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Abstract

Here we report the aqueous photodegradation of 4-chlorophenol under visible light (wavelength>400 nm) with three kinds of mesoporou
molecular sieves (MCM-41, MCM-48, and SBA-15) incorporated with Cr and TiO2 (TiO2/Cr-MS). The Si/Cr atomic ratios in the synthesize
materials are 80, 40, and 20, respectively. These materials are characterized with BET surface area, pore size distribution, X-ray diffract),
ultraviolet–visible light (UV–vis) spectra, and temperature-programmed reduction (TPR). UV–vis and TPR results indicate that the Cr
as Cr6+ in all Cr-MS and TiO2/Cr-MS samples. The TPR results further indicate that an Si–O–Cr–O–Si bond structure is formed in the M
matrix, bulk Cr oxide exists outside the MCM-48 matrix, and Cr interacts mainly with silica on the surface of SBA-15. The incorpor
Cr extends the light absorption edge of TiO2/Cr-MS to 550 nm. The activities of TiO2/Cr-MS with different molecular sieves are compared
aqueous photodegradation of 4-chlorophenol under visible light. It is found that the molecular sieve plays an important role in pho
activity and that MCM-41 is the support producing the best photocatalyst. The interaction of Cr6+ and TiO2 allows for a special transition unde
visible light, Cr6+=O2− → Cr5+–O1−, and is essential for the activity of a photocatalyst under visible light.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Heterogeneous photodegradation of organic pollutants
titanium dioxide has drawn the attention of researchers fo
efficiency and promises of economy[1–4]. TiO2 in the anatase
phase is the most widely studied photocatalyst, but it can
work only under ultraviolet (UV) light (wavelength<387 nm)
for its band gap of 3.2 eV[5,6]. Rutile TiO2 has been claimed t
be inactive or much less active, although it has a smaller b
gap of 3.0 eV (wavelength<413 nm). Only 4% of the sola
energy reaching the Earth’s surface is UV light[7]. To utilize
the full spectrum of solar light, a number of modifications ha
been tried, mainly on TiO2, to make a catalyst work under vis
ble light [7–16].

* Corresponding author. Fax: +1 513 556 3473.
E-mail address:panagiotis.smirniotis@uc.edu(P.G. Smirniotis).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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The photodegradation rate with supported titanium di
ide can be higher than that with neat titania[17,18]. Doping
TiO2 with metal ions may enhance its photoactivity[19,20] or
even may enable its sensitization under visible light[13–16].
Our earlier studies involving TiO2-loaded transition metal
incorporated MCM-41[13–16], found that only TiO2-loaded,
Cr-incorporated MCM-41 worked under visible light. UV–v
spectra showed that incorporated Cr extended the light ab
tion of TiO2 into the visible range, and TPR revealed a clear
teraction between Cr6+ and TiO2, which was proposed to be th
reason for the catalyst’s photoactivity under visible light[16].
The MCM-41 structure was shown to enhance the Cr–TiO2 in-
teraction compared with bulk silica oxides. The present st
compares MCM-41[21], MCM-48 [22], and SBA-15[23] as
supports for Cr incorporation and TiO2 loading; the results
clarify the effect of molecular structure on photocatalyst ac
ity.

http://www.elsevier.com/locate/jcat
mailto:panagiotis.smirniotis@uc.edu
http://dx.doi.org/10.1016/j.jcat.2005.10.028
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2. Experimental

