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Abstract
In the present piece of research photocatalytic activity of TiO2 and V2O5 (as measured for gas-phase selective photoxidation of propan-2-ol) is

substantially improved through their sol–gel synthesis on USY zeolites. The decrease in the crystallite size of TiO2 (anatase) and V2O5 thus

exhibiting the so-called quantum size effect (as determined by XRD and UV–vis spectroscopies, respectively) is to account for that. In the case of

vanadium, the use of zeolites means a decrease in selectivity to acetone whereas no noticeable change is observed for titanium. Subsequent

photodeposition of platinum on the Ti- and V-containing zeolites results in a sharp increase in molar conversion, low or negligible deactivation with

a time-on-stream of 5 h and significant increase in selectivity to acetone which was in the range 90–96%.
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1. Introduction

The main application of heterogeneous photocatalysis (at

least as far as the number of the publications on the topic is

concerned) is degradation of pollutants present in waters

through complete mineralization [1–3]. One could think of the

possibility of selectively oxidizing the pollutant to a non-toxic

high-valued chemical which would be even more interesting

though, unfortunately, it is not possible in aqueous media.

There are some examples in the literature of selective

adsorption of a chemical making use of the shape-selectivity

(zeolites) [4] or the so-called adsorb-and-shuttle concept [5,6].

These approaches allow selective adsorption though once

adsorbed, the chemical will tend to be mineralized. Never-

theless, selective oxidations can be performed in non-aqueous

media. Therefore, gas-phase selective oxidation of propan-2-ol

to acetone is often used as a model reaction for characterization

of photocatalytic activity [7–9].
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As regards the photocatalyst itself, titania is by far the most-

widely used system, but it has some drawbacks such as the

absorption in the UV-region or the low surface area. In this

sense, as pointed out by Corma and Garcı́a [10], some of the

advantages of using zeolites in photocatalysis are as follows:
(i) H
igh surface area, thus enabling high adsorption of

chemicals to be photo-oxidised/reduced.
(ii) T
ransparency to UV–vis radiation above 240 nm thus

allowing a certain penetration of the exciting light into the

powder which can be useful in order to allow exciting light

to reach a photoactive guest.
(iii) P
ossibility to vary the chemical composition of framework

and out-of-framework position in a large extent, thus

rendering these molecular sieves photoactive (e.g. intro-

ducing Ti or V atoms).
(iv) P
ossibility to modulate both the micropolarity of the

zeolite interior and the size of the channels.
Two of the most common methods of preparation of titania

into zeolites are ion exchange from titanyl solutions [11,12] or

hydrolysis of titanium alkoxide [13,14].
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The relatively high electron–hole recombination rate of

TiO2 constitutes an additional drawback since it is detrimental

to its activity. In this sense, doping with metals could make a

double effect: (i) firstly, it could reduce the band gap energy,

thus shifting the absorption band to the visible region and (ii)

secondly, metals could provoke a decrease in electron–hole

recombination rate, acting as electron traps.

The present piece of research is aimed at exploring the

possibility of improving the photocatalytic activity of titania,

vanadia and zinc oxide through their sol–gel synthesis on USY

zeolites and the subsequent doping with Pt or Ag.

2. Experimental

2.1. Synthesis of Ti, V and Zn-containing zeolites

Zeolite-based photocatalysts were synthesized through the

sol–gel method starting from titanium isopropoxide

[Ti(OCH(CH3)2)4,] vanadyl acetylacetonate [VO(acac)2] and

zinc acetylacetonate [Zn(acac)2] which were incorporated, in a

nominal content of 2 mmol/g of catalyst, on USY (Si/Al = 62

and 4.7) zeolites.

In order to obtain titanium-containing systems, 10 g of

zeolite previously treated at 400 8C in air flow for 4 h were

introduced in a 250 mL round-bottom flask together with

60 mL of propan-2-ol and 6.14 mL titanium isopropoxide. The

mixture was heated at ca. 90 8C (propan-2-ol reflux) for 14 h.

Then, a solution of 322.5 mg dipicolinic acid in a mixture of

20 mL propan-2-ol and 2.5 mL water was added in order to

favor formation of the gel and the mixture was kept under reflux

for two more hours. The solid was then vacuum-filtered and

washed with 10 mL of propan-2-ol three times. Finally, the

system was calcined at 550 8C for 4 h in static air.

