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1. Introduction

ABSTRACT

The use of titania-dispersed materials in photocatalytic processes has been proposed as an alternative to
the conventional bare TiO-, in order to modify the surface area and activity of the catalyst. A homo-
geneously dispersed Keggin unit into TiO, was synthesized using tungstophosphoric acid (TPA) and
titanium tetraisopropoxide. This compound was then loaded into MCM-41 by dispersing it in a suspension
containing the mesoporous phase. Two other titanium-containing MCM-41 catalysts, Ti-MCM-41 and
TiO,/MCM-41 were also prepared using isomorphous substitution synthesis method and impregnation
method, respectively, for the sake of comparison. The prepared photocatalysts were characterized by X-ray
diffraction (XRD), nitrogen physisorption (BET) and chemical analysis. The catalysts were used to study
degradation of methylene blue (MB) in aqueous solution. XRD result shows a pure anatase crystalline
phase for TPA-containing TiO, indicating that there is good molecular distribution of tungstophosphoric
acid into TiO; structure. Supported TPA-TiO; into MCM-41 shows both TPA-TiO, and MCM-41 charac-
teristic X-ray reflections in the high-angle and low-angle parts of the XRD patterns, respectively. The
experimental results show that adsorption is a major constituent in the elimination of MB from the dye
solutions by the TPA-containing materials. Exploitation of both adsorption and photocatalytic processes
speeds up the removal of the dye using the TPA-TiO,-loaded MCM-41 photocatalyst. The elimination of
MB is completed within 15 min for a 30 mg1-! MB solution containing a catalyst dose of 100 mg/100 ml.
The efficiencies of the other photocatalysts such as commercial TiO,, Ti-MCM-41, TiO,/MCM-41 and
TPA-TiO,, for adsorption and degradation of MB were also studied and compared with that of the prepared
catalyst.

© 2009 Elsevier B.V. All rights reserved.

(about 30 nm) TiO, aggregates rapidly in a suspension loosing its
effective surface area as well as the catalytic efficiency. In addition

In recent years, there has been a magnificent amount of research
and development in the area of photocatalytic degradation and
heterogeneous photocatalysis. Heterogeneous photocatalysis is an
attractive and highly efficient method for degradation of toxic and
non-biodegradable environmental pollutants commonly present in
domestic or industrial wastewater [1-9]. These processes are based
on the use of UV radiation to excite a semiconductor material,
usually TiO,, which on its surface the oxidation of the pollutants
is performed. TiO, is chemically and biologically inert, photo-
catalytically stable, commercially available and inexpensive, and
environmentally friendly [2,10]. However, there are certain limi-
tations of using bare TiO, in photocatalyst reactors. To have an
adequate TiO, photocatalytic activity, particles should be small
enough to offer a high specific surface area. But due to this small size
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to that, application of such small particles imposes a high filtration
costs to remove the catalyst when the reaction is finished. These
problems have prompted the development of supported photocat-
alysts in those TiO, has been immobilized on the porous adsorbent
materials. Some of the recent studies have reported the use of silica
[11-13], clay [14], polymer film [15], activated carbon [16-18], and
zeolites [19,20] as an effort to increase the efficiency and perfor-
mance of the catalysts.