2.1. Synthesis of 25 wt% TiO2-loaded Cr-modified SBA-15,
MCM-48, MCM-41, and silica bulk oxide specimens

2.1.1. Cr-modified MCM-41 (Cr-MCM-41)
The Cr-modified MCM-41 specimen was prepared as

ported previously[16]. First, 3 ml of deionized (DI) water wa
added to 35 ml of Ludox HS-40 colloidal silica (40%) und
stirring, and then 30.32 ml of 25% tetramethylammonium
droxide (Aldrich, 25%) was added. Independently, 18.25 g
cetyltrimethylammonium bromide (CTABr, Alfa Aesar) wa
dissolved in 33 ml of water, and subsequently 7 ml of a
monium hydroxide (Fisher, 29.6%) was introduced when
CTABr solution became a transparent gel and could be mag
ically stirred again after gelation. Then the latter solution w
transferred to the first solution. For synthesis of Cr-MCM-
with an atomic Si/Cr ratio of 80 (or 40 or 20)[16], a spe-
cific amount of CrCl3 ·6H2O (Fisher) was dissolved in 20 m
of water and added dropwise to the resulting mixture. The
nal mixture was stirred for 2 h at 80◦C, then transferred into
a Teflon bottle and treated under autogenous pressure wi
stirring at 100◦C for 3 days. The resulting solids were filtere
washed, and dried in air. The dried powder was calcine
550◦C for 10 h under a moderate air flow with a temperat
ramp of 2◦C/min.

2.1.2. Cr-modified MCM-48 (Cr-MCM-48)
The pure siliceous MCM-48 was synthesized as descr

previously[24]. In a typical synthesis, 17.5 g of CTABr an
1.92 g of sodium hydroxide were dissolved in 99 ml of DI w
ter, and then 20.8 g of tetraethyl orthosilicate (TEOS) (Aldri
was added into the mixture. The molar composition of the
was TEOS: 0.48 NaOH: 0.48 CTAB: 55 H2O. For the synthesi
of Cr-MCM-48 with an atomic Si/Cr ratio of 80 (or 40 or 20)
a specific amount of CrCl3 ·6H2O was dissolved in 10 ml of D
water, then added dropwise into the solution after TEOS
added. The remaining steps were identical to those followed
pure siliceous MCM-48 synthesis. The gel was stirred at ro
temperature for about 1 h and then transferred into a Te
bottle and treated under autogenous pressure without stirri
100◦C for 3 days. The resulting solution was cooled to ro
temperature, and its pH was adjusted to 7.0 by adding H
Then it was heated at 373 K for another 2 days. The final
terials were filtered, washed, dried at ambient temperature
calcined at 550◦C for 6 h under flowing air at heating rate
2 ◦C/min.

2.1.3. Cr-modified SBA-15 (Cr-SBA-15)
The pure siliceous SBA-15 was synthesized as descr

previously[25]. In a typical synthesis, 12.0 g of Pluronic P1
(Aldrich) was dissolved in 60 ml of hydrochloric acid (35–37%
and 312 ml of DI water, and the solution was heated to 30
during stirring. Then 25.6 g of TEOS (Aldrich) was added
the mixture. The resulting solution was kept at 35◦C for 24 h,
after which the final gel was put into a Teflon bottle, which w
placed in an oven and heated at 100◦C for 48 h. The resulting
-
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materials were filtered, washed, dried at ambient tempera
and calcined at 500◦C for 6 h under flowing air at a heating ra
of 1 ◦C/min.

A method of adding CrCl3 ·6H2O directly after adding
TEOS failed to produce Cr-SBA-15 simply because all of
Cr came out with the water in the subsequent filtration s
and Cr cannot enter the silica structure with this method.
acidic conditions for preparation of SBA-15 is unfavorable
incorporation of metal species. An incipient wetness met
[26] was used in Cr-SBA-15 synthesis. A specific amoun
Cr(NO3)3 ·9H2O (Fisher) corresponding to the Si/Cr atomic
ratio of 80 (or 40 or 20) was dissolved in 150 ml of distill
water, and 1.5 g of SBA-15 was added to the solution later.
suspension was stirred and dried at 70◦C. The resulting pow-
der was calcined at 550◦C for 6 h under moderate air flow wit
a temperature ramp of 1◦C/min.

