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Abstract

Two series of samples were prepared namely Cr-Ti/MCM-41 and C4/%iQ, keeping Si/Ti mole ratio same, with different Cr loading. The
physico-chemical properties of the samples were characterized by different analytical techniques such as XRD, FTIR, TEM, low temperature
N, sorption, and UV-vis diffused reflectance spectroscopy. The impregnatedvBi©in anatase form. The crystallite size was determined
from Scherrer equation as well as by TEM. There is a difference between the shapes of nitrogen adsorption isotherms with and without
Cr-loaded Ti/MCM-41 samples. The rate of nitrogen adsorption was found to increase with decrease in Cr contentPAPcioeICr-

Ti/IMCM-41 samples due to the blocking of the pores with Cr. Al MCM-41 samples exhibited pore sizes from 24 nm to 32 nm. UV-vis
diffused reflectance spectra of all Cr-loaded samples showed red shift of their absorption edges. Photo degradation of eosin dye was studied
using visible light.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction TiO2 has an absorption edge in the UV region. When they
are substituted by transition met§lis6] like Fe, V, Cr, their
Today, the whole world is facing with a tremendous set absorption edges shift in the visible light. So, modified ti-
of environmental problems which are due to contaminated tanium dioxide doped with transition metdl8] was also
ground water, hazardous waste effluent coming out of in- studied for the degradation in visible light. Different semi-
dustrial sectors due to advanced industrialization in different conductors such as T CdS, ZnO, FgOs, ZnS, etc. are
fields. Heterogeneous photo catalytic purification of water by reported as photo catalysts till today and have their own mer-
irradiating semiconductor Ti©with UV lighthas beenfound  its and demerits in visible ligh7]. Enhanced photo catalytic
to be very effective process for complete mineralization of activity of titania supported on molecular sieves has been re-
organic molecules dissolved in wafé@r4]. It is known that ported[3,7]. Davydov et al[7] have reported titania loaded
only 5% of the total solar energy reaching the earth is UV. transition metal-substituted MCM-41 molecular sieves as po-
The use of artificial UV light for photo degradation purpose tential catalysts for the oxidation of organics in visible light.
is expensive due to the requirement of the additional power  TiO> has been used extensively for degradation of organic

supply. So, there are limitations for the use of 7i@ the pollutants and dyes in wastewater treatment. Practically sep-
treatment of wastewater using UV light from practical point aration of TiQ from water is expensive due to formation of
of view. milky dispersions after mixing the powder in water. Silica has

been used selectively and widely as a supportinindustry for a
* Corresponding author. Tel.: +91 20 5893300; fax: +91 20 5893761,  Variety of reactions as it does not possess a charge framework
E-mail addressBelhekar@cata.ncl.res.in (A.A. Belhekar). [8,9]. Transition metals-loaded silica-titania are also studied
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extensively for their physico-chemical properties and photo from 0 to 10% using titanium isopropoxide, tetraethyl ortho
catalytic activity[10]. silicate in isopropanol and Cr&lThe solution was stirred
TiO,, though most durable photo catalyst, is active only in for 1 h, dried and calcined at 773K for 4 h.
UV light, while others are active in visible light but have low
stability. Overall, there has been no photo catalyst prepared2 4. Characterization
which can be used in visible light having both chemical sta-
bility and high photo activity. So, there is an urgent need for  Catalysts were examined for their structural, textural, op-
developing a new photo catalyst, which is chemically stable, tical and photo catalytic properties by different analytical
active in visible light, economic, and ecofriendly also. techniques. XRD powder diffraction spectra of the calcined
Our aim is to prepare the catalysts, which are active in samples were recorded on Rigaku (D Max Ill VC) using
visible light so that they can allow more effective utilization Cu Ka radiation ¢ = 1.54065\) over the scan rangefz 3°
of solar energy. We wish to report herein the preparation, to 80°. The crystallite size of the anatase was determined
characterization and catalytic evaluation of titania loaded on py applying Scherrer equation to XRD data. TEM images
MCM-41, doped with Cr. Also, silica-titania catalysts were were obtained on JEOL-2010 CX microscope. From low tem-
prepared keeping Si/Ti mole ratio equal to that in T/MCM-  perature nitrogen adsorption (Quantachrome NOVA 1200)
41 and doped with Cr. Eosin was selected as a pollutant forjsotherms BET surface area, pore diameter, total pore vol-
the photo catalysis. ume, micropore volume and pore size distribution was de-
termined. Prior to the determination of adsorption isotherm,
the sample was evacuated at #Jorr and at 573K to re-