In the last decade, supporting TiO, on the mesoporous mate-
rials [19-26] has attracted considerable attention because of their
very large surface area, controllable pore size and narrow pore size
distribution. They are usually loaded with TiO, by sol-gel [21-24]
or impregnation [19,20,25] methods. One of the most interesting
mesoporous materials is MCM-41 which is an inorganic silica based
material and exhibits a uniform hexagonal arrangement of cylin-
drical pores. Although, numerous works have been reported on the
immobilization of TiO, on MCM-41 materials, detailed character-
ization and performance evaluation in different applications are
lacking.
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Another approach to increase surface area of TiO, and there-
fore to improve its catalytic activity is to make mesoporous TiO,.
This is achieved by using suitable pore-forming agents including
surfactants [27,28] or organic compounds [29,30]. However, syn-
thesizing mesoporous TiO; is not as simple as that of mesoporous
silica due to higher reactivity of the former towards hydrolysis and
condensation [31]. If this reactivity is not controlled, the synthesis
will lead to an ill-defined and poorly ordered structure. Therefore,
there are methods and challenges to synthesize stable mesoporous
TiO, with a high surface area and suitable ordered form [32-35].
Recently, Huang et al. reported synthesis of mesoporous TiO, par-
ticles using tungstophosphoric acid at the absence of any template
[36]. The material lacks long-range ordering of pores because of
the absence of template that controls the packing of micellar
rods. Yang et al. have also reported synthesis of TiO, photocata-
lyst containing homogeneously dispersed tungstophosphoric acid
by combined sol-gel and programmed temperature hydrothermal
method [37]. Their composite materials show photocatalytic activ-
ity for decomposition of various organic dyes. They suggested that
the higher photocatalytic activity of tungstophosphoric acid-TiO,
compared to traditional TiO, is mainly originated from the syner-
gistic effect produced by the combination of polyoxotungstate unit
(H3PW13040) and TiO,. According to this consequence, the inter-
facial electron transfer takes place from the TiO, conduction to
H3PW,04¢ after irradiation. Such an effective electron transfer can
inhibit the fast electron-hole recombination on TiO,.

In this contribution, we tried to improve the activity of
H3PW{3040-TiO, composite (TPA-TiO,) by supporting it onto
MCM-41 (a mesoporous material) to combine the synergestic effect
of the former with the high stability and large surface area of
the later. Modification of the surface of MCM-41 by introduction
of bulky group of TPA-TiO, to its structure produced an efficient
adsorbent and photocatalyst based on TiO,. This catalyst is used for
photodegradation and mineralization of methylene blue. Methy-
lene blue is a pollutant dye chosen as the model compound to
determine the photocatalytic activity of the supported TiO, in aque-
ous medium. The performance of the supported TiO; in degradation
of the dye is studied under different operating conditions and the
results are compared with that of commercially available TiO, .

2. Experimental
2.1. Reagents and materials

The commercially available TiO, powder was in anatase crys-
talline form with purity of 99% purchased from Merck. Tetraethyl
orthosilicate (TEOS) was purchased from ACROS. N-cetyl-N,N,N-
trimethyl ammonium bromide (CTMABT), tungstophosphoric acid
(H3PW13049: TPA), ethylamine, ethanol, methylene blue, HCI,
isopropanol and tetraisopropyl orthotitanate (titanium tetraiso-
propoxide) were obtained from Merck.

2.2. Preparation of photocatalyst

The TPA-TiO, composite was prepared with little modification
in the described procedure in the literature [37]. In a typical exper-
iment, 6 ml titanium tetraisopropoxide (TTIP, 98%) was dissolved
in 30 ml of isopropyl alcohol while stirring was used. In another
container, 0.4g of H3PW1,049 (TPA) was dissolved in 0.8 ml of
water and then it was added into the TTIP solution drop by drop.
The resulting mixture was adjusted to pH 1-2 by the addition of
8 moll~1 HCl, and then stirred at room temperature for 1 h. The mix-
ture was heated to 45 °C until homogeneous hydrogel was formed.
This hydrogel was transferred into an autoclave, and then heated to
200°C at a heating rate of about 2 °C min~—!, Finally the temperature

was kept at 200°C for 1 h. After cooling the TPA-TiO, hydrogel to
room temperature, it was dehydrated slowly at 50 °C for 24 h. The
dried gel was washed with hot water three times, and then dried at
room temperature. The product is white powder.

