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Abstract. Transition metal oxide (TiO2, Fe2O3, CoO) loaded MCM-41 and MCM-48 were synthesized by
a two-step surfactant-based process. Nanoporous, high surface area compounds were obtained after calcina-
tion of the compounds. The catalysts were characterized by SEM, XRD, XPS, UV-vis and BET surface area
analysis. The catalysts showed high activity for the photocatalytic degradation of both anionic and cationic
dyes. The degradation of the dyes was described using Langmuir–Hinshelwood kinetics and the associated rate
parameters were determined.
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1. Introduction

Among the various photocatalysts used for the treat-
ment of industrial effluents, TiO2 is the most widely
used compound. Although several semiconductor mate-
rials have been tested for the photocatalytic degrada-
tion of dyes and other organic effluents, studies on TiO2

have always remained the primary focus.1 Several mod-
ifications of TiO2 have also been carried out in order
to enhance the quantum efficiency of the associated
processes.2,3

One of the primary requirements for a good catalyst
is to have a high surface area. In order to achieve this,
there have been several formulations for the synthesis of
TiO2, which can restrict the crystallite size to nanometer
dimensions. Nanosized TiO2 has indeed proved to be a
better catalyst showing higher photocatalytic activity4,5

compared to that of the commercial TiO2. In order to
make efficient use of the available surface area of TiO2,
it is desirable to have a fine dispersion of TiO2 on a high
surface area material. This is similar to the dispersion of
noble metals in a support for efficient use of the noble
metal and one of the possible ways of achieving this is
to disperse TiO2 on high surface area zeolites.

Ordered mesoporous silica materials, owing to the
three-dimensional networks, possess high surface area
as well as high number of active sites for certain
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reactions. MCM compounds belong to this category
of compounds and can be used as high surface area
materials for dispersing TiO2 nanoparticles. MCM-41
and MCM-48 are two such types of materials, dif-
fering in their structure. MCM-41 has a hexagonal
structure while MCM-48 exhibits cubic structure. Both
the materials have a large number of pores, inter-
connected to one another resulting in high surface
area. Several investigators have reported the synthesis
of highly ordered MCM-41 compounds using differ-
ent techniques including sol–gel synthesis,6 layer-by-
layer method,7 microemulsion method,8 and cationic–
anionic mixed gallery templates,9 A detailed account
of the various techniques employed for the synthesis
of ordered mesoporous materials can be found else-
where.10

The use of surfactants during the synthesis is desir-
able as it can aid to control the final microstructural
properties of the material and it is possible to attain
high degree of porosity, control over pore size distri-
bution.11 Therefore, in this study, we adopted one such
route for the synthesis of MCM-41 and MCM-48. Due
to the network structure, the synthesis of MCM-48 is
more difficult as compared to the synthesis of MCM-41
and, therefore, there have been relatively more reports
on the synthesis of MCM-41. However, the pore struc-
ture of MCM-48 makes it an interesting and impor-
tant compound for catalytic applications. We have suc-
cessfully synthesized high surface area MCM-41 and
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MCM-48 for their applications as support materials for
photocatalysts.

Incorporation of TiO2 in the mesoporous compounds
has been reported by several investigators including
the synthesis of nanocomposites as well as dispersion
of TiO2 in the material.12–15 Several other compounds
have also been incorporated in mesoporous materials
for applications to both photocatalytic as well as non-
photocatalytic reactions.16–20 Apart from TiO2, we have
loaded Fe2O3 and CoO in MCM-41 and MCM-48 for
photocatalytic reactions. Karunakaran et al.21–25 have
extensively studied semiconductor photocatalysis over
a large number of oxide materials including Fe2O3.
According to Karunakaran and Anilkumar,25 Fe2O3

