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Abstract

Cobalt doped mesoporous silica (Co-SBA-15) was synthesized using templating method and used for the photodegradation of methyl violet
and methylthionine chloride under solar light. Co-SBA-15 was characterized by a combination of various physicochemical techniques, such as,
N, physisorption, diffuse reflectance UV—vis, X-ray diffraction and FT-IR. It was found that Co-SBA-15 in the absence of titania exhibited an
obviously photocatalytic efficiency of degradation dyes under solar light irradiation, and its photodegradation rate is comparable with that of
Degussa P25. By contrast, undoped SBA-15 exhibited high adsorption capacities but photocatalytically inactive under solar light.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Various industries such as textiles, paint and varnishes, ink,
plastics, pulp and paper and cosmetics use different types of
organic dyes and dye intermediates. However, such colored
dye effluents pose a major threat to the surrounding ecosys-
tem. Some of the dyes are extremely toxic [1].

Dye effluents can be treated by biological methods, floccu-
lation, reverse osmosis, adsorption on activated charcoal,
chemical oxidation methods and advanced oxidation processes
[2]. Biological methods have been proved to be ineffective
[3—5]. Flocculation, reverse osmosis and adsorption methods
transfer the pollutants to other media, thus causing secondary
pollution [6,7]. Chemical oxidation methods are not cost effec-
tive [8]. Hence there is considerable current interest in devel-
oping attractive and more cost-effective methods.

Recent studies have demonstrated that heterogeneous pho-
tocatalysis using TiO, as photocatalyst appears as the most
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emerging destructive technology [9]. But, large band gap en-
ergy (3.2eV) for anatase TiO, (excitation wavelength
<387.5 nm) limits its practical application under the condition
of natural solar light [10]. To develop more solar light efficient
catalysts, it is very urgent to develop photocatalytic systems
which are able to operate effectively under visible light
irradiation.

A number of systems have been reported to serve as candi-
dates for this application recently. They include transition-
metal doped TiO, [11], ZnO [12], nitrogen-doped TiO, [13],
and the photosensitization degradation of dye pollutants
[14,15]. Furthermore, chromium containing mesoporous silica
molecular sieves (Cr-HMS) [16] and transition metal (Cr, V,
and Fe) based titania loaded MCM-41 materials have tested
positive for degradation of organics in visible light. Particu-
larly, the chromium substituted MCM-41 loaded with TiO,
(TiO,/Cr—Ti-MCM-41) was found to achieve the highest deg-
radation rates of formic acid and 2.,4,6-trichlorophenol [17].
M/TiO,/SiO, and M/SiO, aerogels with high surface area
were also found to be highly active for degradation of gas
phase acetaldehyde utilizing visible light [10,18].
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SBA-15 is a new-style mesoporous silica molecular sieve
with uniform hexagonal channels ranging from 5 to 30 nm, thick
walls (3.1—6.4 nm), and with higher hydrothermal stability than
MCM-41 [19], leading modified SBA-15 widely used in photo-
catalysis fields. For instance, iron-containing SBA-15 catalyst
consisting of crystalline hematite particle oxides supported
onto a mesostructured silica matrix has been shown as a promis-
ing catalyst for the treatment of phenolic solutions through
photo-Fenton processes [20], CdS—ZnSBA-15 was used as
photocatalyst for the generation of H; from 2-propanol aqueous
solution under UV light irradiation [21]. Besides, TiO,-loaded
Cr-modified SBA-15 was prepared for 4-chlorophenol photode-
gradation under visible light [22]. Moreover, 2,9-dichloroquina-
cridone sensitized Ti-SBA-15 (DCQ-Ti-SBA-15) was employed
to decompose indigo carmine and showed high photocatalytic
efficiency under UV light irradiation [23].

