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MCM-41 structures were synthesized and modified by direct (one-step) incorporation (DI) and wet impregnation (WI) methods. 
The solids were characterized by XRF, XRD, N2 adsorption and UV-Vis DR, and catalytically evaluated in the Acid Orange 7 
(AO7) degradation under visible light. Significant influence of the presence, dispersion and location of the different Cr species on 
photoactivity was evident. Both synthesis methods allowed greater dispersion of the photoactive Cr species for lower metal content, 
enhancing efficiency for dye degradation. More specifically, after Ti loading in samples synthesized by DI, a notable AO7 degradation 
increase was associated with the strong heterojunction between Ti and Cr6+ species, which wereare highly dispersed due to the DI 
method used.
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INTRODUCTION

In the 90’s, M41S transition metal derivatives were extensively 
studied. In this regard, a variety of metal ions can be introduced in the 
sieves by different methods to be used as environmentally compatible 
catalysts for several applications. Particularly, an interesting aim in the 
last decade was to optimize the use of solar radiation as a clean energy 
resource for the development of new sustainable pollution abatement 
technologies. It is known that heterogeneous photocatalytic processes 
involving semiconductors excitable by solar light have been the focus 
of numerous investigations.1-5 In this sense, the use of different supports 
for the semiconductor dispersion, such as MCM-41, has emerged as 
a good strategy to develop new photocatalytic systems.6-17 Two me-
thods are usually employed to modify mesoporous molecular sieves 
with transition metals: direct incorporation (in one step) (DI)18-22 and 
wet impregnation (WI).23-27 The introduction of metal ions into the 
framework is often favored by the DI of the metal source in the syn-
thesis gel. Meanwhile, WI generally allows reaching a larger amount 
of metallic species (metallic oxides) loaded on the surface. Therefore, 
these methods lead to different coordination environments of the metal 
in various metallic species, which gives rise to important differences in 
the physicochemical properties of the final solids. Thus, these physico-
chemical properties may be controlled by incorporating metal ions into 
the framework or loading distinct metallic species such as oxides onto 
their surface. In this work, we present a comparison between the WI and 
DI methods to synthesize MCM-41 structures modified with Cr. In addi-
tion, these solids were also modified with a second metal, Ti. After Ti 
loading, the physicochemical properties of both kinds of materials and 
their photoactivity in Acid Orange 7 (AO7) degradation were evaluated.

EXPERIMENTAL

Synthesis

The MCM-41 support was synthesized as previously reported 
(method B).28 The MCM-41 structures were modified with Cr by 
two different methods: 

WI samples were obtained as reported29-31 using several concen-
trations of Cr solutions, corresponding to theoretical Cr loadings of 
1.50, 3.50 and 5.00 wt%.

DI samples were obtained as reported (method B),28 were the Cr 
precursor was added to the initial gel (after the TEOS) in order to 
reach Si/Cr molar ratios of 60, 40 and 20 (theoretical Cr loadings of 
1.5, 2.0 and 4.5 wt%, respectively). Then, these solids were submitted 
to desorption and calcination processes already described.28 All solids 
were modified by TiO2 according to30 in order to evaluate the influence 
of a second metal on their photoactivity. The catalysts were named: 
TiO2/Cr(DI)x or TiO2/Cr(WI)x, where DI or WI indicates the method 
of Cr incorporation used, x indicates the theoretical Cr content (wt%), 
and TiO2 is used in the case of the modification with Ti loading.

Characterization

The X-ray diffraction (XRD) patterns were recorded in a Philips 
PW 3830 diffractometer in 2θ ranges: 1.5–7º and 20–80º. The 
mean crystallite size of oxide phases was estimated using Scherrer 
formulae.32 UV-Vis diffuse reflectance spectra (UV-Vis DRS) were 
recorded using an Optronics OL 750-427 spectrometer between 
200 and 900 nm. The Cr and Ti contents were determined by X-ray 
fluorescence (XRF) using an Innov-X System model ALPHA-4000. 
The specific area, the pore size distribution (Dp) and the total pore 
volume (Vp) were determined from N2 adsorption–desorption isother-
ms using a Micromeritics ASAP 2010. X-ray photoelectron spectra 
were collected using a Physical Electronics PHI 5700 spectrometer 
with non-monochromatic Mg Kα radiation (300 W, 15 kV, 1253.6 
eV) for the analysis of photo-electronic signals of C 1s, O 1s, Si 2p 
and Cr 2p and multichannel detector. Spectra of powdered samples 
were recorded with the constant pass energy values at 29.35 eV, using 
a 720 µm diameter analysis area. During data processing of the XPS 
spectra, binding energy values were referenced to the C 1s peak (284.8 
eV) from the adventitious contamination layer.

