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Abstract
A photocatalyst that may exhibit high activity for oxidation of volatile organic compounds (VOCs) under solar radiation would offer a

practical and economic means for the cleaning of air under environmental conditions. We report here for the first time that the uranyl ions

anchored within the mesopores of MCM-41 may serve as an efficient heterogeneous photocatalyst for the complete destruction of methanol in

vapor phase, and in the presence of sunlight and air. The uranyl-anchored MCM-41 was found to be more efficient than a TiO2 photocatalyst in

terms of CH3OH ! CO2 conversion rates. The reversible and active participation of uranyl groups in the studied photocatalytic reaction was

ascertained with the help of in situ fluorescence and electron paramagnetic resonance techniques, whereas the radiation-induced transient

species over catalyst surface were monitored using in situ FTIR spectroscopy. The detailed reaction mechanism and the role played by uranyl

ions in the photooxidation of methanol over UO2þ
2 /MCM are elucidated on the basis of these results.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The uranyl ions are known to possess distinctive photo-

absorption, excitation, and emission characteristics, as

compared to any other inorganic cation [1]. The lowest

excited eigenvalue of the uranyl ion (*UO2þ
2 ) is a strongly

oxidizing species (E
�

= 2.6 V), which is found to be

quenched by a variety of organic substrates resulting in the

abstraction of their hydrogen atoms [2,3]. In view of this, a

number of studies have utilized uranyl ions for homo-

geneous- phase photooxidation reactions of hydrocarbons

[4–9], chlorophenols [10], and substituted phenols [11], etc.

Comparatively, fewer studies have been devoted to the

photocatalytic activity of UO2þ
2 ions in the heterogeneous

reaction mode. For instance, Suib and co-workers [12–14]

employed uranyl-exchanged clays and zeolites for the
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photooxidation of ethanol, isopropyl alcohol, and diethyl

ether to yield the corresponding aldehydes and ketones. In

another study, Dai et al. [15] reported the photocatalytic

oxidation of ethanol solution by UO2þ
2 doped glass, which

resulted in the formation of acetaldehyde. These studies

have demonstrated that the restricted pore dimensions of the

zeolites and pillared clays may help in the controlled product

selectivity. We may, however, point out that most of these

works relate to the measurements performed in solution

phase, and to the best of our knowledge, no studies have

been reported so far on the vapor-phase photooxidation

reactions of organic compounds utilizing uranyl ions as

heterogeneous catalyst.

In our earlier publications [16–20], we have reported

different methods of anchoring uranyl ions within the silicate

matrix of mesoporous MCM-41 and MCM-48 hosts. The

anchored UO2þ
2 groups were found to be thermally stable, and

only a small fraction was converted to nanosize crystallites of

a-U3O8 after calcination at temperatures up to 800 8C.

Furthermore, the entrapped UOX moieties were found to

exhibit excellent catalytic activity for the oxidation of various
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molecules such as carbon monoxide and methanol, where the