However, there is no report on using cobalt doped SBA-15
without loading with titania for the photodegradation of dyes
under visible light irradiation so far as we know. The incorporations
of Co into the framework of Al-MCM-41 (Co—AI-MCM-41),
Si0, and Ti0O,/Si0, aerogels were found to be active for photo-
degradation of acetaldehyde under visible light irradiation
[10,18,24]. Therefore, it was suggested as a good possibility
to apply Co ions to dope mesoporous SBA-15 for the first time
as a photocatalyst. Herein we report that Co ions incorporated
SBA-15 without loading with titania acts as an efficient photo-
catalyst for the degradation of two organic dyes: methyl violet
and methylthionine chloride under solar light.

2. Experimental
2.1. Materials

Two dyes, methyl violet and methylthionine chloride were
used without further purification and all of them were of ana-

Iytical grade. Their molecular formulas, A.,.x and molecular
structures are listed in Table 1.

2.2. Synthesis of photocatalysts

Co-SBA-15 was synthesized with a process modified
from Ref. [25]: (1) 0.8 g of triblock copolymer P123 (EO,

Table 1
Description of dyes

PO;0EO,() was dissolved in 25 mL of HCI solution (2 M), fol-
lowed by the addition of 1.7 g of TEOS. The mixture was
stirred at 40 °C for 4 h, and then a requisite amount of Co
(NO3)3-6H,0 was added to the mixture, followed by addi-
tional stirring at 40 °C for 20 h. The mixture was then trans-
ferred into an autoclave for further condensation at 90 °C for
2 days. (2) After the procedure described above, the pH value
of the synthesis system was adjusted up to 7.5 by adding am-
monia dropwise at room temperature and the obtained mixture
was hydrothermally treated again at 90 °C for another 2 days.
The final solid was collected by filtration, washed with water,
and dried at room temperature. The surfactants were removed
by calcinations at 550 °C for 6 h. For comparison, undoped
SBA-15 was also prepared.

2.3. Characterizations

X-ray powder diffraction (XRD) experiments were con-
ducted on a D/max-3B spectrometer with Cu Ko radiation.
Scans were made in the 26 range 0.5—5° with a scan rate of
0.02°/min (low-angle diffraction), and in the 260 range 7—
100° with a scan rate of 10°/min (wide-angle diffraction).

Pore size distributions, BET surface areas, and pore volu-
mes were measured by nitrogen adsorption/desorption using
a NOVA 2000e gas sorption analyzer (Quantachrome Corp.).
Prior to the analysis, the samples were degassed at 150 °C
for 1 h.

UV—vis diffuse reflectance spectra were measured at room
temperature in air on a Shimadzu UV-2401PC photometer
over the range from 200 to 800 nm.

FT-IR measurements were performed on a Thermo Nicolet
AVATAR FT-IR 360 instrument. Potassium bromide pellets
containing 0.5% of the catalysts were used in FT-IR experi-
ments and 32 scans were accumulated for each spectrum in
transmission, at a spectral resolution of 4 cm™'. The spectrum
of dry KBr was taken for background subtraction.

2.4. Photocatalysis studies

The reactions of the photocatalytic decolorization of two
dyes (MV and MC) were carried out in a 50 cm® glass beaker
containing 25cm® of a model solution and 25mg of

Name of dye Molecular formulas Amax (nm) Molecular structures
MV C,4HosN3Cl 582.0 :<:>\
(CH3)N
\CON(CH3)2
(CHy,N O'HCI
MC C6H sCIN;S

N
X
063> /@ D\
(CH),N s*C - N(CHy),
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photocatalyst under direct solar light between 10 a.m. and 2 p.m.
where the solar intensity fluctuations were minimal. On a sunny
day, the solar radiation energy is 16.28—16.50 MI m > when
there is relatively clear sky in Kunming City, Yunnan Province
of China [26]. All of the photocatalysis experiments were car-
ried out on sunny days.

Dye solutions were stirred in the dark for 120 min and care
was taken that there was no change in dye concentration due to
adsorption before photocatalysis. The control experiments
were also conducted under solar light without catalyst to mea-
sure any possible direct photolysis of these dyes. Because of
the shadowing effect, the optional catalyst loading on the
dyes of 1 gdm > was employed throughout the present study.
After the systems reached the adsorption balance, they were
exposed for 3 h under solar light. Laboratory film was used
to seal the beaker so that the volume of the solutions decreased
little after the experiment. The solutions were mixed with
a magnetic stirrer during the reaction process. The initial con-
centration of each solution was equal to 50 mg dm > with pH
6. Samples were analyzed after centrifugation (1500 rpm for
10 min). The progress of photocatalytic decolorization was
measured by vis spectrophotometer (Shanghai Precision
722N).