Catalytic experiments

Degradation experiments were performed in a photoreactor 
as was described.30,31,33 The suspension volume was 0.5 L and the 
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catalyst concentrations was 1 g L-1. Bearing in mind that the AO7 
concentrations from common industrial effluents are in the range of 
0.35 and 35 mg L-1, in this work an AO7 concentration of 20 mg L-1 
was chosen.34-38 This AO7 concentration corresponds to a pH of 5. 
After reaching the adsorption/desorption equilibrium in the dark, an 
initial sample was drawn to calculate the initial concentration (C0) and 
the experimental run was started. Each reaction corresponds to 5 h of 
irradiation. The AO7 concentration (C) was monitored at λ = 485 nm 
using a Jasco 7800 spectrophotometer. The AO7 degradation percen-
tage was calculated as XAO7 = (C0 – C) 100 (C0)-1.

RESULTS AND DISCUSSION

Figures 1 and 2 show the corresponding XRD patterns of the 
solids. The well-resolved peaks in the low angle region for all 
samples modified with Cr can be indexed to planes (100), (110) and 
(200) corresponding to a MCM-41 structure. The half-height width 
for the first peak would indicate that a higher structural order can be 
reached by DI, although, in all cases, this ordering decreases slightly 
with increasing Cr content. The Cr incorporation by WI would lead 
to a higher amount or size of metallic species (oxide clusters or 
nanoparticles) on the surface, which slightly affects the structural 
regularity. The high angle XRD patterns show the presence of chro-
mia (2θ = 33, 36, 55.2, 63 and 65º) for all Cr contents in Cr(DI)x 
samples, and only for the higher Cr content in samples modified by 
WI. Nevertheless, a rough estimation of the oxide nanoparticle size 

showed values of ~48 nm for the impregnated sample and ~8 nm for 
samples synthesized by DI. 33

Thus, even if the oxide phase appears at lower metal contents for 
Cr(DI)x samples, these species have a very small size. Besides, the 
greater size of chromia nanoparticles for Cr(WI)5 could contribute 
to its lower structural regularity. It should be noted that the lack of 
XRD peaks at high angle does not allow us to discard the presence of 
oxides in amorphous state or as clusters too small to be detected by 
XRD. Likewise, XRD patterns of Ti-modified samples (Figure 1S) 
exhibit peaks corresponding to the presence of anatase (2θ = 25, 37, 
48, 54, 55 and 63º).31

Table 1 lists the physicochemical properties of all samples (see 
Figure 2S). All solids have high specific areas (typical of MCM-41), 
which slightly decrease with the Cr content. Unlike Cr(WI)x, the 
Cr(DI)x samples show a wall thickness (tw) that increases when the 
Cr content increases. This fact could be a consequence of the smaller 
size of the oxide clusters or nanoparticles generated by DI, some of 
which can be introduced into the mesopores.

Meanwhile, WI would lead to bigger oxide species segregated 
mainly on the external surface, which could block some mesopores. 
This feature is evidenced by the lower Vp observed for Cr(WI)x 
samples, mainly for the higher metal content. Moreover, the higher 
reduction temperatures observed for DI samples (TPR profiles not 
shown) would reveal the increased interaction of smaller size chro-
mium species with the support.30 This behavior would be due to the 
high dispersion favored by the direct incorporation method. When 

Figure 1. Low-angle XRD patterns of A) Samples synthesized by WI and B) samples synthesized by DI

Figure 2. High-angle XRD patterns of A) Samples synthesized by WI and B) samples synthesized by DI. (*) Cr2O3
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titania has been deposited on the Cr(WI)x and Cr(DI)x samples, 
the sharply decrease in the specific surface and pore volume can be 
associated with the presence of highly dispersed titania species and 
bigger size TiO2 nano-particles that could be blocking the pores of 
the structure. Moreover, the loading of TiO2 results in an increase in 
the wall thickness for all of the samples. This observation indicates 
that the chromium species finely dispersed inside the mesoporous 
channels and the small-size nanoparticles of chromium oxide on the 
external surface (detected by XRD) are not obstructing the Ti diffusion 

into the channels. Therefore, these results permit us to consider the 
existence of titanium species on the inner surface of the channels 
which could interact with the species of Cr present there.