2.1.4. TiO2 loading on the Cr-modified molecular sieves
(TiO2/Cr-MS)

The resulting Cr-modified MCM-41, MCM-48, and SBA
15 samples prepared as described earlier (typically 1.0 g)
dispersed in 100 ml of isopropyl alcohol (Pharmco, 99.8
Then 1.28 mL of titanium (IV) isopropoxide (Aldrich, 97%
was added to achieve 25 % loading[13,18]. The samples wer
dried while being stirred at ambient temperature, and then
cined at 450◦C for 3 h at a heating rate of 2◦C/min.

2.2. Characterizations

2.2.1. XRD
All Cr-MS and TiO2/Cr-MS materials prepared were cha

acterized using Nicolet powder X-ray diffractometer equipp
with a Cu-Kα source to assess their structure and crystallin
The synthesized Cr-MCM-41, Cr-MCM-48, TiO2/Cr-MCM-
41, and TiO2/Cr-MCM-48 samples were run with 2θ chang-
ing from 2◦ to 7◦ to assess the structure of the MS matr
Cr-SBA-15 and TiO2/Cr-SBA-15 were run with 2θ changing
from 1.5◦ (XRD machine’s limit) to 3◦ to assess the struc
ture of the SBA-15 matrix. TiO2/Cr-MS were also run with 2θ
changing from 20◦ to 50◦ to assess the crystallinity of the TiO2
loaded.

2.2.2. BET surface area and pore size distribution
BET surface area and pore size distribution studies w

conducted at−196◦C using Micromeritics ASAP 2010 appa
ratus to characterize the synthesized photocatalysts. Samp
0.05–0.06 g were degassed at 300◦C for at least 10 h in the de
gassing port of the apparatus. The surface area was calcu
from adsorption isotherms by the BET method, and the p
size was obtained from the adsorption branch of the isoth
using the BJH method. The results obtained are listed inTa-
ble 1.

2.2.3. UV–vis spectra
The prepared materials were characterized by a UV

spectrophotometer (Shimadzu 2501PC) with an integra
sphere attachment (ISR1200) for their diffuse reflectance in
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Table 1
Physical characterization results for Cr-MS and 25%TiO2/Cr-MS materials utilized in the present study

Molecular
sieves
(Si/Cr)

Cr-modified molecular sieves After TiO2 loading

BETa

surface area
(m2/g)

Pore
volumea

(cm3/g)

Pore
sizea

(Å)

Unit cell

parameterb

(Å)

BETa

surface area
(m2/g)

Pore
volumea

(cm3/g)

Pore
sizea

(Å)

Unit cell

parameterb

(Å)

MCM-41 1143 1.03 35 43 890 0.77 32 41
MCM-41 (80) 999 0.99 40 42 777 0.65 32 41
MCM-41 (40) 912 0.95 40 43 712 0.60 37 43
MCM-41 (20) 664 1.14 69 43 547 0.81 57 42
MCM-48 983 0.65 26 89 786 0.47 22 85
MCM-48 (80) 887 0.81 35 89 571 0.50 33 89
MCM-48 (40) 739 0.65 33 92 496 0.45 34 90
MCM-48 (20) 490 0.63 50 97 393 0.46 44 97
SBA-15 827 1.21 57 117 634 0.86 53 113
SBA-15 (80) 681 1.03 58 112 528 0.71 52 115
SBA-15 (40) 685 1.04 59 114 510 0.67 51 115
SBA-15 (20) 669 0.97 56 113 478 0.63 51 114

a Measured by physisorption with liquid nitrogen.
b Unit cell parameter= 2d100/

√
3 (MCM-41) [21]; unit cell parameter= √

6d211 (MCM-48) [28]; unit cell parameter= 4d200/
√

3 (SBA-15)[29].
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range of wavelengths of 200–900 nm. BaSO4 was used as th
standard in these measurements.

2.2.4. TPR measurement
The TPR was carried out in a temperature range of

550◦C on a Micromeritics Autochem 2910 instrument with
temperature ramp of 2◦C/min. The samples were pretreated
200◦C with ultrahigh-purity O2 (Matheson) for 2 h. A total o
10 ml/min of 10% H2 in Argon (Matheson) was passed throu
the sample tube during the measurement.