3. Results and discussion
3.1. Structural analysis of the catalysts

From Fig. 1 it is seen that the low-angle powder X-ray dif-
fraction (XRD) patterns of the sample Co-SBA-15 at 0.5—5°
show several diffraction lines in the low 26 region, clearly in-
dicating that the sample has a regular mesoporous structure
which is in good agreement with reported literatures [19,25].
Interestingly, the sample is amorphous and no peaks corre-
sponding to cobalt oxides were observed in the wide-angle dif-
fractograms (Fig. 1, inset). This also indicates that our cobalt
oxides were well incorporated into the SBA-15 framework.
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Fig. 1. XRD patterns of Co-SBA-15.
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Fig. 2. N, adsorption/desorption isotherms of SBA-15 and Co-SBA-15.

Fig. 2 shows the N, adsorption/desorption isotherms of
SBA-15 and Co-SBA-15. Both samples show typical IV
adsorption/desorption isotherms [27]. This result indicates that
a large amount of Co was grafted into SBA-15 while retaining
a highly ordered mesostructure. The surface area, pore volume,
and average pore diameter of Co-SBA-15 (690 m*/g, 0.51 cc/g,
and 32 A, respectively) were found to be slightly decreased
compared with those of SBA-15 (701 m%g, 0.64 cc/g, and
45 A, respectively). The slight decrease of these textural proper-
ties could be due to a coalescence process since sintering is
favored by the presence of dopants [28].

Fig. 3 presents FI-IR spectra of calcined SBA-15 and Co-
SBA-15 between 400 and 4000 cm™'. The broad band from
3400 to 3700 cm ™" is assigned to stretching frequencies of hy-
drogen bound silanols. In the hydroxyl region (3000—
4000 cm_l), the broad band is both observed at ca.
3420 cm™ ! for SBA-15, and Co-SBA-15 [29]. The three peaks
at 470 cmfl, 799 cmfl, and 1090 cm™! corresponded to
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Fig. 3. FT-IR spectra of SBA-15 and Co-SBA-15.
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Fig. 4. UV—vis absorption spectra of SBA-15 and Co-SBA-15.

rocking, bending (or symmetric stretching), and asymmetric
stretching of the intertetrahedral oxygen atoms in the SiO,
structure, respectively, for the IR patterns of calcined SBA-
15 [31,32]. The peak at 970 cm™! (shoulder) reveals a charac-
teristic vibration which corresponds to the stretching of
nonbridging oxygen atoms (Si—0°") of an Si—OH stretch
[31]. With the incorporation of cobalt into the framework of
SBA-15, the absorbance intensities of 960 cm™! decreased,
implying that Si—OH groups were consumed and transformed
to Si—O—Co bonds. Meanwhile, inflated inclinations were
shown in 920—940 cm ™!, showing the combination bands of
Co—O fundamental vibrational modes [32]. The surface
hydroxyl groups have been recognized to play an important
role in the photodegradation process through their interactions
with photogenerated holes [30].

The diffuse reflectance UV—vis spectra of SBA-15 and Co-
SBA-15 are given in Fig. 4. Cobalt incorporation increased the
absorption in both visible and UV range compared with un-
doped SBA-15. It is also seen that Co-SBA-15 exhibited three
distinct absorption bands around 215, 525 and 592 nm which
may be due to charge transfer from 0>~ to Co>" [18]. More-
over, the Co-SBA-15 sample showed increased absorption
over a broad range of 400—700 nm compared with undoped
SBA-15, thus justifying why it can be a potentially good can-
didate for performing photochemical reactions under solar
light.