The parent purely siliceous MCM-41 was synthesized by aroom-
temperature synthesis method as described previously [38]. We
used TEOS as a source of silicon and CTMABr as template for
preparation of MCM-41. The procedure for MCM-41 synthesis is
as follows: 2.7 g ethylamine was added to 42 ml of deionized water
and the mixture was stirred at room temperature for 10 min. The
amount, 1.47g of surfactant (CTMABr) was gradually added to
the above solution under stirring for 30 min. After further stirring
30min, a clear solution was obtained. Then, 2.1 g TEOS solution
was added drop wise to the solution. The molar composition of
the mixture was:

SiO, : 1.6 EA: 0.215CTMABr : 125H,0

The pH of the reaction mixture was adjusted to 8.5 by the slow addi-
tion of hydrochloric acid solution (1 M) to the mixture. At this stage,
the precipitate is formed. After 2 h, under slow stirring, the precip-
itate was separated and washed by centrifugation. The sample was
dried at 45°C for 12 h.

Titanium-containing MCM-41 samples with different 5, 50 and
100 Si/Ti molar ratios were also prepared by a direct isomor-
phous substitution synthesis method. The procedure is similar to
the method described above for siliceous MCM-41 but with the
addition of Ti source (titanium tetraisopropoxide) in appropriate
amounts. The MCM-41 and Ti-MCM-41 samples were calcined at
550°C for 5h to decompose the surfactants and obtain the white
powder. The Ti-MCM-41 with a high content of Ti (Si/Ti ratio of 5)
was used for photocatalytic experiments.

TPA-TiO, incorporated MCM-41 was prepared based on some
modification in the described procedure previously reported in the
literature [39]. 0.05 g of our prepared TPA-TiO, was dispersed in
distilled water and a few drops of diluted HCl was added to avoid
possible hydrolysis of the compound. Then 0.05g of the calcined
MCM-41 was added to make a suspension. The suspension was
stirred and evaporated at 80°C until dryness. Then the solid was
ground to fine particles and dried at 200°C for 6h in air flowing
oven. The catalyst prepared by this method was named TT-MCM-41.

Also, 0.05g of commercial TiO, and 0.05g of MCM-41 were
mixed using 2 ml ethanol in agate pestle and mortar. The solvent
was then removed by evaporation while mixing. Samples prepared
by this method were dried at 110 °C and calcined in air at 450 °C for
6 h. This sample is designated as TiO,/MCM-41.

2.3. Characterization and measurement methods

A Philips PW1840 X-ray diffractometer with Cu Ko radiation
was used to record the powder XRD patterns. The BET specific sur-
face area of catalysts was determined by nitrogen adsorption at
liquid nitrogen temperature on a Sibata SA-1100 surface area ana-
lyzer. Elemental chemical analysis of the catalysts was done by XRF
method using a Bruker, S4 Pioneer model.

The photochemical reactor was a beaker containing suspension
of methylene blue (MB) solution and solid photocatalyst which was
placed in a continuously ventilated chamber. The suspension was
magnetically stirred before and during irradiation. UV illumination
was done with a400 W Kr lamp (Osram). The illumination power of
the lamp is mainly in the UV-A region. More precisely, ~90% of the
radiated power is in the UV-Aregion (400-315 nm) and about 10% in
the UV-B region (315-280 nm). The distance between the lamp and
the reactor was 30 cm for each experiment. Prior to irradiation, the
sample was stirred for 5 min to establish an adsorption-desorption
equilibrium between the catalyst surface and the dye. After
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Table 1

Preparation method, surface area and pore volume for TiO,, MCM-41 and the prepared TiO, catalysts.

Sample Preparation method Surface area (m?/g) Pore volume (cm?/g)
TiO, Commercial titanium dioxide (Merck) 10.6 -

TPA-TiO, Sol-gel using tungstophosphoric acid and titanium tetraisopropoxide 110 -

