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A series of Y, Beta, mordenite and ZSM-5 zeolites containing different amounts of nanosized TiO, clusters have
been prepared by Ti=O*" exchange followed by condensation. The presence of Ti=O>* and its subsequent

oligomerization can be followed in Raman spectroscopy by the appearance of the band at ca. 530 cm™! and its
replacement by others at 394, 460 and 637 nm. X-ray diffractograms of the solids show a considerable intensity
decrease as the amount of TiO, present increases. High-resolution transmission electron microscopy (HRTEM)
shows that no isolated TiO, particles are present in the case of zeolite Y, while the sample of mordenite at the
highest Ti loading contains isolated TiO, particles distinguishable by HRTEM. Diffuse reflectance UV-Vis

spectroscopy indicates that the bandgap and the apparent extinction coefficient depend remarkably on the

Ti content as well as on the zeolite crystal structure. Quantum chemical calculations at the semiempirical level
also predict large variations in the HOMO-LUMO energies as a function of the number of Ti atoms. It has
been found that the photoactivity of TiO,@Y and TiO,@mordenite is higher than that of commercial anatase
for the photooxygenation of thianthrene to thianthrene oxide (1., > 200 nm), but smaller for the hoseradish
peroxidase photodeactivation in aqueous buffer (1x = 350 nm). These variations in the photocatalytic activity

of TiO, illustrate the potential that inclusion of TiO, nanoclusters within zeolites has to modulate its

photoactivity.

TiO, is by far the most important semiconductor that finds
wide application as a photocatalyst for the degradation of pol-
lutants," 2% in systems for the photochemical splitting of
water”2® and in photovoltaic solar cells.””*® There is an
enormous potential in controlling some of the photophysical
and photochemical properties of bulk TiO, such as the onset
of the absorption band related to the semiconductor bandgap
and the efficiency and lifetime of photoinduced electron trans-
fer processes. To achieve this control, a reduction of the parti-
cle size down to the nanometer range in which quantum size
effects may operate has been pursued.’’*! Nanoparticles of
TiO, have been reported to exhibit distinctive properties, dif-
ferent from those characteristic of bulk TiO, particles.”"u’44
However, this strategy is complicated by the instability inher-
ent to nanoparticles and the tendency of the primary nanopar-
ticles to undergo aggregation at neutral pH into grains of
much larger size with a non-uniform distribution and to age
changing the properties over the time.*?

A novel approach that should lead to the control of the TiO,
photoactivity and may help to circumvent the aggregation pro-
blem consists in the encapsulation of TiO, nanoclusters inside
the rigid internal voids of zeolites that are on the nanometer
scale.*>>° This strategy offers a simple way to control the size,
geometry and accessibility of the TiO, clusters by choosing
among the known zeolites those with the appropriate pore
dimension and topology.®®%* In addition, the compartmenta-
lized space defined by the zeolite framework would allow the
design of a multi-component photochemical system compris-
ing as part of it TiO, particles assembled inside the zeolite
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voids.®*%* However, in spite of the promising advantages of
the use of zeolites as organized media, the number of studies
on the photoactivity of TiO, incorporated inside the pores of
zeolites is still relatively small. Previous reports are limited to
studies on the emission of zeolite-bound TiO, ,% intrazeolite
electron transfer from TiO, to methyl viologen® and the photo-
catalytic activity of these materials for the decomposition of
NO, and the photoreduction of CO, by H,0.4647