2.3. Visible light photocatalytic performance experiments

The photocatalytic testing included the degradation o
chlorophenol (4-CP, Aldrich, used as the probe molecu
which was performed in a batch-type round flat-plate rea
described previously[13]. The irradiation source was a 45
W medium-pressure mercury lamp (Jelight, J05PM1HGC
A double Acrylic OP-2 (Museum quality) sheet was plac
between the light source and the reactor for the purpose o
cluding ultraviolet radiation (wavelength<400 nm). The cool-
ing jacket around the reactor allowed to effectively preclu
the infrared part of the spectrum from penetrating into the
action solution and cooled the lamp. The local light inten
on the sheet was 7× 10−5 Wcm−2, as measured with a de
tector (International Light, model SED033 #3435) connec
to a radiometer (International Light, model IL 1700). The te
perature for reaction was kept at 25± 0.5 ◦C. Then 500 ml of
1 mM 4-CP was stirred with 400 mg of 25%TiO2-loaded cat-
alyst for 30 min. The pH of the reaction suspension was
adjusted. The suspended catalyst in aqueous system was
genated (Wright Brothers, 99.9%) at 0.5 L/min to ensure com
plete saturation. The samples of reaction suspension were
with a syringe at different intervals and filtered with Cam
25P polypropylene syringe filters (OSMONICS, catalog
DDP02T2550). The sample solutions were analyzed with a
tal organic carbon analyzer (TOC-VCSH, Shimadzu).
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3. Results and discussion

3.1. BET surface area and pore size/volume

All of the final Cr-MS and TiO2/Cr-MS samples after ca
cination were yellow, indicating that the Cr3+ impregnated in
the catalyst was oxidized into Cr6+. The BET surface area o
Cr-MCM-41 (Table 1) decreased from 1143 to 664 m2/g with
Si/Cr changing from∞ to 20. A similar trend occurred with
Cr-MCM-48. The decreased surface area with Cr incorp
tion can be explained by the incompatibility of the Cr6+ and
Si4+ size and structure in the oxide compound. The radi
Cr6+ in an octahedral structure was 58 pm, whereas tha
Si4+ in the same structure was 54 pm. More MCM-41 a
MCM-48 structures tend to collapse with increasing Cr inc
poration, increasing the pore sizes of both Cr-MCM-41
Cr-MCM-48 [13–18,27]. The surface area and pore size dis
bution of all Cr-SBA-15 samples were approximately the sa
because Cr was impregnated after formation of the SBA
matrix structure. But the BET surface area of Cr-SBA-15 w
about 150 m2/g less than that of pure SBA-15. The loading
25%TiO2 on Cr-MS generally resulted in a decrease in B
surface area of about 200 m2/g. At the same time, pore volum
decreased by about 0.3 cm3/g and pore size also decreas
clearly indicating that TiO2 entered the Cr-MS pores. In com
parison, the unit cell sizes of Cr-MS samples were appr
mately the same after TiO2 loading (Fig. 1andTable 1), proving
that the MS matrix structure remains the same.

3.2. XRD characterization

The XRD peak intensity of Cr-MS decreased with t
amount of Cr incorporated (Fig. 1). The trend of the peak inten
sity with respect to the amount of Cr incorporation was con
tent with the change of BET surface area and pore volume.
unit cell parameters of Cr-MCM-41[21], Cr-MCM-48[28], and
Cr-SBA-15[29] were about 42A, 90A, and 113A, respective
The corresponding unit cell parameters of the TiO2/Cr-MS
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Fig. 1. XRD of Cr-modified MCM-41, MCM-48 and SBA-15.

samples with different Si/Cr ratios maintained nearly the sam
trend as those of the Cr-MS samples (Figs. 1 and 2). The weak
peaks in the XRD curves (not shown) from 20◦ to 50◦ indicate
that the titania inside the MCM-41 structure is mostly am
phous.