bulk oxygen of uranium oxide played a vital role [18]. In

continuation of these previous studies, we have now exploited

the visible region absorbance (l > 380 nm) of anchored

uranyl ions for the vapor-phase photooxidation of organic

substrates in heterogeneous mode. The objective of the

present investigation was to demonstrate the effectiveness of

uranyl-containing MCM-41 mesoporous host as a photo-

catalyst for the complete destruction of typical volatile

organic compounds (VOCs), such as methanol, in the

presence of solar radiation. In order to enable a comparison,

parallel experiments were performed to monitor the photo-

catalytic behavior of TiO2. The catalytic reaction of methanol

at elevated temperatures but in the absence of solar radiation

was also monitored so as to discriminate between the photo-

and thermal radiation induced processes. In situ fluorescence

and EPR studies were carried out under identical conditions in

order to examine the oxidation state of uranium during the

photocatalytic process. Also, in situ FTIR spectroscopy was

employed for monitoring of the transient species formed over

uranyl-anchored MCM-41 on exposure to methanol, without

and under visible light. An attempt is also made in this study to

delineate the reaction routes involved and to identify the role

of uranyl ions (UO2þ
2 ) in the photocatalytic oxidation of

methanol.
2. Experimental

2.1. Catalyst preparation and characterization

The uranyl-anchored MCM-41 catalyst was prepared and

characterized, as per the procedures described elsewhere

[16,17]. A direct template exchange process was employed

for this purpose wherein a 0.005 M uranyl nitrate precursor

solution adjusted at pH of 5.0 was exchanged with surfactant

cations in the as-synthesized MCM-41 molecular sieve for a

period of 12 h. The sample, after drying at �70 8C, was

calcined at 550 8C for 2 h in N2 and 6 h in air, and is

designated as UO2þ
2 /MCM-41 in the text. The uranium

content of this sample, analyzed by ICP-AES, was found to

be 9.8 wt.%. The BET surface area and pore diameter of

UO2þ
2 /MCM-41 was found to be �600 m2 g�1 and 28 Å,

respectively; the corresponding values in the case of the

parent MCM-41 subjected to similar pretreatments being

around 1000 m2 g�1 and 30 Å, respectively. The XRD

pattern of UO2þ
2 /MCM-41 exhibited reflections character-

istic of hexagonal MCM-41 structure, indicating the integrity

of the structure in guest–host system [16]. At higher 2u

values, weak reflections appearing at d = 4.15, 3.39, 2.62,

2.07, 1.96, and 1.75 Å indicated the presence of a-U3O8

moieties encapsulated in the mesopores of MCM-41 [17,18].

The anchoring of uranyl ions to the defect sites of the

silicate matrix was established with the help of fluorescence,

DRUV-VIS, and FTIR spectroscopic techniques [16,17], as

is described in a later section in brief.
2.2. Catalytic activity measurements

The room-temperature reaction of methanol (0.26–

7.8 vol.%) in air was carried out over the catalyst in static

mode and in the presence of direct solar radiation. Two

different catalytic reactors were employed for this purpose:

one made of pyrex glass and another of quartz. Both the

reaction cells were dimensionally identical (15 mm dia-

meter, 150 mm length), and were sealed at the top with the

help of a rubber septum. About 100 mg batch of a catalyst

sample was dispersed uniformly in the reaction cell and was

degassed appropriately before introduction of the reactants.

The final pressure was kept at around 1.2 bar. Experiments

were also conducted in the absence of solar radiation but

at elevated reaction temperatures, so as to evaluate the

thermal activity of the catalyst. A Chemito model-8510 gas

chromatograph, equipped with thermal conductivity detec-

tor (set at 120 8C) and Porapak-Q (100 8C), or alternatively

a Sperocarb (100 8C) column was employed for analysis of

reactants and products.

The average photon flux of sunlight, as measured by

uranyl oxalate actinometry [21], was found to be�3.1� 1014

and 2.9 � 1014 photons/s/cm2 using the quartz and pyrex

cells, respectively.

2.3. Spectroscopy studies

EPR spectra were recorded (Bruker ESP 300 X-band

spectrometer operating at 9–9.6 GHz, magnetic field

modulation at 100 KHz) at 6 db, 60 mW power, and at

different temperatures in the range 100–300 K. A dual cavity

system was employed for g-value calibration, using DPPH

(ge = 2.0036) as standard. About 10 mg sample placed in a

pyrex tube assembly fitted with greaseless joints and

stopcocks was exposed to methanol (7.8% v/v in N2) under

inert atmosphere, subjected to irradiation from a 400 W

medium pressure mercury lamp (model 3040, type PM 135,

serial no. H184, Applied Photophysics Ltd., UK) with a

photon flux = 6.5 � 1014 photons/s/cm2 for 2 h, and stored

immediately in liquid nitrogen.

Fluorescence measurements were made on a LS-55

Perkin-Elmer spectrofluorimeter. For in situ studies, the

equipment required consisted of triangular quartz cell

(1 cm � 1 cm) fitted with an appropriate septum arrange-

ment. Around 100 mg catalyst pretreated at 100 8C for 1 h

was placed in the quartz cell and was evacuated prior to

introduction of methanol vapor (7.8% v/v in air). A xenon

lamp (lex = 310 nm) served as a radiation source. The

fluorescence intensity was measured every half an hour.