As was explained, the presence of different chromium species 
can be inferred by UV-Vis DR spectroscopy. Figure 3 spectra showed 
that mainly Cr6+ species are present in samples synthesized by both 
methods (absorption range of 200-400 nm).29,30,32 

Nevertheless, the increase in the Cr3+ species amount when the 
Cr content increased (absorption above 400 nm) is clear. This fact is 

Table 1. Physicochemical properties and Catalytic activity of the synthesized samples

Sample Cr a (wt.%) Ti (wt.%) a0 
b (nm) Areac (m2/g) Vpd (cm3/g) Dpe (nm) twf (nm) XAO7 

MCM-41 - 4.20 1182 1.15 2.70 1.50 -

TiO2/MCM-4 - 21.73 4.08 849 0.80 2.60 1.48 9.50 

Cr(WI)1.5 0.89 - 4.02 1093 0.86 2.55 1.47 38.42

Cr(WI)3.5 2.05 - 3.87 1071 0.86 2.52 1.35 67.36

Cr(WI)5.0 2.89 - 4.08 1045 0.84 2.63 1.45 69.29

TiO2/Cr(WI)1.5 0.55 21.71 4.23 662 0.56 2.59 1.64 63.34

TiO2/Cr(WI)3. 1.34 22.17 4.20 741 0.47 2.33 1.87 78.76 

TiO2/Cr(WI)5.0 1.82 21.42 3.91 791 0.45 2.32 1.59 66.52

Cr(DI)1.5 1.27 - 4.07 1136 1.11 2.75 1.32 23.78 

Cr(DI)2.0 1.48 - 3.94 980 0.94 2.52 1.42 23.95 

Cr(DI)4.5 3.21 - 4.15 777 0.90 2.56 1.59 23.78 

TiO2/Cr(DI)1.5 0.81 23.06 4.22 695 0.64 2.74 1.48 71.04

TiO2/Cr(DI)2.0 0.89 24.78 4.16 740 0.64 2.65 1.51 77.91

TiO2/Cr(DI)4.5 1.88 25.70 4.32 690 0.70 2.57 1.75 64.17
a Metal content by FRX, b a0 = (2/√3) d100), c Surface area (BET), d Pore volume, e Pore diameter (BJH), f Wall thickness: tw = a0 - Dp.

Figure 3. UV-Vis DR spectra of the samples synthesized by WI: A) modify with Cr, B) modified with Cr and Ti and samples synthesized by DI, C) modify with 
Cr, D) modified with Cr and Ti
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evident for the Cr(DI)4.5 sample due to the increase in the absorp-
tion at wavelengths higher than 550 nm and its intense green color. 
Moreover, a spectral response slightly shifted into red for the Cr(WI)5 
sample could account for the greater particle size of the oxides present, 
in agreement with its XRD pattern. In order to enhance the absorption 
capability of the solids, they were modified with Ti. Then, in the UV-
Vis DR spectra, it was possible to observe an increased absorption in 
the UV range due to the presence of titania. Moreover, the ability to 
absorb in the ranges of ~370–500 nm and ~650–850 nm was related 
to a Ti and Cr species heterojunction. This effect, however, is almost 
negligible for the sample impregnated with the higher Cr content.30,32

The XPS analysis has been employed to obtain information 
concerning the superficial composition of catalysts, the chemical 
state of the constituent elements and the chromium dispersion. The 
Si 2p binding energy value for all of the samples is around 103.4 
eV, which is characteristic of MCM-41 silica. The binding energy 
values of the core level O 1s and Cr 2p signals are shown in Table 
2. As it can be observed in this Table, the photoemission O1s for the 
Cr(WI)x and Cr(DI)x samples is mainly due to the contribution of 
oxygen from silica. 

Table 2 also lists the surface Cr/Si atomic ratio determined by XPS 
and the bulk Cr/Si ratio determined by XRF (X-Ray Fluorescence) for 
all of the synthesized catalysts. Generally, the surface Cr/Si atomic 
ratio can be considered as the relative dispersion of transition metal 
ions on the structure of porous supports. For the Cr(WI)(x) and Cr(DI)
x samples, the surface Cr/Si atomic ratio increases with an increase 
in the bulk Cr/Si ratio in the catalyst, and for most samples the values 

on surface and bulk are very similar, indicating the presence of the 
Cr species on the surface. Nevertheless, for the Cr(WI)5 sample this 
ratio is lower than the corresponding bulk Cr/Si ratio, indicating that 
the Cr atoms would be mostly incorporated inside the mesopores. 

