b) and (c)). And, it is found that the agglomerate of the TiO,
particles on the schorl surface in the composite is much compacter
than that in pure TiO,, Possible reason advanced for this is that the
agglomerating TiO, particles on the surface of schorl in the com-
posite are affected by the strong electrostatic adsorption due to the
function of the electrostatic field on the schorl surface, which makes
the TiO, particles assemble more compactly and be tightly fixed on
the schorl surface. Furthermore, the observed size of most TiO, par-
ticles is larger than that calculated from XRD, because the latter is
the size of a single crystallite; whereas, the particles shown in the
SEM micrographs are the agglomerates of many TiO, crystallites
[22].

The UV/DRS spectra of the photocatalysts using different
amounts of schorl as TiO, support were measured in the region of
200-800 nm and are depicted in Fig. 5. The spectra are quite similar
each other in shape; whereas, the thresholds of band gap transition
for TiO, supported on schorl show a slight red shift, compared with
that for pure TiO;. The band gap energy, Eg, of the sample can be
calculated from Eq. (1) [39]:

1239.8
Eg = A (1)

where Eg is the band gap (eV) of the sample and A (nm) is the wave-
length of the onset of the spectrum. According to Sun’s method

Fig. 4. Representative SEM micrographs for (a) the pure TiO, sample and the com-
posite photocatylysts (b) TS476-550 and (c) TS654-550.

[40], the absorption threshold of pure TiO5 is 344 nm, and its band
gap is calculated as 3.60eV. There is no significant difference in
absorption threshold and band gap among the three TiO,/schorl
composite photocatalysts, with A of about 349 nm and E¢ 3.55eV. It
clearly exhibits that the addition of schorl can make the absorption
edge shift to longer wavelengths, corresponding to a decrease in the
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Fig. 5. UV/DRS spectra of TiO, and TiO,/schorl.

band gap energy. This may be due to the fact that charges transition
from the TiO, valence band or conduction band and their migra-
tions to the surface of the TiO, particles can be enhanced by the
electrostatic field on the surface of schorl and the band gap energy
in the TiO,/schorl composite catalyst is lower than that of the pure
TiO,. Furthermore, all these composite photocatalysts show much
enhanced absorption in the visible light region (400-800 nm). This
is because the addition of schorl can extend the light absorption
region of TiO, and weak light absorption occurs in this region for
TiO,/schorl composites. Another possible reason put forward to
interpret this phenomenon may be due to the black characteris-
tic of schorl, similar to the result of a TiO,/AC catalyst reported by
Liu’s group [41].

3.2. Photocatalytic performance

To evaluate the photocatalytic activity of the composite catalyst,
photocatalytic discoloration of AF was carried out under UV irradi-
ation. The AF discoloration experiments were executed at chosen
reaction parameters as previously mentioned in Section 2.4, and
the results are presented in Fig. 6. Keeping all other experimental
parameters constant, the composite catalysts containing different
wt.% of schorl as TiO, supports were employed to understand their
impact on the AF discoloration, as depicted in Fig. 6(a). The data
clearly indicate that the AF discoloration ratio by the TiO,/schorl
composite catalyst is higher than that by the pure TiO,, which sug-
gests that schorl can improve the photocatalytic activity of TiO,.
When the pure TiO, is used as photocatalyst, 12 h are required
for the AF discoloration ratio approaching 85%; whereas, only 3 h
are needed for the similar result, when TS476-550 or TS654-550
is used as catalyst. After 12-h discoloration, the AF discoloration
ratio can come up to 100% and the carmine color of AF in aque-
ous solution is invisible. It is generally accepted that adsorption
is critical in heterogeneous photocatalytic oxidation processes [2].
Thus, the adsorption of AF onto the different catalysts was also
tested in this work. In the dark adsorption experiments, the cat-
alysts were used only as absorbents, and the adsorption process
was kept in dark for 12 h. It was found that the maximum adsorp-
tion reached within 2 h and no further significant change occurred,
illustrating establishment of a substrate adsorption/desorption
equilibrium. The saturated adsorption capacity of AF for differ-
ent catalysts and corresponding AF adsorption ratio are listed in
Table 1. The results suggest that, besides photocatalysis, adsorp-
tion also can contribute to the AF discoloration and the difference
in the adsorption capacity is mainly caused by the surface area of
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Fig. 6. Photocatalytic discoloration of AF over the TiO,/schorl composite catalyst (a)
containing different schorl contents and (b) sintered at different temperatures.