2. Experimental move all physisorbed species from the surface of the adsor-
bent. The samples were further characterized by UV-vis dif-

2.1. Synthesis fuse reflectance spectroscopy (Shimadzu UV-2550 UV-vis
spectrophotometer) using barium sulfate as a standard. FTIR

The synthesis of Si-MCM-41 was carrigtil] out us-  spectra were recorded in nujol matrix using Shimadzu 8300

ing the molar gel composition 1S®.25 TMAOH:0.18 FTIR spectrometer.
CTMABTr:25 H,O at ambient temperature 383K. 3.560¢
N-cetylN,N,N-trimethyl ammonium bromide (CTABr; Loba 5 g5 Photocatalysis
chemie, 99.8%) was dissolved in 5g of distilled water (so-

lution ). 4.945g of tetra methyl ammonium hydroxide For photo-catalytic oxidation of the eosin, halogen lamp
(TMAOH; Loba chemie, 25%) was dissolved in 5 g distilled (500 W) was used for photo-irradiation. 125 mg of the cal-

water (solution I1). 3.256 g of fumed silica (Aldrich, 99.8%) ined sample was dispersed in 350 ml of 20~ M aque-

was added slowly to solution Il with constant stirring for 2h. ;5 dye solution in a photo reactor and stirred magnetically

Then solution | was added to the above mixture to get thick i, qark for 60 min. The absorbance measurement was done
gel, which was stirred for 2h. Then, 5.237 g of water was at Amax=520 nm for eosin using UV-vis spectrometer, Shi-

added again and the gel was stirred for another half an hour. 5424 UV-2101PC. The mixture of the sample and dye so-

The gel was then transferred to stainless steel autoclave angtion was then photo-irradiated/not irradiated at room tem-
kept in an oven at 383 K till fully crystalline material is ob- perature for 10 min, centrifuged to get clear solution and ab-
tained as checked with XRD. Then the sample was filtered, sorhance of clear solution was measured. This procedure was

washed thoroughly with cold distilled water and then with  consecutively repeated several times without changing the
about 50 ml acetone. The material was then dried in an ovencqncentration of reaction mixture.

at 373 K and calcined stepwise up to 813 K and kept for 4 h.

2.2. Preparation of titania-loaded MCM-41, doped with
Cr

To the mixture of titanium isopropoxide (Aldrich) in iso-
propanol and CrG| MCM-41 powder was added under stir-
ring for about 1 h at ambient temperature, keeping Si/Ti mole
ratio 10 and Cr content ranging from 0 to 10%. The solution *Structure of eosin
was allowed to dry at room temperature and then the catalyst
was calcined in the range 623—-773 K for 4 h.

3. Results and discussion
2.3. Preparation of silica-titania catalyst, doped with Cr
Two sets of samples were prepared namely Cr-Ti/MCM-
Cr-doped SiQ-TiO, catalyst was prepared by sol-gel 41 and Cr/Si@-TiO2 keeping Si/Ti mole ratio 10 and with
method keeping Si/Ti mole ratio 10 and Cr content ranging different Cr loading ranging from 0 to 10%. The sample
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Table 1

Structural and textural properties of catalysts derived from nitrogen sorption studies

No. Sample TiQ particle BET specific surface Total pore volumé Micropore volume Average pore
diametef (nm) ared (m?/g) (cmlg) (cm®/g) diameter A)

1. Cr-Ti/IMCM-41 (0) 192 798 0.6452 0.4567 323

2. Cr-TiIMCM-41 (2.5) 115 549 0.4133 0.2811 24.8

3. Cr-TiIMCM-41 (5) 91 540 0.3490 0.2284 25.9

4, Cr-Ti/IMCM-41 (10) >100 328 0.2240 0.1369 27.3

5. Cr/SiQ-TiO2 (0) 19 5 - - -

6. Cr/SiQ-TiO3 (2.5) 23 <3 - - -

7. Cr/SiQ-TiO2 (5) 19 <3 - - -

8. Cr/SiG-TiO2 (10) 25 5 - - -

The figures in the bracket () correspond to %Cr.
a Determined by Scherrer’s equation with (10 1) reflection on XRD pattern.
b Determined from nitrogen isotherm.
¢ Determined from T plot.
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Fig. 1. XRD profiles of (A)—Cr-Ti/IMCM-41 (5) samples calcined at different temperatfire623 K for 4 h,[2] 623K for 20h and3] 773K for 4 h; and
(B)—I[4] Cr-Ti/MCM-41 (2.5),[5] Cr-Ti/MCM-41 (10) and 6] Cr-Ti/MCM-41 (0) samples calcined at 773K for 4 h.