Incorporation of zinc and vanadium into zeolites was carried

out in a similar way as described for titanium-systems but using

2.5 mL of 6.7 M ammonia solution as the precipitation agent

instead of the dipicolinic acid mixture. Moreover, vanadyl

acetylacetonate had to be previously dissolved in 2 mL 30%

HNO3.

For comparative purposes, pure TiO2, ZnO and V2O5 were

also obtained by the same sol–gel process as described above.

All chemicals were obtained from Aldrich. Zeolites were

purchased from Zeolyst Int. (CBV300 and CBV780). Prior to

its use, CBV300 was calcined at 550 8C for 4 h in static air in

order to convert it to its acidic form.

The nomenclature of the systems include the zeolite type

(USY), together with a prefix indicating the atom (Ti, V or Zn)

incorporated into the zeolite and a suffix corresponding to the

Si/Al ratio as determined by ICP-MS. Therefore, for instance,

Ti-USY62 refers to the USY zeolite with Si/Al = 62 into which

titanium has been incorporated.

2.2. Further incorporation of platinum and silver

The most active systems containing V and Ti were then

selected to incorporate Ag and Pt using silver or platinum (II)

acetylacetonates (Aldrich) as the corresponding precursors.
Incorporation was performed either by impregnation or

photodeposition.

2.2.1. Impregnation method

1.5 g of zeolite-based photocatalyst are introduced in a

round-bottom flask together with the appropriate amount of the

Ag or Pt precursor as to have a nominal (Pt or Ag)/(Ti or V)

atomic ratio of 0.1 dissolved in 400 mL propan-2-ol. The

vanadium and titanium content in zeolites had been previously

determined by inductively coupled plasma-mass spectrometry

(ICP-MS). The mixture is submitted to vigorous stirring while

propan-2-ol is distilled. The solid is then vacuum-filtered and

washed three times with volumes of 15 mL of propan-2-ol.

Finally, the system is calcined in static air at 550 8C for 4 h, thus

yielding the solids belonging to the ‘‘I’’ series (standing for

Impregnation).

2.2.2. Photodeposition method

Photodeposition of Pt and Ag was carried out in a Pyrex

cylindrical double-walled immersion well reactor (23 cm long,

5 cm internal diameter, with a total volume of ca. 450 cm3)

open to air starting from 1.5 g of zeolite and the Pt and Ag

precursor dissolved in 400 mL propan-2-ol. Irradiation of the

reaction solutions was carried out by using a medium pressure

125 W Hg lamp (lmax = 365 nm) supplied by Photochemical

Reactors Ltd. (Model 3010). Lamp output was calculated to be

ca. 1.5 � 10�3 einstein/s (potassium ferrioxalate actinometry).

Water used for cooling was thermostated at 20 8C. Constant

agitation of the suspension was insured by a magnetic stirrer

placed at the reactor base. Further details on the experimental

device are given elsewhere [15]. Irradiation time was 2 h. The

systems were vacuum-filtered, washed with propan-2-ol and

calcined at 550 8C for 4 h, thus yielding the solids belonging to

the ‘‘P’’ series (standing for Photodeposition).

The nomenclature of the systems includes a prefix referring

to the incorporation method (impregnation or photodeposition)

and the metal incorporated (Ag or Pt). Therefore, for instance,

PPt-Ti-USY62 refers to a USY zeolite with a Si/Al ratio equal

to 62, to which titanium had been incorporated by the sol–gel

method and platinum was then added by photodeposition.

2.3. Characterization

Elemental analyses were carried out by the staff at the

Central Service for the support of research (SCAI) at the

University of Córdoba. Measurement was made on a ICP-MS

ELAN-DRC-e (Perkin Elmer), after dissolution of the samples

in a H2SO4:HF:H2O (1:1:1) mixture. Atomic spectroscopy

standards from Inorganic Ventures Inc. (ISO-CAL-28, ISO-

CAL-29, ISO-CAL-30 and CGAU1-1) were used for calibra-

tion.