3.3. UV–vis characterization

Cr incorporation enabled the three molecular sieves to
sorb visible light with a wavelength<550 nm (Fig. 3). Two
light absorption peaks, corresponding to Cr6+, appeared at 27
and 360 nm for all Cr-MS samples with varying Si-to-Cr rati
The heights of the two peaks grew as Si/Cr decreased from∞
to 20, then decreased with further Cr incorporation. A sho
der occurred at 430 nm for Cr-MCM-41 (Si/Cr = 80, 40) and
Cr-MCM-48, which also corresponds to the existence of Cr6+.
This shoulder is disguised by the ramp of the peak at 360
in the curves for Cr-MCM-41 (Si/Cr = 20) and Cr-SBA-15.
The loading of TiO2 increases the light absorption ability
the samples, especially in the UV range. Comparing the U
vis spectra (Figs. 3 and 4) reveals that all of the visible ligh
absorbance of the final TiO2/Cr-MS corresponds to the pea
appearing in the Cr-MS samples. The peaks of Cr6+ at 274
and 360 nm simply become shoulders after TiO2 loading; the
length of the shoulders increase with increasing Cr amoun
each MS. This is consistent with the trend of peak height sh
in Fig. 3. The shoulder at 430 nm inFig. 3 is disguised in the
spectra of TiO2/Cr-MCM-41and TiO2/Cr-SBA-15. The visible
light (400–500 nm) absorbance of the final catalysts incre
with the amount of Cr incorporated with each series of MS.
-

-

–

r
n

s

Fig. 2. XRD of 25% TiO2-loaded Cr-modified MCM-41, MCM-48 and
SBA-15.

Fig. 3. UV–vis spectra of Cr-modified MCM-41, MCM-48 and SBA-15.

3.4. TPR characterization

The TPR curves of Cr-MS and TiO2/Cr-MS are shown in
Figs. 5 and 6, respectively. The TPR peaks of Cr-MCM-4
appear at around 350◦C, due mainly to the reduction of in
corporated Cr6+ in MCM-41 to Cr3+, and the reduction start
at around 225◦C [16] (Fig. 5). The intensity of the peak in
creases with increasing Cr concentration without a chang
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Fig. 4. UV–vis spectra of 25% TiO2-loaded Cr-modified MCM-41, MCM-48
and SBA-15.

the reduction temperature. In the case of Cr-MCM-48, the
duction of Cr starts at around 280◦C, and the TPR peaks ap
pear at around 390◦C, similar to the case of pure CrO3 re-
ducing from Cr6+ to Cr3+ (Fig. S1 in supplementary mate
ial). This indicates that most of the Cr in MCM-48 remai
as bulk chromium oxide. As shown inFig. 5, a broad reduc
tion peak of Cr appears at 370◦C with Cr-SBA-15 (Si/Cr =
80, 40) and decreases with increasing Cr loading. This fi
ing demonstrates that the chromium exists as isolated sp
at lower loadings and highly dispersed states of chromium
higher loadings. This trend is not observed with Cr-MCM-
and Cr-MCM-48, because the wet impregnation method is u
in Cr-SBA-15 synthesis, whereas in situ Cr incorporation
used for Cr-MCM-41 and Cr-MCM-48 synthesis. The diffe
ence also results from the differing Cr structure in these th
mesoporous materials. The Si–O–Cr–O–Si bond structu
formed in the MCM-41 matrix (Scheme 1a), bulk Cr oxide
exists outside the MCM-48 matrix (Scheme 1b), and Cr inter-
acts mainly with silica on the surface of SBA-15 (Scheme 1c).
This difference may be due to the three-dimensional (3D) p
structure of MCM-48[30] compared with the linear structure
MCM-41 and SBA-15. The peak height and area increase
increasing Cr amount for each molecular sieve. The tota2
consumed by both Cr-MCM-41 and Cr-SBA-15 are the sa
It is higher than the total H2 consumed by Cr-MCM-48, poss
bly because part of the Cr is wrapped up by the 3D structur
MCM-48.