designations, structural and textural properties of the sam-
ples are listed in th@able 1 Fig. 1A depicts the powder XRD
profiles 1-3 of Cr-Ti/MCM-41 (5) samples calcined at 623 K
(4h), 623K (20h)and 773 K (4 h), respectively. Itis seen that
sample calcined at 623 K for 4 h is amorphous and transforms
into anatase with visualization of peaks ét2~25°, 48>, 55°
and 63 for samples calcined at 623K (20h) and 773 (4h). 5
Further heating the sample above 773 K, rutile phase starts ap<
pearing (graph not shown). XRD profiles of Cr-TiIMCM-41 £
(0), Cr-TiIMCM-41 (2.5) and Cr-TiIMCM-41 (10) samples &
calcined at 773K for 4 h are shown fitig. 1B. =
Fig. 2 gives the XRD profiles of Cr/Si@TiO, (0),
Cr/SiO-TiO2 (2.5), Cr/SiG-TiO, (5) and Cr/SiQ-TiO»
(10) samples calcined at 773 K for 4 h. All the samples show A . : ‘ .
anatase peaks. The Ti(particle diameter estimated with = goTheta (Deg.) = 0
Scherrer’s equation using the line-width at half-maximum '
of the X-ray diffraction peaks atf2= 25.4 for anatase was  Fig. 2. XRD profiles ofl1] Cr/SiO,-TiO; (2.5), [2] Cr/SiO»-TiOz (5), [3]
found to be in the range 9-25 nm for all the samples except Cr/Si0O,-TiO; (10),[4] Cr/Si0,-TiO, (0) samples calcined at 773K for 4 h.
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Fig. 4. Nitrogen adsorption-desorpti on isotherms for calcifigld Cr-
TiIMCM-41 (2.5),[2] Cr-Ti/MCM-41 (5) and[3] Cr-Ti/MCM-41 (10) and

[4] Cr-TiIMCM-41 (0). The inset shows the BJH pore size distribution
curves.

pressure of nitrogen up #8/Pg=0.25 indicates monolayer
nitrogen adsorption in the mesoporous pores. The rate of ni-
trogen adsorption was found to increase with decrease in Cr
content at lowelP/Pgy. This may be due to blocking of the
pores with higher Cr loading. This is reflected in decrease
in total pore volume and micropore volume with increase in
Cr loading as shown iffable 1 The BET surface area was
also found to decrease with increase in Cr loading. At higher
relative pressure >0.25, a steep rise in nitrogen uptake for
Cr-Ti/MCM-41 (0) is due to capillary condensation inside
the mesoporous porg$4]. Cr containing samples however
showed gradual uptake at higher relative pressure. Thus, there
is difference between the shapes of the Cr loaded and with-
Fig. 3. Transmission electron micrographs of (A)—Cr-T/MCM-41 (5); and  OUt loaded Ti/MCM-41 samples. The specific surface areas
(B)—Ct/SiO-TiO3 (5). of Cr-Ti/MCM-41 samples are shownrable 1 It decreases

as Crloading increases due to blocking of pores by Cr. It was

observed thatthe pore size of the Cr-loaded samples (inset fig-
Cr-Ti/MCM-41 (10). The mark *' denotes the peaks due to ure) decreased compared to the sample without Cr. The pore
chromium oxide for all the samples. size was reduced to about 15-25% with Cr loading. Since