MCM-41 Room-temperature synthesis 1090 0.39

TiO2/MCM-41 Impregnation 590 0.21

Ti-MCM-41 Isomorphous substitution using titanium tetraisopropoxide 750 0.27

TT-MCM-41 Loading TPA-TiO, from suspension 450 0.16

irradiation, regular sampling and removal of the photocatalyst
particles by centrifugation, the residual dye concentration was ana-
lyzed by spectrophotometric method. A double beam Shimadzu
UV-2100 spectrophotometer was used for the determination of dye
concentration. All the experiments were conducted at room tem-
perature. The aqueous dye/catalyst suspension was prepared by the
addition of 100 mg catalyst to a 100 ml aqueous solution of dye.
Initial concentration of methylene blue was 30 mgl-! in all of the
experiments. A neutral media of pH 7 was used in all experiments.
In some experiments H,0, was added to reaction mixture to make
a0.05 M or other concentrations. For a dark adsorption experiment,
100 mg of adsorbent was added to 100 ml of 30 mg1~! MB solution
and the mixture was stirred for 60 min in the dark.

3. Results and discussion
3.1. Characterization

The designations for different prepared materials are summa-
rized in Table 1. The preparation method, specific surface area and
pore volume for the samples are shown in the table. The surface
area and pore volume were calculated using data of the liquid nitro-
gen physisorption experiments. As it is evident from Table 1, by
introduction of TPA units into TiO, structure via our sol-gel pro-
cedure using titanium tetraisopropoxide, the TPA-TiO, acquire a
surface area much greater than our commercially obtained TiO,.
The table shows that our synthesized MCM-41 has a very large
surface area (1090 m2/g) and large pore volume (0.39 cm3/g). How-
ever, after loading TiO, into MCM-41 structure, the surface area and
the pore volume of TiO,/MCM-41 sample are significantly reduced
in comparison with those of pure MCM-41. Indeed, the surface
area for TiO,/MCM-41 is almost the average of the surface area
of both components of the samples: TiO, and MCM-41 (Table 1).
This result is expected because the surface area of TiO5 is insignif-
icant in comparison with that of MCM-41. The thermal treatment
at 450°C does not produce a further reduction of the surface area
of the components, because MCM-41 was previously calcined at
higher temperature (550 °C). The amount of surface area reduction
is more for TT-MCM-41, in spite that the surface area of TPA-TiO is
10 times higher than that of TiO, and that this sample was dried at a
low temperature (200 °C). Accordingly, the pore volume is notably
lower than in MCM-41. These results may indicate that TPA-TiO,
units are incorporated inside the pores of the MCM-41 matrix. The
changes in the XRD pattern at low angle (Fig. 2), with respect to
pure MCM-41, also indicate a strong interaction between TPA-TiO,
and MCM-41. The reduction in the surface area and pore volume
for Ti-MCM-41 may really be related to the changes in the micro-
structure and some disordering in the structure which may happens
during isomorphous-substitution process.

X-ray diffraction patterns of TiO, and TPA-TiO, samples are
shown in Fig. 1. The characteristics diffraction peaks for anatase
TiO, structure can be verified by inspection of XRD patterns [40].
The main XRD peak for anatase appears at 260 =25.3° with others
indexed and shown in Fig. 1a. XRD patterns of TPA-TiO, shows the
same feature as anatase without any indication of tungstophos-
phoric acid crystalline phase. Therefore, TPA units are successfully

introduced into TiO, structure rather than existing in separate
free solid phase. The molecular distribution of TPA units into TiO,
and forming a stable composite could be occurred during the pro-
cess of hydrolysis of titanium tetraisopropoxide in the presence of
tungstophosphoric acid. In this process the Keggin units entrapped
by the titania network, interact with internal surface hydroxyl
group of titania producing the (TiOH,*)(H,PW1,049~) composite
[37]. However, due to this interaction and because of taking up
the H3PW1,049 units by TiO,, some disorder in the TiO, structure
happens and therefore, the crystallinity of our TPA-TiO, was poor
compared to that of TiO,.