being a semiconductor, is a potential photocatalyst and
on irradiation of UV radiation, the excitation of elec-
tron from valence to conduction band takes place result-
ing in the formation of electron-hole pairs, analogous
to the electron-hole pair formation in TiO2. The effi-
ciency of the compounds may differ depending on the
band gap and active surface groups. However, on the
ground of similarity of the mechanism of reaction over
TiO2 and other oxides, it is desirable to explore the pho-
tocatalytic activity of Fe2O3 dispersed in MCM com-
pounds. Zanjanchi et al.26 have recently reported pho-
tocatalytic degradation of organics over sulphonated
cobalt phthalocyanine – MCM-41 compound in which
the organometallic group could be attached to MCM
via the surface hydroxyl groups. The mechanism of
reaction was proposed to be similar to the mechanism
of oxide materials. There have also been reports on
the photocatalytic activity of cobalt oxide-based com-
pound.27–29 Therefore, CoO was used in this study in the
form of dispersion over MCM compounds and the com-
pound indeed showed high activity for photocatalytic
degradation of dyes. We present here a detailed synthe-
sis of MCM-41 and MCM-48 via the surfactant assisted
route, characterization of the compounds and modifi-
cation of the compounds by impregnation of transi-
tion metal (Ti, Fe and Co) oxides for the photocatalytic
degradation of dyes and kinetics of the degradation fol-
lowing the Langmuir–Hinshelwood mechanism. This is
the first study reporting high photocatalytic activity of
transition metal oxide-loaded MCM catalysts, synthe-
sized via surfactant-assisted route, for the degradation
of a range of anionic and cationic dyes.

The objectives of the study were manifold: (i) syn-
thesis of high surface area ordered mesoporous MCM
supports via the surfactant assisted route, (ii) obtaining
a fine dispersion of transition metal oxide over the sup-
ports for potential photocatalysis, (iii) testing the pho-
tocatalytic activity of the composite catalysts for the

degradation of dyes and comparing the activity with
commercial photocatalysts and determining the kinetics
of the photocatalytic degradation of dyes.

2. Materials and methods

2.1 Synthesis of compounds

2.1a Synthesis of MCM-41: Tetraethyl orthosilicate
(TEOS) was used as the precursor for the synthesis of
MCM-41 following a surfactant-assisted route using n-
cetyltrimethylammonium bromide (CTAB) as the sur-
factant. A solution of CTAB in deionized water (2% by
weight) was prepared. Ammonium hydroxide (NH4OH,
S.D. Fine Chem, India) and TEOS were subsequently
added slowly with continuous stirring to obtain a gel
of molar composition TEOS:NH4OH:CTAB:H2O =

1:1.64:0.15:126. Typically, 10 ml TEOS, 8 ml NH4OH,
2.4 g of CTAB, and 120 g of deionized water were
required to obtain the above composition. The gel was
stirred for 12 h and the solid obtained was filtered,
washed consecutively with water and ethanol, and cal-
cined at 823 K for 5 h.

2.1b Synthesis of MCM-48: For the synthesis of
MCM-48, 0.64 g sodium chloride (NaCl, S. D. Fine
Chem, India) and 31.6 g of CTAB were dissolved in
83.4 g of deionized water. The solution was stirred until
a clear solution was obtained. 2.68 g of sodium hydrox-
ide (NaOH, S. D. Fine Chem, India) and 28.9 g of
TEOS were dissolved in 68 g of deionized water, and
stirred for 5 min. This solution was then added with the
surfactant. A white gel precipitated during stirring for
15 min. The molar composition of the gel was CTAB:
TEOS: NaCl: NaOH: H2O = 1:1.6:0.2:0.8:97. The gel
solution was transferred to a Teflon bottle and heated
under static conditions at 373 K for 72 h. The precipi-
tate was then filtered, washed several times with water,
dried overnight at room temperature, and calcined at
823 K for 7 h under flowing air to remove the template.

