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Abstract
A heterogeneous photocatalyst has been obtained by hosting the 2,4,6-triphenylpyrylium cation inside the supercages of Y-zeolite.

Preparation of the new material has been achieved by means of a formal ion exchange in aqueous medium. Nevertheless, the mechanism is

more complex, as bulky 2,4,6-triphenylpyrylium cation is unable to diffuse through the channels of Y-zeolite. The following steps are

involved: (a) hydrolytic opening of the pyrylium ion to give a linear diketone; (b) diffusion of the diketone through the channels to reach the

supercages; and (c) thermal recyclization under dehydrating conditions. Elemental analysis of the new material was consistent with the

pyrylium cation located inside the zeolite. No sulfur was found in the loaded zeolite, indicating that hydrogensulfate is no longer the counter-

ion of pyrylium. Accordingly, the stoichiometric amount of Na+ was found in the filtered waters recovered after the synthesis. Besides, the IR

spectrum of the dry material was coincident with that of 2,4,6-triphenylpyrylium, while the spectrum of a less thoroughly dried sample

showed, together with the absorption bands corresponding to pyrylium, other bands assignable to the diketone. Zeolite loading can be

controlled in the range of 3–15% of organic carbon. The performance of the new material as a solar photocatalyst for oxidative pollutant

degradation was checked using four cinnamic acid derivatives as target compounds. Aqueous solutions (250 mL) of these model pollutants

(0.001 M) were irradiated by solar light in the presence of different amounts of solid photocatalyst. Oxidation was efficiently achieved as

analysed by HPLC and followed in all cases a pseudo first order kinetics. The most satisfactory results were obtained using 1 g/L of Y-zeolite

containing 6% of 2,4,6-triphenylpyrylium cation.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, new methods have been developed to deal

with the problem of industrial pollutants that are difficult to

treat by classical technologies [1–5]. Solar photocatalysis has

been successfully used for industrial wastewater treatment, as

it has the ecological and economical advantage of using
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sunlight as energy source [6,7]. In this context, the use of

pyrylium salts (that absorb UV–vis radiation up to 450 nm)

seems to be specially advantageous, as the secondary

oxidizing agent is atmospheric oxygen. 2,4,6-Triphenylpyr-

ylium hydrogensulfate has been successfully employed as

homogeneous photocatalyst to achieve the abatement of

several phenolic pollutants [8,9]. Nevertheless, this method is

not free from disadvantages, such as the limited stability of the

pyrylium cation in aqueous solution and the difficulty to

recover the catalyst for further utilization.

A possible strategy to overcome these problems is

supporting the catalyst onto inorganic solids. Preliminary
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experiments have been performed using silica gel plates [10];

however, this does not appear to be an adequate solution for

technical applications. Zeolites could be more appropriate for

this purpose [11–14]. They are microporous aluminosilicates

having well-defined structures [15,16]. Among the wide range

of zeolites with different characteristics, Y-zeolites have been

chosen for the present work. They have a network of 0.74 nm

diameter channels, that form wide cavities (supercages) at

their crossings, of 1.3 nm diameter. Their chemical formula is

Na54Al54Si139O386�223H2O; the sodium cations can be

removed by ion exchange.

2,4,6-Triphenylpyrylium (TPP+) cations can fit inside the

supercages of the Y-zeolites; however they are too bulky to

diffuse through the channels. Hence, the ‘‘ship in a bottle’’

approach has been used to achieve the synthesis of TPP+

cations inside the supercages [17]. Although this process is

genuine and elegant, it is also rather slow and the control of

zeolite loading is difficult.

In a preliminary communication, we reported on a new

method to place triphenylpyrylium cation inside the

supercages of the zeolites [18]. It consists of a formal ion

exchange (Na+/TPP+) despite the steric hindrance. In this

paper, the method is explained in more detail and the control

of zeolite loading is achieved by changing the adsorbate to

zeolite ratio using both, pyrylium hydrogensulfate and

tetrafluoroborate as sources of the organic matter.

Finally, as a test for the possible environmental

applications of the material (TPP-Y), solar photo-oxidation

of four different phenolic pollutants, namely cinnamic acid,

p-coumaric acid, caffeic acid and ferulic acid, has been

achieved.
2. Experimental

2.1. Reagents

2,4,6-Triphenylpyrylium hydrogensulfate and 2,4,6-tri-

phenylpyrylium tetrafluoroborate were used as starting

reagents for the synthesis of the photocatalyst, and sodium

Y-zeolite was employed as supporting material. Cinnamic

acid, p-coumaric acid ( p-hydroxycinnamic acid), caffeic

acid (3,4-dihydroxycinnamic acid) and ferulic acid (3-

hydroxy-4-methoxycinnamic acid) were the substrates

employed to check the solar photocatalytic activity of the

new material. All these chemicals were supplied by Aldrich

and used without further purification. Water employed in the

experiments was Milli Q grade.