3.2. Evaluation of photocatalytic activity

After reaching adsorption balance (120 min in the dark),
the variations for the concentrations of the studied dyes are
summarized in Table 2. It is clear that both SBA-15 and Co-
SBA-15 have very strong adsorptions for these two dyes and
undoped SBA-15 exhibited much higher adsorption capacity
than Co-SBA-15.

The effects of direct photolysis of dyes without photocata-
lyst are also listed in Table 2. It is seen that the degradation
rates of MV and MC in the absence of photocatalyst are less

Table 2
Direct photolysis rate, adsorption rate, and photodegradation rate of the photo-
catalytic experiments (dye solutions: 25 mL, 50 mg dm ™)

Name of Catalysts Direct photolysis  Adsorption  Photodegradation
dye rate (%) rate (%) rate (%)
MV SBA-15 1 89 7
Co-SBA-15 82 69
MC SBA-15 4 94 6
Co-SBA-15 79 76

than 4%. However, in order to obtain the real photodegrada-
tion rate due to the photocatalysis in the presence of photoca-
talysts, the decreases of the dye concentration because of the
adsorption and direct photolysis should be deducted. The de-
crease due to adsorption can be deducted after the adsorption
equilibrium was achieved. Therefore, photodegradation rate is
defined as:

(Co—Ca—Cy)

100.
Co

photodegradation rate =

Cy is the initial concentration, C, is the concentration after
photodegradation under solar light, and C}, is the decreased
concentration because of direct photolysis.

Based on the above definition, the photodegradation rates
using SBA-15 and Co-SBA-15 as photocatalysts are calculated
and included in Table 2. Blank experiments indicate that the
direct photolysis of MV is negligible when illuminated with
solar light in the absence of catalysts. So, MV was used to
evaluate the photocatalytic activity of Co-SBA-15. Fig. 5
shows the photodegradation profile of MV with 50 mg dm >
aqueous solution loaded of 1 gdm > catalyst. The photodegra-
dation rate of Co-SBA-15 was compared with those of SBA-
15 and Degussa P25. Within 150 min of solar light irradiation,
photodegradation rates of MV over SBA-15, Co-SBA-15, and
P25 are 5, 61, and 63%, respectively. It is obvious that without
doping cobalt, SBA-15 exhibited negligible photoactivity,
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Fig. 5. Comparison of photodegradation rates of MV over Ce/FSM-16, FSM-
16 and Degussa P25 under solar light.
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whereas doping cobalt resulted in a significant increase of the
photoactivity of Co-SBA-15 which is even comparable with
Degussa P25 under solar light.

It was also observed that undoped SBA-15 did not exhibit
significant activity for MC. By contrast, Co-SBA-15 exhibited
significant photodegradation rates (76%).

3.3. Photodegradation mechanisms

The above results indicate that Co-SBA-15 exhibited very
good photoactivity under solar light, and undoped SBA-15
had no significant photoactivity but with significant adsorption
capacities for these dyes. Visible light activity of Co-SBA-15
samples can be attributed to some extent to the formation of
higher oxidation states of Co upon calcination at 550 °C. Co
sample changed from pale blue grey to darker blue grey
(Co®*). Moreover, the incorporation of cobalt significantly in-
creased the absorption both in visible and UV range compared
with undoped SBA-15 which might account for the increased
efficiency of the catalyst under sunlight and UV irradiation.
The photoactivity probably arises due to the presence of
Co*"/Co™" redox couple in the catalyst. Thus, these results in-
dicate that SBA-15 can serve as a support for well dispersed
transition metal ions that behave as efficient visible and UV
light photocatalysts for the photodegradation of dyes.

4. Conclusions

This study mainly reports solar light induced photodegrada-
tion of dyes by cobalt doped SBA-15 and the powerful adsorp-
tion capacity of SBA-15. Of particular interest for the work
reported here are several things: (1) Co doped SBA-15 was
successfully synthesized via templating method, and the solar
photodegradation rates of two organic dyes (methyl violet and
methylthionine chloride) are comparable with that of Degussa
P25. (2) Co-SBA-15 shows an enhanced photocatalytic effi-
ciency of degradation dyes than SBA-15 under solar light
irradiation.
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