the catalysts. So, the AF discoloration is related to a synergistic
effect of adsorption and photocatalysis. For TS476-550 or TS654-
550, the occurrence of faster discoloration of AF in the first three
hours may be ascribed to the fact that, on one hand, their AF adsorp-
tion ratios are much higher than those of the other three catalysts;
on the other hand, for a chemical reaction (except for zero order
reaction), the higher the concentration is, the faster the reaction
rate is [22], and their photocatalytic reaction rates are improved
because of higher concentration of AF adsorbed on TS476-550 or
TS654-550. Subsequently, as AF molecules are decomposed by the
photocatalysis, the concentration of AF decreases in the solution,
so that the adsorbed AF molecules are desorbed from the catalysts
and new adsorption/desorption equilibrium is established, which
can reduce the AF adsorption capacity and photocatalytic reaction
rate. Thus, as a whole, the increase in AF discoloration ratio for
TS476-550 or TS654-550 becomes very slow after 3-h discoloration.
Furthermore, in this study, the optimum photocatalyst for the pho-
tocatalytic discoloration of AF is found to be TS476-550, which
implies 4.76 in wt.% is the preferable content of schorl in the com-
posite photocatalyst for the rapid transfer of the photogenerated
electrons from TiO, semiconductor to the interface of TiO,/schorl
and tight adsorption of the electrons on the anode of schorl. The
non-linear relationship between discoloration or removal ratios
and support contents has been observed and discussed in many
studies [2,7,19]. And, similar results have been found in the decom-
position of 2-chlorophenol by tourmaline loaded on TiO; [29] and
the degradation of methyl orange by SiO,/TiO, doping with tour-
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maline [42]. In our study, possible reasons put forward to interpret
this phenomenon are that, on one hand, more than 4.76% of schorl
in the composite catalyst might make the electrostatic field on the
surface of schorl adsorb or disturb each other, as a whole, resulting
in the reduction of the electrostatic strength; on the other hand, less
than 4.76% of schorl in the composite catalyst might make relatively
less amounts of ‘electrostatic poles’, which could reduce chances
for the photogenerated electron migrating from TiO, to the inter-
face of TiO,/schorl, leading to the increase in recombination of the
electrons and holes. The effects of the sintering temperatures on the
performance of the TiO,/schorl catalysts in the AF discoloration are
shown in Fig. 6(b). For the composite catalyst TS476-550, only 3 h
are needed for the AFdiscoloration ratio approaching 85%; whereas,
after 12-h discoloration, only 40% of the AF discoloration ratio can
be achieved by TS476-750. The reason for faster discoloration of AF
in the first three hours for TS476-550 has been discussed above.
From the results, optimum temperature is found to be 550°C in
this study. The relationship between the AF discoloration ratio and
the sintering temperature of the composite catalyst is attributed to
the dependency of the catalyst surface area on the sintering tem-
perature. As listed in Table 1, the surface areas are 17.11, 46.89,
50.47,13.05,and 11.81 m2/g for TS476-350, TS476-450, TS476-550,
TS476-650 and TS476-750, respectively. Itis clear that the sequence
of increase in the AF discoloration ratio is consistent with that of
increase in the catalyst surface area. The larger the catalyst sur-
face area is, the higher the AF adsorption capacity is (see Table 1).
Moreover, larger catalyst surface area can increase the number of
the active sites to enhance the absorption of photons [7].

The relationship between photocatalytic reaction rate and the
concentration of dye obeys the Langmuir-Hinshelwood (L-H)
kinetic model [2]:

dc kKC

~dr T 1+KC (2)

where 1 is the reaction rate, C the dye concentration at any time
t, k the reaction rate constant, and K is the constant of adsorption
equilibrium of the dye onto the photocatalyst particle. This equa-
tion can be integrated between the limits: C=Cy att=0and C=Cat
t=t. The integrated expression is given by:
Go

In (?) +K(Co — C) = kKt 3)
where Cp is the initial concentration of the dye and t is
the irradiation time. When the concentration C is relatively
high, >5 x 10~3 mol/L, namely KC>>1, the L-H kinetics can be
approximated to be of pseudo-zero-order; whereas, When the con-
centration Cis highly diluted, <10~3 mol/L, namely KC « 1, the L-H
kinetics can be approximated to be of pseudo-first-order [43]. In
this study, the AF concentration at any time is <1.71 x 10~4 mol/L,
thus, Eq. (2) can be approximated to a pseudo-first-order kinetics:

In (%) — KKt = kot (4)

In order to check whether the reaction rate, in this study, accords
with a first-order reaction, curves between In(C/Cyp) versus irradia-
tion time t are plotted (Fig. 7) under different conditions. As shown
in Fig. 7(a), obtained for the composite catalyst containing differ-
ent schorl contents, a good linear relationship between In(C/Cy)
and t can be observed, indicating that our experimental data are in
agreement with Eq. (4). And, the same situation exists in Fig. 7(b),
for the composite catalyst sintered at different temperatures. This
finding suggests that the photocatalytic discoloration of AF over the
TiO;/schorl catalyst follows a pseudo-first-order kinetic equation.