Fig. 2 shows low angle XRD patterns of MCM-41, TiO,/MCM-41,
Ti-MCM-41 and TT-MCM-41 samples. The characteristic MCM-41
reflections related to the ordered hexagonal mesoporous structure
are confirmed [41,42]. The recorded XRD pattern for Ti-MCM-41 is
similar to MCM-41 but the intensity of the main diffraction peak
for TiO,/MCM-41 and TT-MCM-41 is reduced considerably. This is

[101]

[10s] [211]
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Fig. 1. X-ray diffraction patterns of (a) pure anatase, (b) tungstophosphoric acid
(TPA), (¢) TiO; and (d) TPA-TiO,.
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Fig. 2. X-ray diffraction patterns of (a) MCM-41, (b) TiO,/MCM-41, (c) Ti-MCM-41
and (d) TT-MCM-41.

possibly arisen from the post-synthesis treatment carried out on
these latter samples. For Ti-MCM-41 sample where Ti is introduced
during the synthesis time a more ordered structure similar to MCM-
41 was obtained.

The XRD pattern for Ti-MCM-41 within the range of 26 = 20-60°
(Fig. 3a) does not show the characteristic diffraction peaks of the
anatase TiO, structure except a weak reflection at 20=25.3°. It
should be mentioned that we did not observed this peak in the
lower titanium-containing materials (i.e. Ti-MCM-41 with Si/Ti
ratio of 50 and 100). Therefore, our photocatalyst Ti-MCM-41
sample with Si/Ti ratio of 5 contains low amount of free TiO, par-
ticles. Inspection of the XRD pattern for TT-MCM-41 within range
20 =20-60° shows the presence of characteristic anatase reflections
quite similar to those observed for TPA-TiO; in Fig. 1d. This indi-
cates that the TPA-TiO, units are incorporated into the structure
of MCM-41 as the consequence of adding MCM-41 to a suspension
containing our pre-prepared TPA-TiO,. There is strong interaction
between both compounds as it is indicated by the changes in the
XRD pattern at low angles (Fig. 2), with respect to pure MCM-41.

To check the interaction of the loaded TPA-TiO, units to the
MCM-41 support, a leaching test was performed on TT-MCM-41
sample. For this purpose, 0.1 g of TT-MCM-41 was stirred in 100 ml
of deionized water for 24 h. Concentration of the tungstophosphoric
acid leached into the water was determined by UV-vis spectropho-
tometric analysis. It was found that a negligible amount of 1.27% of
TPA was leached out. This shows that TPA-TiO, units are retained

Counts

20 ) .";0 4.0 50 60
20 (degree)

Fig. 3. X-ray diffraction patterns of (a) Ti-MCM-41 and (b) TT-MCM-41 at higher
two theta angles.

in the MCM-41 because of relatively strong interaction of the units
with MCM-41 host.

3.2. Adsorption studies

The dark adsorption study of methylene blue on supported cat-
alysts and unsupported TiO is presented in Table 2. There is a very
sharp decrease of the concentration of MB within the first 5min
stirring in the dark upon the use of either TPA-TiO, or TT-MCM-41.
The table shows that nearly all amount of the dye (in a 100 ml solu-
tion of MB with a concentration of 30 mg1~! and 100 mg adsorbent)
are adsorbed onto TT-MCM-41 or TPA-TiO, within 5 min. MCM-41
and titanium-incorporated MCM-41 samples (TiO,/MCM-41 and
Ti-MCM-41) show little adsorption of the dye following the first
5min stirring in the dark, but adsorption of MB by the bare TiO,
within the same time is approximately zero (Table 2). This indi-
cates the importance of increased surface area in adsorption. It is
interesting to note that although the surface area for TPA-TiO, is
much lower than TT-MCM-41 (see Table 1), its adsorptive property
is very close to that of TT-MCM-41 at our experimental condition.
Extending the time of adsorption of the dye onto all the adsorbents
(catalysts) for up to 60 min was resulted in rise of the adsorption
of MB onto MCM-41-containing materials. About half of the initial
amounts of the dye are adsorbed onto TiO,/MCM-41 and Ti-MCM-
41 and more than half of it is adsorbed onto MCM-41 following a
60 min adsorption in the dark.