Similar experiments were also carried out in the absence of

methanol.

In situ FTIR spectra of UO2þ
2 /MCM-41 and correspond-

ing pristine siliceous MCM-41 samples were recorded in

transmission mode using a high-temperature and high-

pressure stainless steel cell, prior to and after dosing

methanol at room temperature. An appropriate arrangement



K. Vidya et al. / Applied Catalysis B: Environmental 54 (2004) 145–154 147

Fig. 2. Comparative absorbance spectra of (a) UO2þ
2 /MCM-41 and (b)

TiO2.
was made for exposure of the sample to visible light by

fixing a small size 50-W incandescent light source inside the

IR cell. This helped in the in situ monitoring of the transient

species, without and in the presence of radiation. A self-

supporting sample wafer weighing �100 mg was evacuated

for 3–4 h at 10�3 Torr, prior to dosing of methanol vapor

(7.8% v/v) + air. A JASCO FTIR-610 spectrometer equipped

with a DTGS detector was employed, and 300 scans were

collected at a resolution of 4 cm�1 for recording each

spectrum. The values given in parentheses in some of the

figures represent the absorbance values of particular IR

bands and serve as an estimate of their relative intensity.

Methanol of Analytical reagent grade (SISCO Research

Laboratories, Mumbai, India) was purified by distillation

before use.

3. Results and discussion

3.1. The mode of uranyl binding onto the silicate matrix

Fig. 1 presents the typical fluorescence spectra of uranyl-

exchanged MCM-41 before (curve (a)) and after calcination

at 550 8C (curve (b)). For comparison, the fluorescence

spectrum of uranyl nitrate is shown in the inset of this figure.

We observe overlapping and broad fluorescence bands in

Fig. 1a in place of well-defined and sharp emission bands of

uranyl nitrate in the 450–600 nm range (Fig. 1, inset), which

are assigned to transitions between the vibrational level of

first excited electronic state (n0 = 0) to the vibrational levels

of ground electronic state (n00 = 0–5) of uranyl ions [22].

Apart from this, all the band positions are found to be shifted

to a higher wavelength, which is an indication of weakening

of the uranyl (O=U=O) linkages. These observations are

indicative of an interaction of UO2þ
2 ions with the silicate

(BSi–O� groups) matrix, as is discussed elsewhere in detail

[16,17]. A decrease in the intensity of emission bands after

calcination (curve (b)) is consistent with the XRD data,
Fig. 1. Fluorescence spectra of (a) uranyl-exchanged MCM-41 and (b)

uranyl-anchored MCM-41. The inset shows fluorescence spectrum of uranyl

nitrate dihydrate.
suggesting the transformation of some of the UO2þ
2 species

to non-fluorescent uranium oxides [17,18].

Curve (a) in Fig. 2 shows the DRUV-VIS spectrum of

UO2þ
2 /MCM-41 sample. As in the case of Fig. 1, the DRUV-

VIS spectrum of uranyl-anchored MCM-41 comprises of

broad and overlapping bands instead of sharp bands in uranyl

nitrate spectrum, arising due to definite transitions from

electronic levels coupled to O=U=O vibrations [23]. This

again may be attributed to the bonding of BSi–O� units to

linear O=U=O molecules in the equatorial plane forming a

uranate type of local structure [16,17]. FTIR study similarly

provided evidence for the strong binding of uranyl group,

[O=U=O]2+ with the BSi–O� sites of the MCM-41 matrix

[15]. Thermogravimetric-differential thermal analysis of

UO2þ
2 /MCM-41 exhibited a single weight loss of �18% and

a corresponding endothermic peak at �370 K, attributed to

the release of adsorbed water or weakly coordinated hydroxyl

groups. On the basis of above information and in

consideration of the stability requirement of a coordination

structure, the uranyl groups can be envisaged to be anchored

to the silicate matrix as follows (Scheme 1).