As far as EDX analyses are concerned, they were performed

on a JEOL JSM-6300 SEM apparatus operating at an

accelerating voltage of 20 keV with a resolution of 65 eV.

EDX values corresponded to the average value of four

measurements carried out at different areas of the solid with

an amplification of 5000�.
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The textural properties of solids (specific surface area, pore

volume and mean pore radius) were determined from nitrogen

adsorption–desorption isotherms at liquid nitrogen temperature

by using a Micromeritics ASAP-2010 instrument. Surface areas

were calculated by the BET method, while pore distributions

were determined by the BJH method. Prior to measurements,

all samples were degassed at 200 8C to 0.1 Pa. Moreover, as

recommended elsewhere [16] for adsorption isotherms,

nitrogen gas was dosed onto the samples in increments of

3 mL/g of solid for data points below 0.03 P/P0.

X-ray analyses of solids were carried out using a Siemens D-

5000 diffractometer provided with an automatic control and

data acquisition system (DACO-MP). The patterns were run

with nickel-filtered copper radiation (l = 1.5406 A) at 40 kV

and 30 mA; the diffraction angle 2u was scanned at a rate of

28 min�1. The average crystallite size of anatase in pure TiO2

and V2O5 was determined according to the Scherrer equation

using the full-width at half maximum (FWHM) of the peaks

corresponding to 1 0 1 and 0 0 1 reflections, respectively, and

taking into account the instrument broadening.

FT-Raman spectra were obtained on a Perkin-Elmer 2000

NIR FT-Raman system with a diode pumped Nd:YAG laser

(9394.69 cm�1). It was operated at a resolution of 4 cm�1

throughout the 3600–200 cm�1 range to gather 64 scans. Laser

power was set at 300 mW.

Diffuse reflectance UV–vis spectra were performed on a

Cary 1E (Varian) instrument, using barium sulphate as

reference material. Band gap values were obtained from the

plot of the modified Kubelka–Munk function [F(R1)E]1/2

versus the energy of the absorbed light E. [17,18]. Regarding

absorption threshold, it was determined according to the

formula [19]:

l ¼ hc

Egap

¼ 1240

Egap

FT-IR spectra were recorded over a wavenumber range 400–

4000 cm�1 on a Bomen MB-100 FT-IR spectrophotometer. The

pellets were prepared by mixing the powdered solid with KBr in

a 5:95 (w/w) ratio.

2.4. Photocatalytic experiments

In photocatalytic experiments, 20 mL min�1 of a He:O2

(90:10, v/v) mixture previously bubbled through propan-2-ol at

0 8C was allowed into the photocatalytic reactor, in which

30 mg of catalyst (previously heated for 8 h at 400 8C in N2

flow) had been placed. The fix bed of the catalyst is in contact

with the gas flow. UV light (UV Spotlight source Lightning-

cureTM L8022, Hamamatsu, maximum emission at 365 nm)

was focalized on the sample compartment through an optic

fiber. Reactor was thermostated by circulating water at 20 8C
through the external wall. Radiant flux in the catalyst

compartment was measured to be 1.1 W cm�2 (Hamamatsu

UV-meter, C6080-03 Model). Reactor was on-line connected to

a HP6890 chromatograph equipped with a six-way valve, a HP-

PLOTU column (30 m long, 0.53 mm i.d., 20 mm film
thickness) and a Ni methanator (Agilent Part Number

G2747A) which allowed us to determine the percentage of

CO2 resulting from mineralization of propan-2-ol. Further

details on the photocatalytic device are given elsewhere [20].

3. Results and discussion

3.1. First screening and characterization of the most active

systems

Results found for the systems of vanadium and titanium

incorporated to USY zeolites in the gas-phase selective

oxidation of propan-2-ol are given in Fig. 1. For the sake of

comparison, those achieved with the corresponding pure

vanadia and titania systems have also been included. Zn-

containing systems are not represented since they gave molar

conversions below 1%. Therefore, such systems were already

ruled out at the early stages of the screening.