In a series of separate experiments, adsorption of higher con-
centration of MB onto some of the samples was performed for a
longer contact time (24 h) in the view of purposing them solely as
adsorbents. For these samples, adsorption parameters were eval-
uated using the Langmuir adsorption isotherm, which is given by

Table 2
Adsorptive ability of the catalysts for methylene blue.

Sample Initial concentration Conc. after 5 min Conc. after 60 min
(mgl1) (mgl1) (mgl1)
TiO, 30 30 29
TPA-TiO, 30 5 4
MCM-41 30 22 12
TiO,/MCM-41 30 24 17
Ti-MCM-41 30 23 14
TT-MCM-41 30 3 0
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Fig. 4. Langmuir adsorption of methylene blue on various adsorbents. 100 mg of
the adsorbent was stirred in 100 ml of the dye solution with an initial concentration
range 30-400 mg1-! for 24 h.

equation below:

G_ 1, G
Qe B QmaXKL Qmax

In this equation Q. is the equilibrium MB concentration on adsor-
bent (mg/g), Ce is the equilibrium MB concentration in solution
(mgl~1), Qmax is the monolayer capacity of adsorbent (mg/g), and K;
is the Langmuir adsorption constant (Img=1). A plot of Ce/Qe vs. Ce
will give a straight line with slope 1/Qmax and intercept 1/(QmaxKy).
Fig. 4 shows the adsorption isotherms and Table 3 shows the cal-
culated Langmuir adsorption parameters for the selected samples.
Higher Qmax for MCM-41 in comparison with that of TT-MCM-41
(Table 3) and comparing these data with the related ones in Table 2
shows higher adsorption of MB by MCM-41 within a longer time of
24 h. Table 3 shows that K;, Langmuir adsorption constant, is very
similar for TPA-TiO, and TT-MCM-41and also both constants are
larger than the others.

3.3. Photocatalytic degradation of methylene blue

Initially, control tests on degradation of MB were carried out
in specified conditions described below. In a test, 100 ml solution
of MB (30mgl-1) containing H,0, (0.05mol1-1) placed in dark-
ness. There was no noticeable decrease in MB concentration after
60 min. In a separate test, the same solution (in absence of H,0;)
was exposed to UV irradiation for 60 min. Again, no considerable
decrease in concentration of MB was observed. These results show
that presence of HyO, or UV irradiation alone cannot destruct the
dye. However, exposing the MB solution containing hydrogen per-
oxide to UV irradiation will be effective in the degradation of MB.
The amount of destructed MB, yet, is not considerable. In presence
of 0.05 mol 1~ of hydrogen peroxide, only 3% of the dye is destruc-
ted following a 60 min irradiation run. This is expected because
combination of UV-A irradiation+H,0, does not lead to appre-
ciable degradation of MB (90% of the intensity of the UV lamp is
within the range of 400-315 nm). Increasing the concentration of
hydrogen peroxide to 0.5 mol 1= will raise amount of the dye degra-
dation to about 15% under the same illumination type and within

Table 3

Adsorption parameters for selected catalysts.

Sample K; (Img~") Qmax (mg/g) i
MCM-41 0.0174 73.5 0.982
TiO2/MCM-41 0.0161 54.3 0.980
TPA-TiO, 0.0346 49.7 0.996
TT-MCM-41 0.0368 61.7 0.991
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Fig. 5. Concentration changes of methylene blue as a function of irradiation time.
The shaded area shows decrease of concentration of methylene blue due to adsorp-
tion at the first 5 min stirring in the dark. The concentration of MB was 30 mg1-', the
weight of catalyst was 100 mg, volume of the dye solution 100 ml, concentration of
H,0, was 0.05mol -1, photocatalytic reaction under 400 W UV irradiation at room
temperature and the system was open to air.

the same irradiation time. Addition of more hydrogen peroxide does
not change the quantity of degradation of MB to a higher value.