3.2. Absorbance spectra of UO2þ
2 /MCM-41 versus TiO2

Fig. 2b shows the comparative DRUV-VIS spectrum of

a TiO2 (anatase, surface area, 12 m2 g�1) sample. As

mentioned above, the absorbance of UO2þ
2 /MCM-41 shows

weak bands between 330 and 500 nm and progressively

stronger bands towards the ultraviolet region. The absor-

bance region of 200–500 nm in Fig. 2a matches with that of
Scheme 1. Uranyl-anchored MCM-41 catalyst UO2þ
2 /MCM-41.
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the isolated uranyl groups in aqueous medium. It is reported

that the spectra of a large number of uranyl complexes are

virtually independent of the chemical nature of the ligand,

but are strongly dependent of the total symmetry of the

complex [3]. The change in the relative intensity of various

absorbance bands in Fig. 2a as compared to that of the uranyl

groups in aqueous phase (see [3]) is thus a clear evidence

of these groups being in a constrained environment because

of their immobilization. Further, as is evident from the data

in Fig. 2a, the absorbance component of UO2þ
2 /MCM-41

in visible region would make it an ideal photocatalyst

for applications in sunlight, compared to a TiO2 photo-

catalyst with its absorbance mainly in the ultraviolet region

(Fig. 2b).

3.3. Photocatalytic activity

Shown in Fig. 3 is the photocatalytic activity of UO2þ
2 /

MCM-41 for the room temperature oxidation of methanol at

its varying concentrations in air, measured in a quartz

reaction cell in the presence of sunlight. No unreacted

methanol was observed under present experimental condi-

tions, indicating its complete adsorption/reaction over the

catalyst. The only products obtained were CO2 and water,

though no attempt was made for quantitative estimation of

the latter. As seen in data of Fig. 3, the reaction progress

depended upon methanol concentration, and 100% conver-

sion to CO2 was achieved within about 30 min time in case

of 0.26 vol.% methanol concentration in air (Fig. 3a). Even

though the overall CO2 yield was higher in the experiments

conducted with higher methanol concentrations in air, the

product yield in terms of percentage conversion was lower.

Therefore, a longer duration of exposure was needed in such

cases so as to achieve a 100% conversion to CO2 as depicted

in curves (b)–(d) of Fig. 3. This observation suggests that the

availability of uranyl ions at a particular stage may control

the overall progress of the reaction.
Fig. 3. Time-dependent variation in CO2 yield during oxidation of metha-

nol in air over UO2þ
2 /MCM-41 under irradiation in sunlight in a quartz cell.

Curves (a)–(d) represent methanol concentrations in air varying at 0.26, 1.3,

3.4, and 7.8 vol.%, respectively.
No formation of CO2 was observed in the parallel

experiments when performed on uranyl-free MCM-41

sample, even though a considerable amount of reactant

methanol was found to be adsorbed. Similarly, no formation

of CO2 was observed in room-temperature reaction of

methanol over UO2þ
2 /MCM-41 in the absence of radiation.

We also confirmed that the photolysis of methanol did not

occur in gas phase, i.e. in the absence of a catalyst.

Furthermore, experiments carried out using bulk a-U3O8 as

a catalyst under identical conditions did not result in the

measurable formation of CO2. These results thus clearly

provide an evidence of the crucial role played by the highly

dispersed uranyl ions in the studied photocatalytic process.

Fig. 4 presents the corresponding data on photocatalytic

oxidation of methanol in the exclusive presence of visible-

region radiation, collected using a pyrex glass cell under

identical reaction conditions. It can be seen that compared to

the results of Fig. 3, the conversion rates were lower when the

reaction was carried out in a pyrex cell, the effect being more

pronounced for higher concentrations of reactant methanol in

air (see Fig. 4c and d). Thus, at the lower concentrations of

methanol (<1.3 vol.%) in air (Fig. 4a and b), almost complete

conversion of methanol was achieved under visible radiation,

although after a longer radiation exposure compared to that

shown in Fig. 3. For instance, with 0.26% concentration of

methanol in air, 100% conversion to form CO2 was observed

after 30 and 90 min of irradiation time, when the reaction was

carried out in the cells made of quartz and pyrex glass,

respectively. These results thus confirm that the UO2þ
2 /MCM-

41 sample is active for both the visible and UV region

radiation, even though the overall yield may depend upon the

wavelength. The dependence of this photocatalytic process on

the wavelength of incident radiation is being further

investigated in our laboratory. Meanwhile, the present results

are significant and confirm that the uranyl ions anchored in

mesopores of MCM-41 indeed behave as visible light

photocatalysts.
Fig. 4. Time-dependent variation in CO2 yield during oxidation of metha-

nol in air over UO2þ
2 /MCM-41 under irradiation in sunlight in a pyrex cell.