For all the systems studied in the present work, the main

products detected were acetone, acetaldehyde, propene and

carbon dioxide with traces of methanol and acetic acid. The

suggested mechanisms for their obtaining are as follows:

CH3CHOHCH3 ! CH3 CH¼CH2þH2O ðdehydrationÞ

CH3CHOHCH3þO2 ! CH3COCH3þ 2OH�

ðselective oxidation to acetoneÞ

CH3CHOHCH3þ 2OH� ! CH3COH þ CH3OH þ H2O

ðoxidative cleavageÞ

Xu and Raftery [21] studied photocatalytic oxidation of 2-

propanol on TiO2 by in situ solid-state NMR reporting two

adsorbed 2-propanol species accounting for two parallel routes

for 2-propanol photocatalytic oxidation. The first route

occurred with the formation of acetone from the H-bonded

2-propanol species followed by aldol condensation of acetone

to form mesityl oxide. In our case, diaceton-alcohol (which on

dehydration would yield mesityl oxide) was also observed by

mass spectrometry. The second route reported by the authors

implies the relatively rapid and complete oxidation of 2-

propoxide to CO2. Moreover, CO2 could result from complete

mineralization of any of the above-mentioned organic

compounds.

Finally, the fact that acetaldehyde is obtained in much higher

yield than methanol seems to suggest the existence of any other

routes for its obtaining. Some authors have suggested that

acetaldehyde can be obtained through fragmentation of mesityl

oxide coming from acetone condensation [21]. Alternatively,

acetaldehyde could come from propene oxidation. Oxidation of

acetaldehyde would result in acetic acid formation. In any case,

the reaction mechanism requires further studies.

Results shown in Fig. 1 are represented in terms of initial

(t = 0 h) and final (time-on-stream of 5 h) molar conversion and

final selectivity to acetone and CO2. Some features concerning

characterization of the systems are summarized in Table 1.

From Fig. 1 it is clear that the use of zeolites leads to a

substantial increase in activity which is especially considerable



Fig. 1. Results obtained for the gas-phase selective photooxidation of propan-2-ol with the vanadium and titanium-based systems synthesized in the present work. For

the sake of comparison, results achieved with USY62 and physical mixtures of such a zeolite with either commercial (Degussa P25) or our pure TiO2 have also been

included.
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for those systems with the higher Si/Al ratio. The greater extent to

which Ti and V have been incorporated to USY62 as compared to

USY4.7 together with the higher surface area (see Table 1) could

account for that. In the case of vanadium-containing systems, the

utilization of zeolites means a noticeable decrease of selectivity

to acetone whereas no change is observed for titanium-

containing ones, their selectivity to acetone remaining in the

70–75% range (see the inset in Fig. 1).
Table 1

Some features concerning characterization of the systems synthesized in the prese

Catalyst UV–vis ICP-MS

Band

gap (eV)

Absorption

threshold (nm)

Ti, V or Zn/g

catalyst (mmol)

1. USY62 – – –

2. USY4.7 – – –

3. TiO2 3.07 404 12.5

4. Ti-USY62 3.29 377 1.8

5. Ti-USY4.7 3.30 376 1.4

6. V2O5 2.16 574 11.0

7. V-USY62 2.23 556 1.5

8. V-USY4.7 2.17 571 0.9

9. ZnO 3.22 385 12.3

10. Zn-USY62 3.24 382 1.5

11. Zn-USY4.7 3.24 382 1.1

12. PPt-Ti-USY62 3.24 382 1.5

13. IPt-Ti-USY62 3.41 364 1.5

14. PPt-V-USY62 2.08 596 0.7

15. IPt-V-USY62 2.05 605 0.5

16. PAg-Ti-USY62 3.29 377 1.5

17. IAg-Ti-USY62 3.35 370 1.5

18. PAg-V-USY62 2.07 599 0.9

19. IAg-V-USY62 2.06 602 0.6
Finally, it is noteworthy that all zeolitic materials present a

relatively high deactivation (ca. 30%).