Only for samples modified with Ti appears also the contribution 
in the surface of oxygen from chromium oxide and from titania. In 
this sense, the surface Cr/Si ratio notably increases for the TiO2 loaded 
samples. This fact indicates that the Ti loading changes the surface 
composition of the samples probably due to the enhancement of the 
surface mobility, surface arrangement and segregation of chromia onto 
the surface caused by the migration of extraframework chromium 
away from the interface. 

On the other hand, for both synthesis methods, when Ti is also 
present in the structure, it was observed a decrease in the surface Cr/
Si ratio with the incremented bulk Cr/Si ratio as a consequence of 
the heterogeneous character of catalyst by the migration of surface 
Cr species and formation of α-Cr2O3 as a segregated phase.

The Cr 2p core level photoelectron profiles for all of the synthe-
sized samples are shown in Figure 4.

The samples show two different Cr species or chemical states 
on these catalyst surfaces. The lowest binding energy contribution 
around 576.5 eV is assigned to Cr3+ and the highest binding energy 
contribution at around 579.5 eV corresponds to Cr6+. With respect to 
the samples only modified with Cr, for the Cr(WI)1.5 and both Cr(DI)
x samples, Cr6+ species can be seen on the surface. This observation 
could be associated with the fact that the DI method allows a higher 
dispersion of the Cr species even for the high loading. Instead, for 

Table 2. XPS binding energy values and Surface concentration for the synthetized samples

Muestra

Cr 2p3/2 BE (eV) a O 1s BE (eV) a Cr/Si atomic ratios Cr concentration

Cr6+ Cr3+ CrOx TiO2 SiO2
Surface by 

XPS
Bulk by 

XRF
Surface (%at) 

(XPS)
Bulk (wt.%) 

(XRF)

Cr(WI)1.5 579.7 (29) 576.1 (71) - - 532.8 (100) 0.023 0.024 0.73 0.89

Cr(WI)5.0 - 576.5 (100) - - 532.8 (100) 0.027 0.083 0.87 2.90

TiO2/Cr(WI)1.5 - 577.0 (100) 529.8 (47) 531.9(13) 533.3 (40) 1.093 0.019 15.88 0.55

TiO2/Cr(WI)5.0 - 576.6 (100) 529.9 (47) 532.1(23) 533.5 (30) 0.331 0.064 6.38 1.83

Cr(DI)1.5 581.4 (17) 577.9 (83) - - 534.1 (100) 0.038 0.034 1.19 1.27

Cr(DI)4.5 580.2 (23) 576.9 (77) 530.4 (5) - 533 (95) 0.074 0.090 5.27 3.21

TiO2/Cr(DI)1.5 580.9 (19) 577.1 (81) 528.1 (5) 529.9 (56) 532.6 (39) 0.640 0.022 2.28 0.81

TiO2/Cr(DI)4.5 580.5 (23) 576.9 (77) 529.7 (48) - 533.1 (51) 0.310 0.049 4.75 1.88

aBetween brackets figure the corresponding species percentage.

Figure 4. Cr2p core level photoelectron profile of: A) Samples synthesized by WI: (---) Cr(WI)x, (—) TiO2/Cr(WI)x and B) samples synthesized by DI:  
(---) Cr(DI)x, (—) TiO2/Cr(DI)x
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the WI method, the higher Cr loading results in the main formation 
of Cr3+ species in the catalyst surface. Finally, after the Ti loading, 
only the spectra of the TiO2/Cr(DI)x samples show the presence of 
surface Cr6+ species, giving evidence that the DI method favors the 
presence of these species highly dispersed on the surface and capable 
to interact with Ti leading to the desired heteroconjuntion effect.

Table 1 and Figure 5 show the XAO7 using visible radiation and the 
catalysts synthesized by the two methods presented in this work. Cr-
modified MCM-41 photocatalysts show different behavior depending 
on the metal incorporation method used. It is clearly seen that, for 
similar Cr contents, samples synthesized by DI show significantly 
lower XAO7 than samples synthesized by WI. These results could be 
attributed to the fact that, although the isolated Cr6+ species are present 
in all samples, some of them would probably be located inside the 
mesopore wall of Cr(DI)x samples.35 Meanwhile, WI would give rise 
to a higher proportion of these active species located on the surface 
of the mesopore walls.30 However, in the case of Cr(DI)x samples, 
the XAO7 is practically constant for all the Cr contents, which could be 
evidencing that, although the Cr content increases, the limit of active 
species incorporation into the framework has already been reached.