Curves (a)–(d) represent methanol concentrations in air varying at 0.26, 1.3,

3.4, and 7.8 vol.%, respectively.
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Fig. 5. Temperature-dependent variations in CO2 yield during oxidation of

methanol in air over UO2þ
2 /MCM-41 in the absence of irradiation. Curves

(a)–(d) represent methanol concentrations in air varying at 0.26, 1.3, 3.4,

and 7.8 vol.%, respectively.
Fig. 5 presents data on the temperature-dependent catalytic

activity of UO2þ
2 /MCM-41 for oxidation of methanol in the

absence of radiation. It can be seen that the formation of

products, viz., CO2, begins only at �250 8C for lower

concentrations of methanol in air and at around 300 8C for

higher concentrations. As reported by us earlier [17,18], the

presence of UOX moieties in the mesopores of MCM-41 and

MCM-48 are responsible for this catalytic oxidation of

methanol, where the involvement of lattice oxygen plays a

vital role. A number of studies reported by other authors

similarly report that the supported oxides of uranium are

active for the destruction of VOCs at temperatures above

350 8C [24–27]. In that respect, it is apparent that the room-

temperature photocatalytic oxidation over UO2þ
2 /MCM-41

(Figs. 3 and 4) has an edge over the conventional catalytic

combustion, in that it effects the complete oxidation under the

ambient conditions of sunlight and air.
Fig. 6. Time-dependent variation in CO2 yield during oxidation of metha-

nol in air over TiO2 under irradiation in sunlight in quartz cell. Curves (a)–

(d) represent methanol concentrations in air varying at 0.26, 1.3, 3.4, and

7.8 vol.%, respectively.
Fig. 6 gives the comparative data on photooxidation of

methanol over TiO2 catalyst, when measured in a quartz

cell. As seen from a comparison of Figs. 3 and 6, the

UO2þ
2 /MCM-41 is much more effective in terms of the

time-dependent rate of oxidation of methanol as compared

to bulk TiO2. For instance, while 100% CH3OH ! CO2

conversion took place in less than 30 min using UO2þ
2 /

MCM-41 (Fig. 3a) for methanol concentration feed at

0.26 vol.%, the corresponding time in the case of TiO2 was

around 90 min (Fig. 6a). A similar trend is noticed in

curves (b)–(d) of these figures for higher concentrations of

methanol in air. It is also of interest to notice that while the

reaction is almost instantaneous in case of results in Fig. 3,

there is an induction period of about 30 min in case of the

data in Fig. 6.

Based on the results presented in Figs. 3 and 6, we

surmise that the more efficient and fast response photo-

catalytic behavior exhibited by UO2þ
2 /MCM-41 vis-à-vis

TiO2 may arise not only because of the visible region

absorbance of the former but also because of the two

distinct mechanistic routes followed. Thus, as is well

documented, the TiO2 photocatalyzed oxidation proceeds

via electron hole pairs generated upon UV-induced band

gap excitation, where electrons or holes interact with

reactant molecules to form molecular or ionic radicals in

excited state that undergo molecular transformation leading

thereby to product formation. The quantum efficiency of

this process depends upon various possible recombination

modes of these species, the details of which are described in

literature [28]. In the case of uranyl groups, an electron

transfer from methanol molecule to photo-excited UO2þ
2

(i.e. *UO2þ
2 ) would lead to the formation of a U(V)-

molecule radical cation complex [3]. The deprotonation

within the radical pair will give rise to formation of

methoxyl radical resulting eventually in its decomposition/

oxidation. The efficiency of this overall electron transfer

process between the excited uranyl ion and methanol

molecule, or for that matter any other organic molecule, is

expected to be close to 100%. This explains the

instantaneous and the high photocatalytic activity of

UO2þ
2 /MCM-41 as demonstrated in Fig. 3.