TiO2 loading changes the TPR curves of Cr-MS (Fig. 6).
The interaction between Cr and TiO2 lowers the starting re
duction temperature of Cr-MCM-41 and Cr-SBA-15 by ab
65◦C and that of Cr-MCM-48 by 85◦C. At the same time, th
temperature span for reduction increases. Two peaks app
-
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Fig. 5. TPR curves of Cr-modified MCM-41, MCM-48 and SBA-15.

Fig. 6. TPR curves of 25% TiO2-loaded Cr-modified MCM-41, MCM-48 an
SBA-15.

the TPR curves of TiO2/Cr-MCM-41. The first of these peak
(at 260◦C) is due to the reduction of Ti4+ and Cr6+ (Si–O–Cr),
which are interacting with each other. The comparison betw
the TPR curves of the samples with and without TiO2 load-
ing implies that the second peak (at 385◦C) is due to Cr6+
free from interacting with the deposited TiO2. The atomic ra-
tio of Ti to Cr changes from 20.1 to 5.0 when the Si/Cr ratio
decreases from 80 to 20; thus there are much more Ti a
than Cr atoms in TiO2/Cr-MS. Little Cr6+ exists free from
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TiO2 (corresponding to the second peak) with TiO2/Cr-MCM-
41, indicating that TiO2 is well deposited on the surface of th
MCM-41 structure. This layer of TiO2 stops a fraction of Cr6+
in the framework from being reduced by H2, as indicated by the
decreased peak intensity in TPR after TiO2 loading. One new
shoulder peak appears at around 260◦C along with the orig-
inal reduction peaks of Cr-SBA-15 after TiO2 loading. This
shoulder, which is due to the interaction of Cr and TiO2, is
much smaller than that of TiO2/Cr-MCM-41. But the total H2
consumed by both TiO2/Cr-MCM-41 and TiO2/Cr-SBA-15 re-
mains the same (Fig. 7). This is because the Cr is added in
SBA-15 after formation of the SBA-15 silica structure and
Cr in MCM-41 is incorporated in situ during formation of th
MCM-41 structure. Thus, the later addition of Cr may cor
gate the inner surface of SBA-15 pores after calcination,
venting the titania source from efficiently entering the po
and resulting in a large proportion of Cr6+ in SBA-15 being
free from TiO2. In comparison, the in-situ Cr incorporation
MCM-41 eliminates this possibility by forming a smooth su
face with the Si–O–Cr structure in matrix. Thus, TiO2 can in-
teract efficiently with Cr. The inheritance of no Si–O–Cr bo
(Scheme 1b) by TiO2/Cr-MCM-48 results in a different star
ing reduction edge (195◦C) than that for TiO2/Cr-MCM-41
and TiO2/Cr-SBA-15. This indicates that the first peak in TP
curve of TiO2/Cr-MCM-48 is due to the interaction of Ti4+ and
Cr6+ free from silica structure. The second peak (at 385◦C)
and third peak (at 435◦C) are due to stepwise reduction (Cr6+
to Cr3+) of the CrO3, which is untouched by TiO2. The to-
tal H2 consumed by either the Cr-MS or TiO2/Cr-MS catalyst
sample during TPR studies increases almost linearly with
increasing Cr amount from 80 to 20 (Fig. 7), implying that the
oxidation states of Cr in all of these catalysts are the sam
combination with UV–vis spectra, Cr exists as Cr6+ in these
catalysts.