2.1c Synthesis of transition metal oxide-loaded MCM:
For the synthesis of transition metal oxide-loaded
MCM, the mesoporous support material (MCM-41 or
MCM-48) was heated at 110◦C in an oven. Fe2O3

was loaded in the supports using iron (III) nitrate
(Fe(NO3)3·9H2O (S. D. Fine Chem, India) as the pre-
cursor.1.6 M Fe(NO3)3·9H2O solution in water was
added with MCM and the slurry was sonicated in a
bath for 1 h. Excess water was drained out and the
solids were dried at room temperature for 12 h. Water
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was then removed by vacuum drying. The dried solids
were washed with water and dried in an oven at 110◦C
for 4 h. The above procedure was repeated three times,
and finally the solids were calcined at 450◦C for 5 h
to obtain iron oxide loaded MCM catalysts. Simi-
larly, for obtaining TiO2 and CoO loaded compounds,
titanyl nitrate (TiO(NO3)2) and cobalt (II) nitrate (S. D.
Fine Chem, India) were used, respectively. TiO(NO3)2

was obtained from nitration of titanium isopropox-
ide (Alfa Aesar, India). Calcination of TiO2 and CoO
loaded compounds was carried out at 350◦C and 500◦C,
respectively.

2.2 Characterization of compounds

The compounds were characterized by scanning elec-
tron microscopy (SEM), low angle X-ray diffrac-
tion and powder diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), UV-vis spectroscopy,
and BET surface area analyzer. SEM images were
obtained from Quanta LV/ESEM machine; XRD pat-
terns were recorded on Bruker machine (Bruker, Ger-
many) equipped with CuKα source; XPS were recorded
on Multilab ESCA instrument (Thermo, England); UV-
vis spectra were recorded on Perkin Elmer Lambda
32 instrument and surface area analysis was carried
out with NOVA-1000, Quantachrome apparatus with
nitrogen adsorbent–desorption.

2.3 Photocatalytic activity tests

The photocatalytic degradation of dyes was carried out
using a high pressure mercury lamp (Philips (125 W),
India) which served as a source for UV radiation. The
UV lamp radiated predominantly at 365 nm with an
intensity of 26 W m−2. The lamp was placed in a quartz
tube which was equipped with a cooling jacket and
cold water was continuously circulated to remove the
heat generated by the lamp. Dye solution in water was
placed in a dish beneath the UV lamp, over a mag-
netic stirrer. 50 ml of 50 ppm dye solution was added
with 50 mg of the catalyst and the solution was stirred
using the magnetic stirrer. The solution was stirred in
the absence of UV light for 2 h to observe the adsorp-
tion of the dye over the catalyst surface and allow the
adsorption equilibrium to be attained. This ensures that
the decrease in concentration of the dyes observed is
due to photocatalytic degradation and not due to adsorp-
tion. The solution was then irradiated with UV light and
the samples were taken for analysis at regular intervals

of time. The samples were then centrifuged and anal-
ysed using UV-visible spectrophotometer (UV 1700,
Shimadzu, Japan). The variation of the concentration
of the dye with time was determined from the calibra-
tion plot, obtained from the absorbance of the dye solu-
tions of different concentrations. Further details on the
experimental procedure can be found elsewhere.5

3. Results and discussion

3.1 Structural analysis

SEM images were recorded for studying the micro-
structure and morphology of the catalysts. Figure 1
shows the SEM images of the different MCM-based
compounds. Spherical particles can be observed in
figures 1(a,b) for both MCM-41 and MCM-48 cat-
alysts. Well-separated particles can be seen for both
the catalysts. It can be seen that the particles were
not in fused state and large void spaces were present
in the compounds. However, the voidage, as can be
seen from the SEM imaged differed for different
compounds. Whereas well-separated spherical particles
can be observed for pure and Ti-based compounds
(figures 1a–d), fusion of the particles can be observed
for Co and Fe-based compounds (figures 1e,f). This
was very prominent for MCM-48-Fe (figure 1f) The
diameters of the particles were in the range of 200–
500 nm. The average particle diameter was smaller for
MCM-41, however, a large difference between the par-
ticle sizes of MCM-41 and MCM-48 was not observed.
Similarly, for the case of MCM-41-Ti and MCM-48-
Ti, well-separated spherical particles were observed
(figures 1(c,d)). No significant difference in the size of
the particles was observed on impregnation of TiO2 in
the support MCM materials. However, with impregna-
tion of Fe2O3 and CoO, small changes in the morphol-
ogy of the particles were observed. Flake-like parti-
cles were observed for MCM-48-Co (figure 1(e)). Fur-
ther, the particles were also observed to have higher
degree of polydispersity compared to that for MCM-41,
MCM-48 or Ti loaded-MCM. The size of the particles
for both MCM-48-Co and MCM-48-Fe was found to
be larger. For the case of MCM-48-Fe, larger agglom-
erates having smaller particles can be observed. The
higher particle size can be a result of higher calcinations
temperature during the synthesis of the compounds.