The following description is widely accepted as the mechanism
for photocatalytic degradation of organic pollutants over TiO; sys-
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Fig. 7. Relationship between In(C/Cp) and irradiation time of the AF discoloration
over the TiO, /schorl composite catalyst (a) containing different schorl contents and
(b) sintered at different temperatures.

tem [44]:

TiOy +hv — TiOy(e™ +ht) (5)
TiOy(h*) + OH™ — TiO, +*OH (6)
TiOz(h™) + H;0 — TiO, + H" +*0OH (7)
TiOy(e™) 4+ 0y — TiOy +°0y (8)
*0,~ +H* — *HO, (9)
TiOy(e™) + HT +*0,~ — HO,~ (10)
HO,~ +H" — H,0, (11)

When TiO, semiconductor is irradiated by light with energy
equal to or greater than its band gap energy, an electron can be
excited from the valence band to the conduction band and the
electron-hole pairs are thus generated (Eq. (5)). *OH is formed
mainly by the oxidation of OH~ or H,O via photogenerated holes
(Egs. (6) and (7)), and *OH is the chief oxidant for photocatalytic
degradation in wastewater treatment[19]. Unfortunately, the holes
show high affinities for the electrons and the high degree of the
recombination of the electron-hole pairs is a major limiting factor
controlling the photocatalytic efficiency. The unique characteristics
of schorl are the existence of the spontaneous (or the permanent)
‘electrostatic poles’ on its surface. When the TiO, /schorl composite
catalyst is illuminated by UV irradiation, the electron-hole pairs
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are generated and the photogenerated electrons will be adsorbed
tightly on the anode of schorl, owing to its strong electrostatic field,
which suppresses the recombination of the electron-hole pairs.
Thus, more hydroxyl radicals are probably formed through the reac-
tion of OH~ or H,O with more photogenerated holes. Consequently,
the TiO,/schorl composite catalyst shows higher photocatalytic
activity than the pure TiO,. Furthermore, judging from Eq. (8), it can
be aware of that oxygen acts primarily as an efficient electron trap,
preventing the recombination of the photogenerated electron-hole
pairs. Due to the synergistic effect of far infrared, polarity and
electrostatic field produced by schorl, the existence of schorl can
increase the content of oxygen solved in water [42], which can pro-
mote the reaction in Eq. (8). This is one of the possible reasons for
higher photocatalytic activity of the TiO,/schorl composite cata-
lyst. Another possible reason is that, apart from the existence of
the ‘electrostatic poles’, schorl is a natural mineral bearing iron ion,
which can catalyze H,0, [28]. In the route of the photocatalytic
reaction, H,O, can be formed in Eq. (11) and then catalyzed by
schorl to produce *OH.

In conclusion, the photocatalytic discoloration of AF can be
enhanced by the TiO,/schorl composite catalyst, attributed to
the reasons explained above. As a novel photo-electro-catalytic
process, the TiO, /schorl composite catalyst can eliminate the appli-
cation of an external electric field. Thus, schorl s utilized and energy
is saved.

4. Conclusions

To enhance the photocatalytic activity of TiO,, the TiO,/schorl
composite catalysts containing different amounts of schorl and
sintered at different temperatures were prepared using sol-gel
method in this study. TiO, existed in the form of anatase phase
and the phase of rutile and schorl could not be found in all samples.
The particles of TiO, agglomerated into clusters and were well dis-
persed and enwrapped on the surface of schorl. The onset of band
gap transition for the TiO, sample supported on schorl shown a
slight red shift in the UV/DRS spectra, compared with that for the
pure TiO,. The photocatalytic activity of the TiO,/schorl composite
catalyst for the AF discoloration under UV irradiation was higher
than that of the pure TiO,. After 12-h discoloration, the AF dis-
coloration ratio could come up to 100% and the carmine color of
AF in aqueous solution was invisible. The optimum photocatalyst
for the discoloration of AF was found to be TS476-550. The photo-
catalytic discoloration of AF over the TiO,/schorl catalyst followed
a pseudo-first-order kinetic equation. Hypotheses were proposed
to interpret the mechanism for the enhancement of the photo-
catalytic activity, including that electrostatic field on the surface
of schorl could inhabit the recombination of the photogenerated
electron-hole pairs, schorl could increase the content of oxygen
solved in water to consume the photogenerated electrons and iron
ion existing in schorl could catalyze H, 0, formed in the route of the
TiO, photocatalytic reaction to produce more hydroxyl radicals. As
a novel photo-electro-catalytic process, the TiO,/schorl composite
catalyst would have a good prospect in industrial application.
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