2.2. Preparation and analysis of the catalyst

The catalyst was prepared according to the following

procedure: 2.5 g of Y-zeolite were suspended in an aqueous

solution of 2,4,6-triphenylpyrylium hydrogensulfate

(0.412 g in 10 mL of water). The mixture was acidified to

pH 3 (using HCl) and stirred during one day. Then, the
suspension was filtered through cellulose and the solid phase

was dried in an oven (105 8C) during one day. At the end of

the process, a yellow powder was obtained. The product

(TPP-Y) was submitted to elemental analysis to detect the

presence of carbon and sulfur and to determine the zeolite

loading. X-ray diffraction, IR and diffuse reflectance UV

spectrophotometry were employed for the characterization

of the catalyst. The same material TPP-Y can also be

obtained using the cheaper, although less soluble, 2,4,6-

triphenylpyrylium tetrafluoroborate.

2.3. Photocatalytic reactions

In a first stage, ferulic acid was used to test the

performance of the photocatalyst. 0.001 M solutions of the

compound with different amounts of suspended TPP-Y

(0.2–2 g/L) were irradiated in glass open vessels by means of

a solar simulator (Oriel Instruments 68811), equipped with a

xenon lamp (300 W) whose emission spectrum closely

matches the solar one. Periodically, water was added to the

solution in order to compensate for evaporation losses. In

parallel, experiments were also performed using real

sunlight. For acceptable reproducibility, reactions were

started at 10:00 on entirely sunny days.

Samples were taken from the solution, filtered through

cellulose (0.45 mm) and analyzed by means of HPLC

(Perkin-Elmer Autosystem XL) equipped with a diode-array

detector and a loop injector. A Lichrosorb 100 RP-18

column was employed and the eluents were a 0.01 M

aqueous solution of sulfuric acid (A) and methanol (B) in the

following proportion: 100% of A from 0 to 5 min; then a

linear gradient to reach 80% of B in 20 min.
3. Results and discussion

3.1. Preparation of the catalyst

The catalyst was prepared according to the procedure

described in Section 2. A confirmation of the presence of

TPP+ comes from the comparison of the infrared spectra of

the hydrogensulfate salt and the loaded zeolite. Fig. 1 shows

that both spectra are almost coincident; the minor residual

bands between 1650 and 1700 cm�1 correspond to the

diketone intermediate (see below).

The new material was submitted to elemental analysis to

determine its loading. Being TPP+ the only species

containing carbon, the amount of this element present in

the solid is a good indication of the pyrylium ion hosted in

the Y-zeolite and thus, of the yield of the process. Percentage

of carbon was around 9%, indicating that nearly all the

pyrylium initially present in aqueous solution was incorpo-

rated to the zeolite.

As stated in the introductory part of the paper, dimensions

of the supercages of the zeolite are big enough to host 2,4,6-

triphenylpyrylium cation, but the channels leading to them
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Fig. 1. Infrared spectra of (a) 2,4,6-triphenylpyrylium hydrogensulfate; and

(b) pyrylium-loaded zeolite.

Fig. 3. Infrared spectra of (a) 2,4,6-triphenylpyrylium hydrogensulfate; (b)

pyrylium-loaded zeolite (wet batch); and (c) 1,3,5-triphenylpent-2-en-1,5-

dione.
are too narrow to allow diffusion. Hence, the mechanism

cannot be simply an ion exchange reaction. As a matter of

fact, we have found that it involves three steps: (a) in

aqueous medium, TPP+ undergoes hydrolytic ring opening,

to give a linear diketone (1,3,5-triphenylpent-2-en-1,5-

dione); (b) the diketone is now able to diffuse through the

channels to reach the supercages; and (c) when heated at

105 8C, recyclization of the diketone occurs with dehydra-

tion. All this process is depicted in Fig. 2. The experimental

evidence supporting this mechanism is given below.

Hydrolysis of the pyrylium cation is well established.