3.4. In situ EPR and fluorescence studies

In the sections that follow, we describe the results of in

situ fluorescence and EPR studies that help in establishing

the valence fluctuation of uranium during the photocatalytic

oxidation of methanol.

Curves (a)–(e) in Fig. 7 depict the EPR spectra of UO2þ
2 /

MCM-41 under the various conditions of radiation exposure.

As observed in Fig. 7a, the irradiated catalyst did not show

EPR signal in the absence of methanol except for a broad

background. When the sample was exposed to methanol

vapor followed by irradiation, a highly symmetric EPR

signal at a g-value of 1.65 was observed, and this signal was

found to be stable on raising the sample temperature to
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Fig. 7. EPR spectra of UO2þ
2 /MCM-41 irradiated for 2 h in visible light in

the presence of methanol (7.8 vol.%) under an inert atmosphere. (a) No

methanol, (b–d) recorded in the presence of methanol at different sample

temperatures of 100, 200, and 300 K, respectively, (e) sample in (d) exposed

to atmosphere.

Fig. 8. Decrease in intensity of fluorescence spectra of UO2þ
2 /MCM-41 in

the presence of methanol vapor monitored as a function of irradiation time.

The inset shows the fluorescence spectra of UO2þ
2 /MCM-41 in the absence

of methanol vapor.
300 K (Fig. 7b–d). Subsequent exposure to air resulted in the

disappearance of the EPR signal (Fig. 7e).

It is well documented that the uranium exhibits an EPR

signal in its trivalent [U(III)] and pentavalent [U(V)]

oxidation states. U(III), however, is known to give a

multiplet signal with gx, gy, and gz components due to lifting

of degeneracy of the f 3 configuration [29]. On the other

hand, the magnetic properties of U(V) are known to differ

with the nature of the compound, the crystal field interaction

of the matrix material, and the interaction with neighbouring

atoms, with g-value of the EPR signal being reported to

range from 1.25 to 2 [29]. Therefore, the EPR signal in Fig. 7

could be attributed to the 5+ oxidation state of uranium,

produced due to photo-induced electron transfer from

methanol to *UO2þ
2 . The disappearance of the signal on

exposure to air (Fig. 7e) confirms the reversible and active

participation of U(VI) as active sites.

The participation of uranyl ions in the photocatalytic

process was also corroborated by the fluorescence spectra of

UO2þ
2 /MCM-41 catalyst. Fig. 8 shows in situ fluorescence

spectra of UO2þ
2 /MCM-41 in the presence of methanol

vapor (7.8% v/v in air), which exhibits a gradual decrease in

intensity when monitored as a function of irradiation time.
Since the uranyl ions in 6+ valence state are the only form of

uranium that fluoresce [22], the observed decrease in

intensity provides an evidence of U(VI) ! U(V) transfor-

mation as a result of photoexcitation. We may mention that

no such intensity change was detected when the fluorescence

spectra of UO2þ
2 /MCM-41 were recorded in the absence of

methanol, as shown in the representative data included in the

inset of Fig. 8. These results thus confirm the lowering of the

oxidation state of U(VI), because of the electron transfer

from methanol molecules.

3.5. In situ FTIR study of surface adsorbed species

Fig. 9 exhibits the prominent IR bands in stretching and

deformation regions, when UO2þ
2 /MCM-41 sample was

exposed to methanol vapor (7.8 vol.%) + air at room

temperature, prior to (curve (a)) and after 5 min exposure to

visible radiation (curve (b)). Spectrum (c) was plotted after

post-irradiation evacuation of the sample. The correspond-

ing vibrational bands formed over uranium-free MCM-41

sample on exposure to CH3OH are depicted in Fig. 10. In the

following, we discuss some salient features of these IR

results.