One could think that, as data are expressed for the same

catalyst weight (30 mg), the higher conversion of zeolitic

materials as compared to pure oxides is just the result of their

much higher surface area. Therefore, for instance, Ti-USY62

has a BET surface area of 589 m2/g whereas TiO2 only has

6 m2/g. In order to rule out such a possibility, once titanium
nt work

EDX N2 isotherms

Metal/(Ti or V)

(at.%)

Metal wt.% in

the solid

Metal/(Ti or V)

(%)

SBET (m2/g)

– – – 691

– – – 663

– – – 6

– – – 589

– – – 476

– – – 5

– – – 427

– – – 22

– – – 9

– – – 562

– – – 64

2.5 0.71 6.5 580

0.1 0.04 4.6 609

0.8 0.11 11.6 437

0.1 0.01 1.8 477

9.7 1.57 10.3 565

11.5 1.90 14.8 581

36.8 3.40 41.5 533

30.3 1.92 31.3 533



Fig. 2. XRD spectra of some systems synthesized in the present work. Vertical

arrows on V2O5 and TiO2 spectra indicate their 0 0 1 and 1 0 1 reflections,

respectively.
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content in zeolites had been determined by ICP-MS (see

Table 1), an experiment on a physical mixture of USY62 and

TiO2 (at the same Ti/zeolite ratio) was performed. As can be

seen in Fig. 1, molar conversion thus achieved was significant

lower than the one obtained with Ti-USY62 (2.1% and 31.0%,

respectively, after 5 h). A physical mixture of Degussa P25 (a

well-known highly active photocatalyst) and USY62 did

neither give as good results as Ti-USY62, its molar conversion

for t = 5 h being 9.2%.

Results obtained in this preliminary screening for the

different systems prompted us to choose Ti-USY62 and V-

USY62 zeolites for further modification through the doping

with platinum and silver.
Fig. 3. Raman (A) and FT-IR (B) spectra of some of the systems synthesi
Such zeolite-based photocatalysts were firstly fully char-

acterized in order to search for the reason for their high activity

as compared to pure oxides. In this sense, a crucial question to

answer was the way titanium and vanadium had been

incorporated into the zeolite. Therefore, XRD (Fig. 2), FT-

Raman and FT-IR spectroscopies (Fig. 3) were used.

As far as Ti-USY62 is concerned, XRD spectrum (Fig. 2)

hardly show bands of TiO2 which suggest that either the content

in such oxide is very low or its crystal size is quite small. ICP-

MS results (Table 1) allow us to rule out the first possibility

since titanium weight percentage in Ti-USY62 is ca. 8.5%

(14% expressed as titania). On the other hand, pure TiO2 was

determined to consist of 100% anatase particles with an average

cristal size of 20 nm (as determined from 1 0 1 reflection at

2Q = 25.308). The presence of 100% anatase was confirmed by

FT-Raman spectroscopy. Therefore, TiO2 Raman spectrum

(Fig. 3A) exhibits theree main peaks centered at ca. 399, 518

and 640 cm�1, attributed to fundamental vibrational modes of

anatase B1g, A1g + B1g and Eg, respectively [22]. In the case

of Ti-USY62, B1g and Eg fundamental vibrational modes of

anatase are also present whereas the one corresponding to

A1g + B1g mode probably overlaps with one band already

present in USY62 at ca. 520 cm�1. These results, together with

the above-mentioned comments on XRD spectra, suggest that

titanium is present in zeolites as small crystallites of anatase.

FT-IR spectra of USY62 and Ti-USY62 are depicted in

Fig. 3B. No significant increase in the shoulder appearing at ca.

950–960 cm�1 is observed on the introduction of titanium into

the zeolite. Since Si–O–Ti vibrations are reported to appear in

such a region [23,24], these results seem to suggest that titanium

has not been incorporated into the zeolitic structure. Instead,

small anatase crystallites were deposited on the USY zeolite.

UV–vis reflectance spectra of TiO2 and Ti-USY62 are

represented in Fig. 4A. As can be seen, the formation of TiO2 on

the USY zeolite results in a blue-shift in the absorption
zed in the present work. The suffix ‘‘AR’’ stands for ‘‘after reaction’’.



Fig. 4. UV–vis spectra of some titanium-based (A) or vanadium-based (B) photocatalysts.
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spectrum as compared to bulk titania. Such a shift to the shorter

wavelength in the absorption band of titanium oxides can be

attributed to the size quantization effect due to the presence of

Ti-oxide particles smaller than 10 nm [25,26] and could

account for the high photocatalytic activity of Ti-USY62.