Fig. 3A and B show TEM photographs of Cr-Ti/MCM-41  area of all Cr/Si@-TiO, samples was very less, total pore
(5) and Cr/SiQ-TiO2 (5) samples. Small dark spots repre- volume, total micropore volume and average pore diameter
senting TiQ has the particle size around 3nm and 6 nm, re- of these samples were not determined.
spectively. The crystallite size of the same samples calculated Fig. 5 shows FTIR spectra of Cr-Ti/MCM-41 (0), Cr-
from XRD is 9.1 nm and 19 nm, respectively, which is gener- Ti/MCM-41(2.5), Cr/SiQ-TiO> (0) and Cr/SiQ-TiO5 (2.5).
ally higher than that observed by TEM. This can be because The shoulder at 880-900 crhin Cr-containing samples can
XRD patterns can show only titania species of sufficient size, be assigned to €O or Cr-O vibration from Cr (VI) species
i.e around 2 nnj12]. While TEM images show additionally  as reported earligd.5]. This absorption is absent in samples
non-crystalline species also. This could explain the different without Cr. The peaks near 1089 and 802 ¢nsorrespond
crystallite sizes found with both the techniques. to asymmetric and symmetric vibrations of-8-Si link-

Fig. 4 shows adsorption-desorption isotherms of nitro- age, respectively. The peak at 464 chias been ascribed to
gen at 77K on Cr-TiIMCM-41 (0), Cr-TiIMCM-41 (2.5),  bending vibration of SiO—Silinkage. The band at 952 crh
Cr-TiIMCM-41 (5), Cr-TiIMCM-41 (10). The isotherm of  can be assigned to-SD—Ti vibration, which is also assigned
Cr-Ti/MCM-41 (0) can be classified as type IV according to lattice defect and is correlated to the presence of Cr as well
to the IUPAC conventiofil3] and is typical of mesoporous  as Tiions[16]. The bands at 623 and 569 cfnare found to
material. For all the samples, a linear increase at low relative be due to extra framework chromium oxide as reported earlier

50 nm
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Fig. 5. FTIR spectra ofl] Cr-TiIMCM-41 (0), [2] Cr/SiO,-TiO2 (0), [3]
Cr-TiIMCM-41 (2.5), and4] Cr/SiO,-TiO5 (2.5).

[17]. These bands are found to be absent in Cr-Ti/MCM-41
(0) and Cr/SiQ-TiO2 (0) where Cr is not impregnated.
UV-vis diffused reflectance spectra of Cr-Ti/IMCM-
41 (0), Cr-TiIIMCM-41 (2.5), Cr-Ti/MCM-41 (5) and Cr-
Ti/MCM-41 (10) are shown ifrig. 6A. TI/MCM-41 without

Crshows completely different spectrum as compared to those
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Fig. 6. UV-vis spectra of samples (A)—1: Cr-Ti/MCM-41 (2.5), 2: Cr-
Ti/IMCM-41 (5), 3: Cr-TiIMCM-41 (10), 4: Cr-Ti/MCM-41 (0) calcined at
773K for 4h; and (B)—1: Cr/Si@TiO, (2.5), 2: Cr/SiQ-TiO2 (5), 3:
Cr/Si0,-TiO; (10), 4: Cr/SiQ-TiO2 (0) calcined at 773K for 4 h.

153

with Cr. It resembles to the spectrum of BiGCr-containing
samples show three absorption edg&®0, 450 and 550 nm
and first due to the charge transferTr, second due to
heteroconjugation of Ti@with transition metal and the last
due to d—d transition in metal oxidé,18]. UV-vis diffused
reflectance spectra of Cr/SiXiO2 (0), Cr/SiQ-TiO2 (2.5),
Cr/Si0,-TiO2 (5), Cr/SiQ-TiO2 (10) are shown irFig. 6B.
The spectrum of Cr/Si®TiO2 (0) resembles the spectrum
of TiO, showing no absorption in the visible region. All Cr-
containing samples show three absorption edges as above.