(i) IR spectra of Fig. 9a and Fig. 10a exhibit that a large

amount of methanol gets adsorbed over UO2þ
2 /MCM-41 and

siliceous MCM-41 samples, as seen from the strong bands in

the 3500–2000 cm�1 and 1800–1275 cm�1 regions, even

though the nature of binding and the amount adsorbed were

different. This becomes apparent since the y(OH) band of

adsorbed methanol appears at different frequencies, i.e. at

3207 cm�1 in case of MCM-41 (Fig. 10a) and at 3178 cm�1

for UO2þ
2 /MCM-41 (Fig. 9a), indicating the stronger

adsorption of methanol and hence the weakening of O–H

bonding in case of U-containing sample. The weak bands

appearing at around 3002 and 2922 cm�1 in these figures

may be identified with the asymmetric and symmetric C–H
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Fig. 9. In situ FTIR spectra of UO2
2+/MCM-41 with methanol in the absence of irradiation at room temperature for (a) 5 min, and in the presence of irradiation

for (b) 5 min (e) post-radiation evacuation for 5 min.
stretching vibrations of adsorbed methanol. The assignment

of these bands is validated by their instant removal on

evacuation (curve (c), Figs. 9 and 10) [30].

The prominent IR bands observed at �2954 and

2847 cm�1 and a shoulder at �2818 cm�1 in Fig. 9a and

Fig. 10a may be assigned to yas(CH3), ys(CH3), and

2ds(CH3) vibrations of widely reported methoxy groups [30–

40], bonded to the framework silanol groups of the host
Fig. 10. In situ FTIR spectra of MCM-41 with methanol in the absence of irradiatio

5 min (e) post-radiation evacuation for 5 min.
matrix (i.e. BSi–OCH3). In the corresponding deformation

region, das(CH3) and ds(CH3) vibrations of (Si–OCH3 give

rise to bands at �1466 and 1450 cm�1 (Fig. 9a and Fig. 10a).

The additional bands observed in Fig. 9a at �2792 and

�2612 cm�1 (seen more clearly in the deconvoluted

spectrum) could be attributed to the asymmetric and

symmetric C–H stretching of methoxy groups bonded to

uranium, i.e. U–OCH3, since these bands were not observed
n at room temperature for (a) 5 min, and in the presence of irradiation for (b)
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in the case of siliceous MCM-41 sample (see Fig. 10a), as is

also reported before [41].

Further, weak band at �2542 cm�1 was observed only for

adsorption of methanol over UO2þ
2 /MCM-41 (Fig. 9a) and

not on U-free sample (Fig. 10a). This band is characteristic

of 2d(CH) vibrations of the formate group [30], and their

formation has been reported earlier in adsorption of

methanol over uranium oxides at room temperature [41]

and also on various other metal oxide systems at elevated

temperatures [30,31,40]. Other bands due to the formate

group such as yas(CO2) + d(CH), and y(CH) are masked by

the bands due to methoxy groups and adsorbed methanol

and hence are not seen clearly. The corresponding deforma-

tion region bands are however, observed at �1580 and

1375 cm�1 (broad band) corresponding to yas(COO�),

d(CH2), and ys(COO�) vibrations of formate group. Further,

the band at �1375 cm�1 could also be attributed to the

d(COH) of the adsorbed, undissociated methanol [30]. In

siliceous MCM-41, the formation of formate species was not

observed, as seen in Fig. 10a.

(ii) Various changes were noticed in the above-mentioned

vibrational bands when the samples were subjected to visi-

ble light irradiation following adsorption of methanol. For

instance, the formation of new bands at �1570 and 1368–

1300 cm�1 was observed only in case of UO2þ
2 /MCM-41

sample (Fig. 9b), and the intensity of these bands increased

with the increasing radiation dose as measured by their

absorbance value. These bands are assigned to yas(COO�),

d(CH2), and ys(COO�) vibrations of the formate groups

attached to uranium [31,32,40]; and the growth in their

concentration as a function of radiation dose is depicted in

Fig. 11. No such bands were formed in the case of pristine

MCM-41 (Fig. 10b), thus indicating that uranyl sites are

solely responsible for this photocatalytic process.