The amount of metal oxide in the sample was small.
The X-ray dispersive spectra (EDS) for all the com-
pounds were recorded. EDS of all the compounds are
provided in figure S1 (supplementary information). The
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Figure 1. SEM images of the various catalysts. (a) MCM-41, (b) MCM-48, (c) MCM-
41-Ti, (d) MCM-48-Ti, (e) MCM-41-Co, (f) MCM-48-Fe.

presence of Ti, Co and Fe in the compounds was
confirmed from the spectra.

The crystal structure of all the compounds was con-
firmed by XRD patterns. The small angle XRD patterns
of all the compounds are provided in figure S2 (supple-
mentary information). MCM-41 was found to crystal-
lize in hexagonal structure whereas MCM-48 was found
to crystallize in cubic structure. Powder XRD of TiO2-
loaded MCM was also recorded. Because the amount
of TiO2 in the sample was only 3.8 wt% in MCM-41-Ti

and 4.5 wt% in MCM-48-Ti (as confirmed by EDS), no
intense peaks corresponding to TiO2 was observed in
the XRD patterns. However, the formation of TiO2 (and
other oxides) was confirmed by XPS studies.

The XPS of Ti2p in MCM-41-Ti and MCM-48-Ti is
shown in figure 2(a). The binding energy of 459 eV cor-
responds to Ti in +4 oxidation state. This confirmed that
Ti was present as TiO2 in the compounds. Similarly, the
spectra of Fe2p and Co2p are shown in figures 2(b) and
(c), respectively. Fe can be observed to be in +3 state
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Figure 2. X-ray photoelectron spectra of (a) Ti2p, (b)
Fe2p, (c) Co2p.

and Co can be observed to be in +2 state, correspond-
ing to Fe2O3 and CoO, respectively. This confirms the
formation of oxides and the impregnation of metals in
oxide form.

N2 adsorption–desorption curves for MCM-41 and
MCM-48 are shown in figure 3. The surface areas
obtained were 870 m2/g for MCM-41 and 1000 m2/g for
MCM-48. The pore size for MCM-41 and MCM-48
was found to be 2.6 nm and 4.6 nm, respectively. There-
fore, the compounds synthesized were nanoporous,
high surface area compounds.

The UV-vis spectra of all the compounds are shown
in figure 4. The spectra were used for the determina-
tion of the band gap using the absorption edge. For
wavelength edge of λ nm, the band gap is given as
Eg = 1240/λ. MCM-41, MCM-48, and MCM-48-Ti
showed similar absorbance characteristics and the band
gap for the compounds was found to be 3.36 eV. For
MCM-41-Ti and MCM-48-Fe, band gaps were similar
with a value of 2.96 eV. MCM-48-Co, however, showed
two distinct values of absorbance and two absorbance
edges at 420 nm and 696 nm were observed. Therefore,
the compound showed two band gaps of 2.96 eV and
1.78 eV corresponding to 420 nm and 696 nm, respec-
tively. The presence of multiple band gaps is known,
especially in case of doped materials.30 Arktla et al.31

have reported the synthesis of MCM-41 and no signifi-
cant UV absorption was observed. In the current study,
we have not only found the bare MCM-41 to be photo-
catalytically active but a decrease in the band gap was
also observed on introduction of TiO2 nanoparticles. A
decrease in band gap on the use of ordered mesoporous
materials has also been observed by Cojocaru et al.32