3.5. Catalytic activity

Fig. 8a shows the curves of total carbon concentration w
respect to time during 4-CP photodegradation under vis
light. All the catalysts deactivate in the visible light. The d
activation mechanism was proposed to be that Cr6+ is reduced
to Cr5+ little by little [13,31]. The photo-oxidation of organi
compounds follows a Langmuir–Hinshelwood rate form[32].
When the reactant concentration is high, the reaction form
zero order[33–35]. Initial TOC removal rate and total TOC
removal are calculated to characterize quantitatively the c
lyst activity (Figs. 8b and c). Initial TOC removal rate is th
slope of TOC curve (Fig. 8a) at the beginning of the photor
action, and total TOC removal is the TOC removed from
-

n

In

e

s

-

Fig. 7. Total H2 consumption during TPR analysis of Cr-modified and 2
TiO2-loaded Cr-modified MCM-41, MCM-48 and SBA-15.

beginning of the reaction to the catalyst deactivation. The
tial TOC removal rate with TiO2/Cr-MCM-41 increases almos
linearly with Cr/Si ratio, but those with TiO2/Cr-MCM-48
and TiO2/Cr-SBA-15 follow different trends. The photoactivi
shown with TiO2/Cr-MCM-48 also indicates that the Si–O–C
structure is not necessary for an active photocatalyst, and th
teraction of TiO2 and Cr6+ is essential for a photocatalyst to
active. But the Si–O–Cr structure is important for achievin
more active photocatalyst (TiO2/Cr-MCM-41 with an Si-to-Cr
ratio of 20). As we explained previously[13], the presence o
a tetrahedrally coordinated Cr6+ of the catalyst is essential, b
cause its fully reduced form does not exhibit any photoactiv
However, the role of Cr3+ is still unclear and the deactivate
catalyst was rich in Cr3+. The CrO3-doped glasses[36], as
well as porous molecular sieves[37–40], are known for their
tetrahedral coordination of chromium. Such coordination w
also observed with extended X-ray fine structure and phot
minescence studies[37–44]. This structure allows for a speci
transition under visible light: Cr6+ = O2− ↔ Cr5+–O1−. Such
a transition, when it occurs in contact with amorphous Ti2,
can produce an effect similar to that found in platinum (I
chloride-modified amorphous titania[12]. Total TOC removal
increases linearly with increasing Cr amount for each TiO2/Cr-
MS. The total removal with TiO2/Cr-SBA-15 is a little less than
that with TiO2/Cr-MCM-41, and both of these are much grea
than that with TiO2/Cr-MCM-48. This clearly indicates that
proportion of Cr in the 3-D MCM-48 pore structure is not a
cessible for the photoreaction.
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(a)

(b) (c)

Fig. 8. (a) The time course of TOC concentration during photocatalytic 4-chlorophenol decomposition with 25% TiO2-loaded Cr-modified MCM-41, MCM-48 an
SBA-15. Initial conditions: 1 mM 4-CP, 0.8 g/L catalyst, 25◦C. The corresponding (b) initial TOC removal rate and (c) total TOC destruction ability with re
to Cr/Si ratio.
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4. Conclusion

25%TiO2/Cr-MCM-41 (Si/Cr = 20) is the best visible-ligh
photocatalyst obtained in this study. All of the catalysts can
sorb the light with wavelength<550 nm. Cr6+ is the form of Cr
in Cr-MS and TiO2/Cr-MS. TPR results indicate that the Si–O
Cr–O–Si bond structure is formed in the MCM-41 matrix, bu
Cr oxide exists outside the MCM-48 matrix, and Cr intera
mainly with silica on the surface of SBA-15. The TiO2/Cr-
MS catalysts deactivate with time during 4-CP photo-oxida
under visible light. The total TOC removal of the catalysts
almost linear to the amount of Cr incorporation with each
series. The optimum Cr amounts differ for each MS obtai
-

d

from the standpoint of initial reaction rate. The interaction
TiO2 and Cr6+ is essential for a photocatalyst to be active. T
Si–O–Cr bond, which can provide more possibilities for the
ficient interaction of TiO2 and Cr6+, is preferred for achieving
a more active photocatalyst, although not necessary.
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