Actually, when TPP+ hydrogensulfate was treated with a

slightly basic (pH 8) aqueous solution, the known 1,3,5-

triphenylpent-2-en-1,5-dione was obtained. After adsorption

of the diketone onto Y-zeolite and heating in an oven at

105 8C for 1 day, cyclisation to TPP-Y took place. When

heating was performed at lower temperature and for shorter
Fig. 2. Scheme of the introduction of 2,4,6-triphenylp
times (2 h, 70 8C) cyclization of the diketone to give the

pyrylium ion was only partial. This agrees with the fact that

the diketone was also detected after moderate heating of the

TPP+ exchanged zeolite. The IR spectrum of this product

(Fig. 3) shows, together with the characteristic bands of

2,4,6-triphenylpyrylium, those typical of the diketone

(1650–1700 cm�1).

Thus, the synthesis of the material involves a formal ion

exchange process, where the negative charge of the

aluminosilicate is equilibrated by the pyrylium cation;

consequently, an equivalent amount of sodium should be
yrylium ion inside the supercages of the zeolite.
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Fig. 4. Interferogrammes of pyrylium-loaded zeolite (above) and Y-zeolite

(below) in a selected range for crystallinity.

Fig. 5. Solar photodegradation of ferulic acid in the presence of pyrylium-

doped zeolite. A logarithmic plot is also shown as an insert.
found in the filtered aqueous phase. As a matter of fact, when

this solution was analyzed by means of ionic chromato-

graphy, the results matched expectations: 0.98 mmol of

pyrylium cation added versus 0.87 mmol of sodium cation in

the filtered water. Besides, elemental analysis of the solid did

not allow to detect significant amounts of sulfur; indicating

that hydrogensulfate is no longer the counter anion of the

pyrylium cation.

Finally, X-ray analysis was performed in order to test

whether the structure of the Y-zeolite suffered any change

during the ion exchange process. A comparison between the

interferogrammes of Y-zeolite before and after the synthetic

process (Fig. 4) shows clearly the absence of any important

structural change. Quantitatively, integration of the three

characteristic major bands results in more than 99%

crystalinity in the new material.

3.2. Solar photocatalyzed degradation of ferulic acid,

using pyrylium-loaded zeolite

2,4,6-Triphenylpyrylium hydrogensulfate has been found

to be a good solar photocatalyst to oxidize and eventually

degrade an important number of phenolic pollutants. Its

photocatalytic activity remains when supported onto silica

gel plates [10]. It was therefore interesting to check the

possibility of using 2,4,6-triphenylpyrylium hosted in the
cages of Y-zeolite as heterogeneous solar photocatalyst in

wastewater treatment. For this purpose, ferulic acid was

employed as a target pollutant. This compound was chosen

because of its cinnamic acid structure, which is widely found

in food industry. In fact, solar photocatalyzed oxidation of

ferulic acid in homogeneous solution using pyrylium cation,

has already been studied [8]. A solution of this acid

(250 mL, 0.001 M) was submitted to solar irradiation in the

presence of the pyrylium-loaded zeolite (0.2 g/L). Fig. 5

shows that after a short period of time (2.5 h), more than

20% photodegradation was achieved using solar light. The

insert in Fig. 5 (logarithmic plot of the relative concentration

of substrate versus time) showed that the reaction follows a

pseudo first order kinetics.

Dark experiments were carried out in order to rule out the

possible disappearance of the substrate by strong adsorption

onto the zeolite. Results were negative using both the

unloaded zeolite and the pyrylium-loaded one. Other

controls consisted of the irradiation of ferulic acid in the

presence of unloaded zeolite. Also in this case, degradation

of the substrate was negligible. Finally, in a previous paper it

was reported that solar photolysis of ferulic acid does not

lead to photodegradation, while in the presence of 2,4,6-

triphenylpyrylium hydrogensulfate as homogeneous photo-

catalyst important degradation yields are obtained [8]. All

these data indicate that 2,4,6-triphenylpyrylium cation

hosted in the supercages of the zeolite is the actual

photocatalyst of the degradation of ferulic acid.

As preliminary results were encouraging, more experi-

ments were carried out to check the effect of the

concentrations of substrate and catalyst on the efficiency

of the process. In order to obtain more reproducible results,

irradiations were performed by means of a solar simulator.

Solutions of ferulic acid (100 mL, 0.001 M) were irradiated

in parallel experiments in the presence of different amounts

of catalyst (0.2–2 g/L). Photodegradation of the substrate

was found to follow a pseudo first order kinetics; the rate

constants are shown in Fig. 6a. The optimum concentration

of catalyst was 1 g/L and no further enhancement of the

reaction rate was found for higher catalyst concentration. In
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Fig. 6. Plot of the first order rate constants obtained in the photodegradation

of ferulic acid (a) in the presence of different amounts of photocatalyst; (b)

using differently loaded zeolites.