3.2 Photocatalytic activity

Indigo carmine (IC) was chosen as a model dye for
testing the photocatalytic activity of MCM and tran-
sition metal oxide-loaded MCM catalysts. The varia-
tion of normalized IC concentration with time over the
different catalysts is shown in figure 5. In a control
experiment in which no catalyst was added (photoly-
sis), nearly 16% degradation was observed in 1 h. On
addition of catalysts, an increase in conversions was
observed, as can be seen from figure 5. More than 50%
conversion was observed in 1 h when the reaction was
carried out in presence of MCM-41. The initial rate
of degradation was observed to increase further when
TiO2-loaded MCM-41 (MCM-41-Ti) was used. Nearly
80% conversion was observed with MCM-41-Ti in 1 h
compared to 50% conversion with MCM-41. It should



390 Divya Jyothi et al.

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

(a)

p
/V

a
(p

o
-p

)

p/p
o

0.0 0.2 0.4 0.6 0.8 1.0

0

200

400

600

800
(b)

p
/V

a
(p

o
-p

)

p/p
o

Figure 3. N2 adsorption–desorption profile for (a) MCM-
41, (b) MCM-48.
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Figure 4. UV-vis spectra of the various catalysts.

be noted that whereas MCM-based compounds have
been used as adsorbents for both liquids and gases, no
appreciable adsorption of the dyes was observed in the
present study. All the results shown in the figure cor-
respond to the decrease in the concentration of the dye
on irradiation of the dye solution in the presence of the
catalyst. Whereas no appreciable decrease in the con-
centration of the dyes was observed on stirring the dye
solution with the catalyst for 2 h, a large decrease in
the dye concentration was observed on irradiation. This
clearly indicated the photocatalytic activity of the cat-
alyst and not the adsorption of the dye over the high
surface area compounds. The adsorption of the dyes is
highly pH and site-specific and therefore, it is possible
that in spite of having a large surface area, appreciable
adsorption did not take place for the dyes used in this
study.

MCM-48 showed lesser activity for the photocat-
alytic degradation of the dye compared to MCM-41.
Only 20% degradation was possible within 1 h. How-
ever, a large enhancement in the photocatalytic activ-
ity of the catalyst was observed on impregnation with
Fe2O3 (MCM-48-Fe), TiO2 (MCM-48-Ti) and CoO
(MCM-48-Co). Nearly 30% conversion was obtained
with MCM-48-Fe and 40% conversion was obtained
over MCM-48-Ti. The rate of degradation over MCM-
48-Co was found to be the highest with almost complete
degradation achieved within 30 min of reaction. Degra-
dation was also carried out with commercial Degussa
P-25 TiO2 catalyst (DP25). It is to be noted that only
3–4 wt% of TiO2 was present in the samples compared
to 100% TiO2 in DP25. It can be observed from figure
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Figure 5. Variation of normalized concentration of IC with
time over the different catalysts.
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5 that almost complete conversion was possible within
45 min over DP25. However, MCM-48-Co showed bet-
ter activity than DP25. The high activity of the com-
pound can be a result of a fine dispersion of the oxide
over a large surface area. Whereas the surface area of
DP-25 is limited to only 50 m2/g, the surface areas of
the compounds reported in this study exceed 1000 m2/g.
A fine dispersion of the particles in a very high surface
area support result in high activity of the compound.
Whereas further investigation for the synergistic effects
due to the presence of active species in both MCM and
oxides are required, the presence of synergism cannot
be completely rejected.

SiO2 has a band gap of 8.9 eV33 rendering it use-
less for photocatalytic applications. However, it has to
be noted that although MCM compounds have Si–O–Si
framework in their structure, they exhibit different opti-
cal characteristics. Photoluminescence measurements
on MCM-41 and MCM-48 by Shen and Cheng34 have
revealed factors responsible for photoluminesence and
the strucural features can be attributed for the same.
Non-bridging oxygen hold centers present in the com-
pounds make the electron transfers and excitation pos-
sible in MCM compounds unlike SiO2.