3.1. Photo degradation activity of eosin

In order to test the photo catalytic degradation activity of
the catalysts, eosin dye was seleckgd. 7A and B depicts the
photo catalytic degradation activity of eosin on Cr-Ti/MCM-
41 (0), Cr-Ti/IMCM-41 (2.5), Cr-Ti/IMCM-41 (5), Cr-
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Fig. 7. Photo catalytic degradation of eosin on (A)—1: Cr-Ti/MCM-41 (2.5),
2: Cr-TiIMCM-41 (5), 3: Cr-Ti/MCM-41 (10), 4: Cr-Ti/MCM-41 (0) cal-
cined at 773K for 4 h; and (B)—1: Cr/S§ariO, (2.5), 2: Cr/SiQ-TiO»
(5), 3: Cr/SiQ-TiO3 (10), 4: Cr/SiQ-TiO; (0) calcined at 773K for 4 h.
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Ti/MCM-41 (10) and Cr/Si@-TiO3 (0), Cr/SiG-TiO2 (2.5), al.[3] observed no degradation of eosin{20~°mole I"1)
Cr/SiG-TiO2 (5), Cr/SiQ-TiO2 (10), respectively. Period in dark and with exposure to visible light (>470 nm), it took
‘a’ is the initial time (60 min for all the samples) for which  almost 10 h for complete degradation. All Cr-Ti/MCM-41
the mixture of sample and the eosin solution is stirred in dark and Cr/SiQ-TiO2 samples took 20-40 min and 30-60 min
and ‘b’ denotes the results obtained after interval of time after for complete degradation of eosin.
exposing the reaction mixture to visible radiation. As seeniin
Fig. 7A, all the samples show decrease in concentration of
dye in dark (100, 98, 76, 57%) with increase in Cr loading (0, 4. Conclusions
2.5, 5, 10%, respectively), even though BET surface area, to-
tal pore volume and micropore volume was found to decrease ~ Cr-T/MCM-41 and Cr/SiQ-TiO2 samples were prepared
with increase in Cr content. Cr content may be enhancing thekeeping Si/Ti mole ratio same, with different Cr loading.
adsorption of eosin in all Cr-Ti/MCM-41 samples. It was XRD revealed that in all samples, Ti@vas in anatase form
observed that the rate of photo degradation for samples con-With crystallite size in the range 9-25nm determined from
taining Cr was higher than the sample without Cr. For Cr- Scherrer equation except for Cr-Ti/MCM-41 (10). There
TiIIMCM-41 with 0, 2.5, 5 and 10% Cr loading the decrease is a difference between the shapes of nitrogen adsorption
in concentration of eosin was found to be 23, 10, 8.5 and 2%, isotherms with and without Cr-loaded Ti/MCM-41 samples.
respectively, at the end of 20 min of visible light irradiation. All Cr-T/MCM-41 samples exhibited pore sizes from 24 nm
For Cr-Ti/MCM-41 (5) and Cr-Ti/MCM-41 (10) samples, the 10 32nm. FTIR spectra of Cr-loaded samples show peaks at
decrease in concentration of eosin was faster compared td23 and 569 cm! due to extra framework chromium oxide.
gradual decrease in concentration of eosin for Cr-Ti/MCM- UV-vis diffused reflectance spectra of all Cr-loaded samples
41 (25) The photo degradation activity of eosin over Cr- show red shift of their abSOI’ption bands. Photo degradation
Ti/IMCM-41 (0) Samp'e may be due to sensitized photo catal- of eosin dye was studied Using visible ||ght Among two sets
ysis reaction mechanisph9]. But the amount of Cr definitely ~ Of catalysts prepared in present studies all, Cr-Ti/MCM-41
affects the rate of photo degradation activity of eosin. samples showed comparatively better activity for degrada-

The reaction mixture was tested for Cr and Ti after the tion of eosin than corresponding all Cr/SiDIO2 samples
experiment by atomic absorption spectroscopy. There wastnder visible light.
0 and 20% Cr leaching for 2.5 and 10% Cr-loaded samples,
respectively. Ti Ieach_ing was not observed for all the samples. paterences

In course of reaction, absorbance measurement of the so-

lution in the visible and ultraviolet regions, showed no new
bands of aromatic moieties and other similar intermediates
indicating mineralization of eosin. After complete decolour-
ization, the reaction mixture of all the samples was extracted
with diethyl ether and analyzed on GC. GC spectra showed
complete degradation of the pollutant and also complete min-
eralization of the dye molecules.

As seen inFig. 7B, Cr-containing Si@-TiO, samples
show negligible adsorption of dye molecules in dark. Higher
adsorption of dye in all Cr-containing Ti/MCM-41 samples
may be due to well dispersion of Cr over higher surface area.
At the end of 20 min of visible light irradiation, the decrease
in concentration of eosin was 35, 17.5, 15 and 11% over
Cr/SiO,-TiO2 with 0, 2.5, 5 and 10% Cr loading, respec-
tively.
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