Meanwhile, for Cr(WI)x samples, the catalytic activity incre-
ased as the Cr loading increased until the saturation coverage of 
the surface was reached and then remained almost constant when 
the inactive Cr3+ species started to appear on the surface.30 Then, 
both methods show similar behavior at lower metal content. The 
fact that the smaller Cr content samples result in the reported AO7 
degradation accounts for the increased efficiency for the metal 
present in these solids due to their high dispersion, which enhances 
the availability of Cr6+ species. Moreover, it can also be observed in 
Table 1 that the TiO2/MCM-41 sample showed an activity of around 
10%.29 Meanwhile, the presence of both metals (Cr and Ti) allows 
increasing the XAO7 due to a synergistic effect between them. It was 
already reported by us that this synergism is based on the formation 
of electron/hole pairs in the loaded TiO2 promoted by the presence of 
tetrahedrally coordinated Cr6+ ions. The next transition under visible 
light Cr6+–O2− ↔ Cr5+–O1− would take place on the catalyst surface, 
and would allow O1− to scavenge electrons from the valence band of 
titania and Cr5+ to release electrons to the conduction band, allowing 
the formation of electron/hole pairs in titania, but with lower energy 
light (λ > 380 nm).30 These pairs can interact with surface hydroxyl 
groups on MCM-41 or adsorbed oxygen to produce highly reactive 
radical species that can initiate the dye photocatalytic degradation.31 

Comparing this synergistic effect for the solids obtained with both 
Cr incorporation methods, it could be observed that after the Ti 
loading, all the Cr(DI)x catalysts exhibit a large increase in activity, 
which evidences a strong heterojunction effect between the Ti and 
Cr6+ species. Thus, DI probably leads to isolated Cr6+ species highly 
dispersed and accessible to interact with the Ti species. Moreover, 
the thickening of the pore walls, after the Ti loading, gives evidence 
of the Ti species diffusion inside the mesopores allowing this inte-
raction. Nevertheless, TiO2Cr(DI)4.5 shows activity slightly lower 
than that of the other samples modified by DI, probably due to the 
increased presence of Cr species in its lower oxidation state, which 
would partially hinder this heterojunction. However, this synergism 
is less pronounced for the TiO2Cr(WI)x samples, being absent for the 
higher Cr content. As was explained, chromia nanoparticles of larger 
size can block the access of Ti species into the mesopores avoiding 
the desired heterojunction effect.30 Thus, DI, in comparison with WI, 
produces materials that allow a more efficient interaction between the 
Ti and Cr6+ species and consequently, a better use of visible radiation. 
This feature can be attributed to the higher Cr6+ species dispersion 
that, besides, would be more accessible due to the presence of oxide 
clusters or nanoparticles of smaller size.

On the other hand, it is known that the use of Cr is controver-
sial for environmental applications. Then, in order to discard the 
presence of this metal in the mixture reaction, measurements of the 
Cr concentration were made by ICP. It is important to note that for 
the solids synthetized by the two methods, the Ti loading decreased 
Cr lixiviation by around 90%, corroborating the importance of the 
presence of Ti in these solids.

 
CONCLUSIONS

Well-ordered Cr-modified MCM-41 structures with high specific 
areas were synthesized by two synthesis methods. All the solids 
exhibit mainly Cr6+ species (monochromates and di/polychromates), 
as well as Cr3+ species, as clusters and chromia nanoparticles that 
increase with the Cr content. The DI method, compared with the WI 
one, seems to give rise to a certain amount of isolated Cr6+ species 
located inside the mesopore walls and hence not accessible to radia-
tion. Nevertheless, the high dispersion of the portion of these active 
species located on the surface of the mesopore walls, as well as the 
smaller size of the Cr3+ species, allows a stronger interaction between 
the Ti and Cr6+ species after the Ti loading. Thus, Ti species can easily 

Figure 5. Variation of the normalized concentration of AO7 as a function of irradiation time. A) Samples synthesized by WI: ▲ Cr(WI)(1.5),  Cr(WI)3.5, 
▼ Cr(WI)5.0, D TiO2/Cr(WI)1.5,  TiO2/Cr(WI)3.5, s TiO2/Cr(WI)5.0 and B) samples synthesized by DI: ▲ Cr(DI)1.5,  Cr(DI)2.0, ▼ Cr(DI)4.5, D TiO2/
Cr(DI)1.5,  TiO2/Cr(DI)2.0, s TiO2/Cr(DI)4.5
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diffuse inside the channels and give rise to a heterojunction effect 
leading to a markedly enhanced photoactivity (increased XAO7) for 
TiO2Cr(DI)x samples. Meanwhile, bigger oxide species generated by 
WI would be responsible for the lower heterojunction effect as well 
as for its absence in the TiO2Cr(WI)5 sample.
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