Photocatalytic ability of our prepared catalysts in adsorbing and
degradation of MB has been shown in Fig. 5. The data are obtained
following a two step experiments. At first period the mixture of the
catalyst and dye solution was stirred for 5 min in the dark and then
the mixture was exposed to UV light and was irradiated for 60 min.
Fig. 5 clearly shows a sharp decrease in concentration of MB in the
initial 5 min for TPA-TiO, and TT-MCM-41 which is due to adsorp-
tion. Then the reduction of the dye concentration is continued with
a gentle slope which is due to photodegradation. This indicates that
the higher surface area and adsorption capacity for TPA-TiO, and
TT-MCM-41 compared to that of bare TiO, plays the major role
for elimination of MB. Obviously, achieving greater adsorption for
MB is mainly related to the presence of tungstophosphoric acid in
both TPA-TiO, and TT-MCM-41. Fig. 5 clearly shows that none of
the TiO,/MCM-41 and Ti-MCM-41 samples can adsorb that amount
of MB within the first 5min step (dark adsorption) even though
they contain MCM-41. TiO,/MCM-41 and Ti-MCM-41 have surface
area much higher than TPA-TiO; and higher than TT-MCM-41 (see
Table 1). An explanation for the rise of adsorption capacity for these
tungstophosphoric acid-containing materials may be proposed. It
is generally believed that emerging of negative charges in the struc-
ture of solids improves adsorption of a cationic species. This may
be related to the change of zeta potential in our tungstophospho-
ric acid-containing composite materials. The point of zero charge of
the TiO, (Degussa P25)is at pH 6.8 [43]. This means the TiO, surface
is positively charged at pH < 6.8, whereas, it is negatively charged
at pH>6.8. However, this point of zero charge may be changed to
the lower values in the supported catalysts [24]. The change of the
isoelectric point to lower values, in parallel with the amount of
tungstophosphoric acid species incorporated into mesoporous tita-
nium oxide, has been well established now [44]. Fuchs et al. have
found that the pH of the isoelectric point of titanium oxide which is
regarded as 6.5 for a pure mesoporous anatase, will decrease to the
pH values 6.2, 6.0 and 5.5 for the TiO, samples containing 10, 20 and
30% TPA, respectively [44]. Therefore, the following surface reaction
for the supported catalysts is expected to occur at our experimental
condition:

TiOH + OH™ — TiO~ +H,0

The electrical charge of the solid surface of TPA-TiO, and TT-MCM-
41 would strongly affects adsorption of cationic MB* dye molecules.
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Table 4
Adsorption and photocatalytic ability of prepared catalysts, bare TiO, and MCM-41
for the removal of methylene blue?.

Catalyst Conversion (%)° (5 min) Conversion (%)° (15 min)
TiO; 0.7 3.0

MCM-41 9.0 44

Ti0,~ /MCM-41 20 43

Ti-MCM-41 24 47

TPA-TiO, 83 93

TT-MCM-41 90 100

2 The concentration of MB was 30mgl-', the weight of catalyst was 100 mg,
volume of the dye solution 100 ml, concentration of H,0, was 0.05mol -1, photo-
catalytic reaction under 400 W UV irradiation at room temperature and the system
was open to air.

b Conversion (%) is defined as (Co — C;)/Co x 100, Cp and C; are concentration of MB
at time 0 and t. Samples were stirred for 5 min in darkness and then exposed to UV
irradiation.

The rate of elimination of the dye molecules contained in 100 ml
solution of MB with an initial concentration 30 mgI-! and at pres-
ence of 100 mg TT-MCM-41, is so high that all of the dye is removed
within 15 min. Fig. 5 shows a sharp lowering of the concentration to
10% of its initial value following the first 5 min stirring in the dark.
At this stage, elimination of the dye molecules is due to adsorp-
tion. Degradation of MB will be started upon exposing the solution
to the UV light. Table 4 compares the conversion percent of MB
after 5 and 15 min time from the beginning (5 min in the dark and
10 min under UV irradiation). Complete removal of MB is achievable
in 15 min using TT-MCM-41 catalyst (Table 4).