As regards V-USY62, its XRD spectrum is represented in

Fig. 2. In a similar way as described for Ti-USY62, no bands

corresponding to V2O5 are observed, which again suggest that

if present such an oxide has a low crystallite size. As far as pure

V2O5 is concerned, its crystallite size as determined from 0 0 1

reflection at ca. 2Q = 20.298, was 83 nm. Raman spectroscopy

of V-USY62 (Fig. 3A) shows bands at 285, 993 and 699 cm�1

which confirms the presence of crystalline V2O5 [27,28]. No

band at 1039 cm�1, corresponding to stretching vibration of

terminal V O bonds in monomeric, tetrahedral vanadia surface

species with three bonds to the support surface ((SiO)3 V O) is

observed [27]. This finding, together with the no change in the

950–960 cm�1 region (attributed to Si–O–V stretching vibra-

tion) in V-USY62 [29,30] as compared to USY62, suggest that

vanadium has not been incorporated into the zeolitic structure.

UV–vis spectra of V-USY62 (Fig. 4B) is blue-shifted as

compared to that of V2O5 thus suggesting a lower crystallite

size in the former.

3.2. Platinum and silver containing zeolites

As mentioned above, Ti-USY62 and V-USY62 were

selected for incorporation of Ag and Pt by the impregnation

and photodeposition method. Some features concerning their

characterization are summarized in Table 1.

On the one hand, incorporation of silver by both methods is

almost quantitative as shown by the Ag/Ti atomic ratio

percentage being close to 10% (see entries 16 and 17 in

Table 1). It is well-known than Ag+ can easily be photoreduced,

reduction probably favored by the solvent, propan-2-ol, which

could account for its easy incorporation into zeolites. Leaching
of vanadium could explain the high experimental Ag/V

percentage (over 30% for both PAg-V-USY62 and IAg-V-

USY62, entries 18 and 19, respectively).

On the other hand, platinum incorporation through photo-

deposition is more difficult than that of silver, as expected from

the corresponding redox potentials (Pt2+/Pt = +1.2 eV whereas

Ag+/Ag = 0.80 eV) [31]. Moreover, Pt0 is less prone to leaching

than Ptn+ which could explain the higher Pt/(Ti or V) atomic

percentage obtained through photodeposition as compared to

impregnation method (compare entries 12–13 and 14–15 in

Table 1).

Results obtained for gas-phase photocatalytic selective

oxidation of propan-2-ol are given in Fig. 5. For the sake of

comparison, those achieved with USY62, Ti-USY62 and V-

USY62 have also been included.

From Fig. 5A and B it is clear that under our experimental

conditions incorporation of platinum into the systems results in

an increase in molar conversion of both Ti-USY62 and V-

USY62 systems. On the other hand, silver has a detrimental

effect on activity. When both impregnation and photodeposi-

tion methods are considered, the latter leads to more active

systems, less deactivated during the 5 h on stream and which

additionally exhibit higher selectivities to acetone.

Therefore, photodeposition of Pt on Ti-USY62 resulted in

initial molar conversion increasing from 46.7% up to 71.1%,

whereas deactivation after 5 h dropped from 33.8% to only

2.5%. Moreover, selectivity to acetone after a time-on-stream

of 5 h for PPt-Ti-USY62 was 90%.

It is interesting to point out that platinum weight percentage

in PPt-Ti-USY62 is 0.71% whereas for IPt-Ti-USY62 it is only

0.04% which explains the catalytic behavior of the latter being

similar to that of Ti-USY62.

Vanadium-containing systems present the same tendency as

described for Ti-ones though they are comparatively less active.

PPt-V-USY62 exhibit 45.6% molar conversion of propan-2-ol

after 5 h whereas such a chemical is only transformed in a



Fig. 5. Results obtained for the gas-phase selective photooxidation of propan-2-ol with the vanadium and titanium-based systems synthesized in the present work

before and after incorporation of silver or platinum. For the sake of comparison, results achieved with USY62 have also been included.

Fig. 6. Different tests carried out to evidence the negligible thermal effect in

gas-phase selective photooxidation of propan-2-ol on PPt-Ti-USY62.
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13.3% with V-USY62. It is noteworthy that the highest

selectivity to acetone within the zeolitic systems studied in the

present work is obtained with PPt-V-USY62. Such a system

does not seem to deactivate after 5 h but instead molar

conversion slightly increases from 43.9% (t = 0 h) to 45.6%

(t = 5 h) whereas final selectivity to acetone is 96.2% as

compared to 64.4% for V-USY62. Interestingly, such specta-

cular improvement was achieved with a platinum weight

percentage of only 0.11% (see Table 1, entry 14).