A possible reason for difference in the behaviour
of the two supports can be the difference in the pore
sizes. The surface areas obtained were 870 m2/g for
MCM-41 and 1000 m2/g for MCM-48. The pore size
for MCM-41 and MCM-48 was found to be 2.6 nm
and 4.6 nm, respectively. Upon loading TiO2, the sur-
face areas decreased to 780 and 890 m2/g for MCM-
41 and MCM-48, respectively. Nevertheless, the sur-
face area of the materials discussed in this study is
much higher than commercial DP-25 TiO2 (50 m2/g),
which is used for UV-assisted photocatalysis. The aver-
age pore diameters also reduce to 2.3 and 4.1 nm for
TiO2-loaded MCM-41 and MCM-48, respectively. The
reduction of the surface area and the average pore diam-
eter has been reported in other studies.35,36 The size of
the dye is 15.66 × 5.52 × 4.08 Å3. Due to the large
size of 1.5 nm of the dye, it may pose diffusional lim-
itations. The active sites in the compounds are present
in the porous structure and diffusion of the reactants is
required for the reaction to take place. The impregna-
tion of the oxides might result in the blockage of the
pores thereby reducing the activity of the catalyst.

Having established high activity of MCM-48-Co for
the photocatalytic degradation of IC, a series of anionic
and cationic dyes were tested for photocatalytic degra-
dation. The anionic dyes tested were orange G (OG),
remazol brilliant blue R (RBBR), alizarin cyanine green
(ACG); the cationic dyes tested were methylene blue

(MB), acriflavin (AF), and malachite green (MG). The
variation of normalized concentration (initial concen-
tration = 50 ppm) with time is shown in figure 6. It
can be seen that the compound showed activity for
the degradation of all the dyes. The degradation of
anionic dyes was higher compared to the degradation
of cationic dyes with more than 90% degradation of
ACG and RBBR observed in 1 h. MG also showed high
degradation with nearly 85% degradation observed in
1 h. AF and MB showed nearly the same extent of
degradation and 40–45% degradation was observed.

The kinetics of the degradation reaction is con-
ventionally described by the Langmuir–Hinshelwood
kinetics, which takes into account the adsorption of
the dye over the surface of the catalyst, surface reac-
tion and desorption of the products. The rate of reac-
tion following Langmuir–Hinshelwood kinetics can be
given as

r =
kKeC

1 + KeC
, (1)

where r is the rate of degradation of dye, k is the
rate constant for the degradation of the dye, Ke is the
adsorption equilibrium constant and C is the concen-
tration of the dye in the solution. We have previously
tested the kinetics of the degradation of dyes over the
various catalysts by proposing the elementary steps and
Langmuir–Hinshelwood kinetics was found to describe
the kinetics of the reaction.5,37–40 In this study, we test
the kinetics of the degradation following the Langmuir–
Hinshelwood kinetics and determine the corresponding
rate parameters. The continuous lines in figures 5 and
6 show the variation of normalized dye concentration
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Figure 6. Variation of normalized concentration of differ-
ent anionic and cationic dyes over MCM-48-Co.
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Table 1. Rate parameters describing the kinetics of degra-
dation of IC over different catalysts following Langmuir–
Hinshelwood kinetics.

Catalyst k1 (×103) (min−1) k2 (×103) (ppm−1)

Photolysis 3.0 –
DP25 37.8 1.3
MCM-41 12.3 0.66
MCM-41-Ti 23.2 26.3
MCM-48 3.8 17.1
MCM-48-Fe 6.1 0.56
MCM-48-Ti 9.1 0.51
MCM-48-Co 59.6 1.4

with time correlated by Langmuir-Hinshelwood kinet-
ics, except for the case of photolysis where first order
decay was assumed. It can be observed from figures 5
and 6 that the variation of concentration for all the
cases could be satisfactorily described by Langmuir–
Hinshelwood kinetics. The associated rate parameters
for reaction were determined by simultaneously solving
the above differential equation with a time step of 5 ×

10−4 min and minimizing the least square errors using
Berkeley Medonna software (version 8.3.18). The val-
ues of adsorption and rate parameters are tabulated in
tables 1 and 2 where kKe = k1 and Ke = k2. It can be
clearly seen from tables 1 and 2 that the rate of reaction
was the highest over MCM-48-Co and the least over
MCM-48 for the degradation of IC. For the degradation
of other dyes over MCM-48-Co, the rate of degradation
was found to follow the order IC > ACG > RBBR >