(iii) The methoxy groups ((Si–OCH3) were found to be

rather stable and were detectable even after long duration of

irradiation.
Fig. 11. Plot of intensity of band at 1569 cm�1 with respect to irradiation

time.
We may thus conclude that the silanol groups of MCM-41

and the excited uranyl groups anchored on to the walls serve

as independent adsorption sites for methanol molecules.

Since no photooxidation of methanol occured in case of U-

free MCM sample, it is surmised that the BSi–OCH3 groups

may play no significant part in the photocatalytic process.

On the contrary, the molecules adsorbed at the *UO2þ
2 sites

may undergo oxidation reaction via the formation of the

above described formate-type species in the presence of

radiation. The active and reversible participation of uranyl

groups in this photocatalytic process occurs via formation of

U(V) or UO2þ
2 species, as is established clearly by the in situ

EPR and fluorescence spectroscopy investigations.

Based on the observations described above, we infer that

the hydrogen abstraction by *UO2þ
2 leads to the formation of

a carbon centred radical, which is accompanied by the

reduction of UO2þ
2 to UOþ

2 , as observed by EPR and

fluorescence spectroscopy study. The carbon centred radical
Scheme 2. Reaction mechanism of photooxidation of methanol over UO2þ
2 /

MCM-41.
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in turn may react with oxygen to form an alkylperoxy

complex, which in turn reacts with UOþ
2 to give rise to

formate-type species (Fig. 9). The formate species may

ultimately lead to carbon dioxide formation under the higher

flux of irradiation.

In summary, the reaction steps that may occur on UO2þ
2 /

MCM-41 during the interaction of methanol at room

temperature, without and in the presence of radiation may be

identified as follows.

3.5.1. Reaction occurring at framework silanol sites

Silanol groups interact with methanol to form stable

methoxy groups, i.e.

BBSi�OH �!
CH3OH

BBSi�OCH3

3.5.2. Reactions occurring at uranyl groups

Various redox transformations that may occur over

UO2þ
2 /MCM-41 as a result of sunlight irradiation following

methanol adsorption at uranyl sites may be represented by

the following reaction routes (Scheme 2).
4. Conclusions

In the present study, we have demonstrated for the first

time that the thermally stable uranyl ions anchored within

the mesoporous MCM-41 matrix may serve as highly

efficient photocatalysts in the complete oxidation of

methanol, a typical VOC, under the conditions of relevance

for treatment of industrial effluents. The photocatalytic

activity was determined under the presence of ambient

sunlight and was found to be high even under conditions

where only the visible part of sunlight was available (l >
400 nm). This proves that the uranyl-anchored MCM-41

behave as a true ‘visible light’ photocatalyst. The UO2þ
2 /

MCM-41 samples were found to be more efficient under

solar radiation as compared to a TiO2 photocatalyst in terms

of photon efficiency. This is attributed to not only the

difference in the absorbance, but also to the different

mechanistic routes followed.

In situ EPR and fluorescence studies revealed that U(VI)

or UO2þ
2 in its excited state is an active and reversible

participant in the photocatalytic process. Further, with the

help of in situ FTIR technique, we were able to monitor

some of the intermediate species formed over the catalyst

surface. These studies revealed that certain formate-type

species were produced at uranyl sites in the presence of

radiation and resulted ultimately in the formation of CO2.
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[40] V. Lochař, J. Machek, J. Tichý, Appl. Catal. A: Gen. 228 (2002) 95.

[41] D. Kumar, V.S. Kamble, N.M. Gupta, Catal. Lett. 88 (2003) 175.


	Uranyl-anchored MCM-41 as a highly efficient photocatalyst for �the complete oxidation of methanol under sunlight
	Introduction
	Experimental
	Catalyst preparation and characterization
	Catalytic activity measurements
	Spectroscopy studies

	Results and discussion
	The mode of uranyl binding onto the silicate matrix
	Absorbance spectra of UO_{2}^{2+}/MCM-41 versus TiO2
	Photocatalytic activity
	In situ EPR and fluorescence studies
	In situ FTIR study of surface adsorbed species
	Reaction occurring at framework silanol sites
	Reactions occurring at uranyl groups


	Conclusions
	Acknowledgements
	References