FT-IR spectra of all the Ti- and V-containing systems used

in the present piece of research for a time-on-stream of 5 h

were performed. All systems show some bands at ca. 2983,

1458 and 1378 cm�1 which could be assigned to n(C–H),

das(CH3) and ds(CH3), respectively, of isopropoxide species

[32]. In the case of PPt-Ti-USY62 an additional band at ca.

1717 cm�1 is observed. Comparison with the spectrum of pure

acetone allowed us to assign such a band to its n(C O). The

same band, though much less intense is only observed for IPt-

Ti-USY62. Therefore, it could be attributed to any kind of

interaction of acetone with platinum which could also be

related to the high selectivity to such a chemical exhibited by

PPt-Ti-USY62.

Finally, different experiments were performed on the PPt-Ti-

USY62 system in order to rule out the possibility of thermal

activity (Fig. 6). After 15 h of reaction without any deactivation,

switching off the lamp (1) results in a dramatic decrease in molar

conversion whereas initial conversion is rapidly recovered on

switching the lamp on (2). If light intensity is adjusted to 82% of

the total (3), conversion drops to similar values (4) to those

obtained using a heat ray cutting filter (Hamamatsu Re: A7028-

03, cut wave length 400–700 nm) whose placing results in UV

transmittance dropping from 1.1 to 0.9 W cm�2 (18% decrease).

Moreover, propan-2-ol transformation conducted in another
reactor under similar conditions but thermally, resulted in high

selectivities (close to 90%) to propene + diisopropyl ether over

the range 125–425 8C, acetone being a minor product. There-

fore, no significant thermal effect is observed under our

experimental conditions and, consequently, photocatalytic

activity is to account for propan-2-ol transformation.

Pichat et al. [33] studied the consequence of platinum doping

of anatase on photoassisted reactions concluding that below a

certain platinum content, the metal reduces the charge

recombination in TiO2 whereas above such a value recombina-

tion at the metal particles progressively cancels such a beneficial

effect. In our case, platinum content in PPt-Ti-USY62 (0.71%)

seems to be low enough as to have a beneficial effect on

photoactivity whereas the high silver content in all the systems

(above 1.5%) seems to favor electron–hole recombination.
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4. Conclusions

The above-mentioned results allow us to draw the following

conclusions:

The sol–gel synthesis of titania and vanadia on USY zeolites

led to an improvement in photocatalytic activity for gas-phase

photoselective oxidation of propan-2-ol. XRD, Raman and FT-

IR spectroscopies allowed us to conclude that the systems were

constituted by titania (anatase) or vanadia particles with a lower

crystal size than the corresponding pure TiO2 and V2O5

systems. The decrease of crystal size is probably to account for

the observed blue-shift in UV–vis spectra of zeolites and the

better photocatalytic performance.

Platinum and silver were subsequently incorporated to the

most-active systems by photodeposition and impregnation, the

former method being more effective under our synthetic

conditions.

Incorporation of platinum results in a significant increase

in molar conversion whereas the presence of silver is

detrimental to activity. A small content in metal (case of

platinum with weight percentage of 0.71% and 0.11% for PPt-

Ti-USY62 and PPt-V-USY62, respectively) could retard

electron–hole recombination, thus improving photoactivity.

On the other hand, higher contents in metal (case of silver

with over 1.5% by weight) could be detrimental to activity as

the result of the metal acting as electron–hole recombination

center. Photodeposited platinum systems show a very low

deactivation and very high selectivity to acetone (ca. 90% and

96% for PPt-Ti-USY62 and PPT-V-USY62, respectively).

The effect of platinum thermal activity was found to be

negligible.

In conclusion, very active, highly selective and poorly

deactivated catalysts for gas-phase selective photoxidation of

propan-2-ol to acetone were obtained through the sol–gel

synthesis of titania and vanadia on USY zeolites and

subsequent platinum photodeposition.
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