Table 2

Elemental analysis of different batches of pyrylium-loaded Y-zeolite

Expected

carbon (%)

Actual carbon

(%)

Sulphur

(%)

Nitrogen

(%)

3 3.0 0.0 0.0

6 6.8 0.0 0.0

9 9.6 0.0 0.0

12 12.8 0.0 0.0

15 15.0 0.0 0.0

18 16.8 0.8 0.0

Table 3
addition, in the presence of too much catalyst the light

penetration inside the reactor is more difficult [19].

The concentration of the substrate is known to play a very

important role when pyrylium salts are used as homo-

geneous photocatalysts, pollutant degradation being faster in

more diluted solutions. The same behavior should be found

in heterogeneous catalyst, and the results of experiments

made with different concentrations of ferulic acid (Table 1)

confirm our hypothesis.

3.3. Control of the catalyst loading

It has been shown in Section 3.1, that all the TPP+

employed in the preparation of TPP-Y is found to be inside

the supercages of the zeolites. Thus, using the ‘‘camel

through the eye of a needle’’ approach, it could be possible

to control the loading of the zeolite. To check this point, six

batches of TPP-Y were prepared by changing the amount of

pyrylium hydrogensulfate added to the zeolite, so that the

percentage of carbon found in the solid was 3, 6, 9, 12, 15

and 18%, respectively. Table 2 shows the results of the
Table 1

Photodegradation of ferulic acid at different concentrations, using pyry-

lium-loaded zeolite (1 g/L) as heterogeneous photocatalyst

Concentration (mM) k (h�1)

0.5 0.114

1 0.055

2 0.027
elemental analysis of the obtained products. In most cases

(except for the 18% batch), the amount of carbon found in

the zeolite was in agreement with expectations, showing that

loading control was, indeed, possible. The percentage of

sulfur was also determined in the same series. Remarkably,

this element was not present in the 3–15% batches indicating

that the ion exchange process was completely accomplished

and that pyrylium was acting as charge-compensating cation

of the zeolite network. On the other hand, in the 18%-loaded

batch significant amounts of sulfur were detected (probably

due to some of the hydrogensulfate salt impregnating the

external surface), and the percentage of carbon was slightly

lower than expected. These data indicate that the maximum

loading of the zeolite must be close to this level.

Then, experiments were performed to check the influence

of zeolite loading on its photocatalytic activity. Solutions of

ferulic acid (100 mL, 0.001 M) were irradiated by means of

a solar simulator in the presence of 0.5 g/L of photocatalyst.

Data in Fig. 6b show that the photocatalytic activity depends

of the pyrylium loading up to 15%, and the best results were

obtained with the 3% loaded zeolite. This can be attributed

to three different factors: (a) only the pyrylium molecules

that are close to the surface of the zeolite can act as

photocatalysts; (b) as the number of occupied cavities

increases, the intrazeolite diffusion of the substrate is

slower; and (c) higher loadings produce an increase of the

hydrophobicity in the material.

The photocatalytic activity of TPP-Y was also checked

using real sunlight. For this purpose 0.001 M solutions of

cinnamic acid, p-coumaric acid, caffeic acid and ferulic acid

were irradiated in the presence of TPP-Y (1 g/L of the 9%

carbon-loaded material). All of them were efficiently

photodegraded; the pseudo first order rate constants can

be seen in Table 3. The same trends were observed as in the

case of homogeneous catalysis [8] with TPP+: the reaction
Pseudo first order rate constants obtained for the solar oxidative degradation

of four cinnamic acid derivatives in the presence of TPP-Y (1 g/L, 9%

carbon batch)

Compound k (min�1)

Cinnamic acid 0.056

p-Coumaric acid 0.063

Caffeic acid 0.115

Ferulic acid 0.118
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rate was strongly dependent on the presence of electron-

donating groups directly attached to the aromatic ring.

Ferulic acid and caffeic acid, with two activating groups,

were more easily degraded than p-coumaric acid that only

has one hydroxyl substituent. As expected, cinnamic acid

was even harder to degrade, due to the absence of methoxy

and/or hydroxy groups attached to the ring.
4. Conclusions

The 2,4,6-triphenylpyrylium cation fits into the super-

cavities of zeolite Y and is accessible via formal ion

exchange in aqueous medium. Loading of the zeolite can be

controlled through the concentration of TPP+ in solution; the

carbon contents of the obtained material TPP-Y can reach

values as high as 15–17%. TPP-Y can be advantageous used

as photocatalyst in the oxidation of cinnamic acid

derivatives by solar light.
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