MG > OG > MB ≈ AF.
We have previously studied in detail the degrada-

tion of dyes over TiO2 catalyst and studied the effect
of functional group on the reactivity of the dyes.40 The
trend observed in this study is in agreement with our
previous studies. The ease for formation of intermedi-
ates and breakage of different bonds depend upon the
functional groups present in the dye. The hydroxylation

Table 2. Rate parameters describing the kinetics of degra-
dation of different dyes over MCM-48-Co following
Langmuir–Hinshelwood kinetics.

Dye k1 (×103) (min−1) k2 (×103) (ppm−1)

OG 15.3 0.70
RBBR 33.7 0.76
ACG 46.1 0.78
MB 7.9 0.22
AF 7.7 0.17
MG 19.0 1.00
IC 59.6 1.4

reaction, which is one of the most important reactions in
the degradation of the dyes, is affected by the presence
of the various groups present in the dye. The presence
of atoms like N and S, and their combination result in
different bonds with different strengths and hence, dif-
ferent ease of breakage of the bond. The presence of the
position of the substituent groups also affects the vari-
ous primary and secondary hydroxylation processes and
hence, the activity of the catalyst is strongly dependent
upon the identity of the dye.

For the case of S atom, the ease of degradation of
the dye depends on the identity of the oxygenated S
species formed during the reaction and their position
of attachment in the dye or the intermediate. When the
–SO−

3 group is attached to the benzene ring, it shows
higher reactivity than if it was attached to a naph-
thalene ring. Thus a high degradation of IC, which
contains two benzene rings with attached –SO−

3 , is
observed. Similarly, ACG, which has one benzene ring
with attached –SO−

3 , shows a higher degradation rate
compared to the azo dye (OG), where –SO−

3 is attached
to the naphthalene ring. The degradation of acridine
dyes requires a much complex reaction pathway involv-
ing de-methylation followed by a sequential breakage
of benzene rings and ring opening and thus the degra-
dation rates of AF are lower than other dyes. A detailed
discussion on the effect of functional groups on the
photocatalytic degradation of dyes can be found in our
previous work.40

The high activity of MCM-48-Co can be explained
on the basis of band gap. CoO was loaded in MCM-48,
which had a very high surface area. The compound not
only showed a lesser band gap but also multiple band
gaps, owing to which high activity of the compound
was observed. Even when the amount of CoO in the
compound was very small, the compound showed the
activity which was higher than that of the commercial
DP25 catalyst because of both high surface area as well
as lower value of the band gap. Similarly, the activity
of MCM-48, MCM-48-Fe and MCM-48-Ti followed
the order of activity as MCM-48 < MCM-48-Fe <

MCM-48-Ti owing to their respective values of band
gap.

4. Conclusions

Surfactant-assisted synthesis of MCM-41 and MCM-
48 resulted in the formation of high surface area com-
pounds. Nano-sized TiO2, Fe2O3 and CoO were loaded
in the supports and the compounds were tested for the
photocatalytic degradation of indigo carmine dye. The



Transition metal oxide loaded MCM catalysts for photocatalytic degradation of dyes 393

compounds showed high activity for the degradation of
IC in the presence of UV radiation. The rates of reac-
tion were found to be higher over MCM-41 compared to
MCM-48. However, on impregnation of oxides, MCM-
48 was found to be a better support and very high rates
of degradation of IC were observed. MCM-48-Co was
found to be the best catalyst among the tested materi-
als and degradation rate increased an order of magni-
tude on CoO impregnation in MCM-48. The rates of
degradation over MCM-48-Co were found to be higher
than the commercial DP25 catalyst. The reaction coef-
ficients were determined for the degradation of dyes
and the reasons for the high photocatalytic activity was
discussed.

Supplementary information

Figures S1 and S2 are given as supplementary informa-
tion (see www.ias.ac.in/chemsci).
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