From the standpoint of separation and recovery of the catalyst
and evaluating the ability of the used catalyst for elimination of
the dye, two methods were employed. The high-temperature calci-
nation and hot ethanol-washing followed by ultrasonic-bath were
performed for regeneration of the used TT-MCM-41. In the high-
temperature calcinations process the used TT-MCM-41 was placed
in a furnace with static air and calcined it with a heating rate of
5° Cmin~! from room temperature to 450 °C. In the second method,
the used materials were washed with hot ethanol and placed in an
ultrasonic-bath for 10 min. Most of the dye species are removed
from the catalyst (adsorbent), however, the recovered catalysts
showed gradual decreasing of the adsorption capacity and conse-
quently lower efficiency. The decreasing of the efficiency is more
severe for the heated samples. The ability of TT-MCM-41 for remov-
ing the dye reduces to 20% of the fresh catalyst following three
successive use of the catalyst exploiting the hot ethanol-washing
method. It seems that both of the high-temperature calcination
method and hot ethanol-washing followed by ultrasonic-bath
treatment may deteriorate the interaction between TiO,-TPA units
and MCM-41. Calcination at high-temperature may even affect the
stability of TPA molecules incorporated into TiO, matrix [45]. Fur-
ther work is needed for complete elucidating of this matter.

Although, TT-MCM-41 is surely the best material for elimination
of MB, it is not the most active photocatalyst among our samples.
The photocatalytic activity could be estimated by considering the
rate of the dye disappearance just after turning the UV source on
(after the initial 5 min). The catalyst activity sequence for MB elim-
ination was found as below:

Ti-MCM-41(0.71) > TPA-Ti0»(0.34)
~ Ti0, /MCM-41(0.33) ~ TT-MCM-41(0.31) > Ti05(0.22)

The numbers in parentheses correspond to the slope of the degra-
dation curves shown in Fig. 5 after the initial 5 min stirring in the
dark. It is obvious that Ti-MCM-41 is the most active photocat-
alyst. The photocatalytic activities of TT-MCM-41, TPA-TiO, and
TiO,/MCM-41 are approximately the same. The commercial TiO,
showed the lowest catalytic activity. We believe that proper dis-

tribution of titanium oxide into MCM-41 structure which can be
originated via isomorphous substitution method imparts the high-
est catalytic activity to Ti-MCM-41. However, this sample is not a
strong adsorbent due to lack of TPA in its composition. As men-
tioned above, the presence of TPA in TPA-TiO, and in TT-MCM-41
and shifting the pH of the point of zero charge to lower values for
these materials, generate strong adsorption sites at our experimen-
tal condition.

4. Conclusion

The photocatalytic degradation of methylene blue over several
types of TiO,-containing materials was investigated. The examined
photocatalysts include TiO,/MCM-41 prepared by impregna-
tion method, Ti-MCM-41 prepared by isomorphous substitution,
TPA-TiO, by dispersion of tungstophosphoric acid into TiO, struc-
ture and TPA-TiO, composite loaded onto MCM-41 (TT-MCM-41)
by suspension procedure. Our results show that TT-MCM-41 is
the most efficient material among them and effectively removes
methylene blue from solution in a very short time. Elimination
is completed within 15 min for a 30 mgl~! methylene blue solu-
tion containing a catalyst dose of 100 mg/100 ml. Adsorption has
a significant role for the very high efficiency of this photocat-
alyst for elimination of methylene blue. Although the surface
area is higher for TiO,/MCM-41 and Ti-MCM-41, but presence of
tungstophosphoric acid-TiO, composite in the MCM-41 structure
makes TT-MCM-41 the most active material for complete removal
of methylene blue within a short time. The strong adsorptive capac-
ity of TT-MCM-41 can be combined with its photocatalytic activity
in achieving a rapid removal of the dye.
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