The incorporation of TiO, clusters into zeolites should allow
one to prepare photocatalysts with a range of distinctive activ-
ities. A range of variability in turn offers versatility and is a
powerful tool to adjust properties to accommodate diverse
needs in the catalysis and sunscreen fields. In this contribution
we present two examples in which we have materialized the
potential of zeolites to alter the photocatalytic activity of bulk
TiO; in an advantageous way: in one case by increasing it, and
in the other one by reducing the photoactivity of TiO, towards
a biological target. In each of these cases the result is a desir-
able outcome of the modifications of the material; in other
words, while opposite changes are obtained in the two exam-
ples, the material can be regarded as having in both cases
improved properties for specific applications. For example,
in the case of heterocyclic photooxygenation an increased
activity represents an advantage giving rise to higher product
yield. In contrast, in applications related to the use of TiO,
in cosmetics, specifically sunscreens, a decreased photochemi-
cal reactivity towards biological targets represents a significant
improvement, since ideally those materials should offer ultra-
violet protection with no “side effects”, such as damage to
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tissues, or any other form of phototoxic or photoallergenic
reactions. In this regard a strategy that has been followed to
vary the photocatalytic activity of TiO, consists in the reduc-
tion of the TiO, particle size and coverage with an inert insu-
lator.®*® In essence, this strategy to devoid TiO, particles of
photocatalytic activity in the UV-A region is similar to what is
described here.

The subject of this work are a series of TiO,@zeolite sam-
ples in which the TiO, loading has been varied in zeolites of
different pore sizes and topologies. The distinct catalytic activ-
ity mentioned above is a reflection of the control of the TiO,
photochemical properties as result of the formation of clusters
embedded within the zeolite micropores. This is manifested in
a variation of the semiconductor’s apparent extinction coeffi-
cient and effective bandgap.

Results and discussion

Preparation and characterization of TiO,@zeolite samples

Formation of TiO, clusters incorporated inside zeolites was
initially accomplished using two different methodologies:
either adsorption of TiCl, vapors or ion exchange using titanyl
(Ti=O**) salts according to eqns. (1) and (2).

TiCly + 2H, -2 TiO, + 4 (1)
TiO* + H, 2 TiO, + 2H* )

These two procedures lead to samples that differ substantially
in the final load of TiO,, which is much lower for the TiCly
vapor phase adsorption. TiO, zeolite samples prepared by
TiCl, show a poorer photocatalytic performance and a
detailed study of these samples was not pursued. The nomen-
clature and some relevant analytical and spectroscopic proper-
ties of the samples prepared are summarized in Table 1.

Formation of TiO, clusters by condensation of isolated Ti
atoms was followed by different techniques. Oligomerization
of titanium oxide is manifested in most of the physicochemical
parameters of the solid and, therefore, a detailed understand-
ing of the properties of TiO, clusters within zeolites requires
combining information from different analytical, textural and
spectroscopic techniques.

The exchange of Na' for Ti=O*" and the presence of
Ti=0>" in the zeolites after the exchange was conveniently fol-
lowed by Raman spectroscopy (Fig. 1). Thus, after ion
exchange the Raman spectra of the resulting Ti=O>"
exchanged zeolites show the appearance of a new intense
vibrational band at ca. 530 cm~!. This band, absent in potas-
sium oxalate, is also observed in the potassium titanyl oxalate
salt used for the ion exchange, and can be attributed to
Ti=0>". The oligomerization process indicated by eqn. (2)

Intensity /a.u
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Fig. 1 Raman spectra of (Ti=0)K,(C504),-2H,0 (a); Ti=O, NaY
(not calcinated) (b); TiO,@Y (first exchange) calcinated at 150°C
(c), anatase (d) and rutile (e). Thus, the spectrum of TiO,@Y (c) con-
clusively shows the presence of anatase and rutile.

and the condensation of TiO*' into TiO, clusters can be
assessed by Raman spectroscopy. In fact, upon mild baking
of the samples at 150 °C, the Ti=O bands disappear and new
vibrational bands coincident to those recorded for commercial
TiO, anatase (394, 517 and 637 cm ™ V), plus other bands at 460
and 810 cm™!, are observed (Fig. 1).® The change in the
Raman spectrum can be taken as spectroscopic evidence for
occurrence of the oligomerization process described by eqn.
(2) with formation of TiO, clusters.>

Samples of the same zeolite submitted to several consecutive
Ti=0*" incorporation-oligomerization cycles were prepared
(see Table 1). This procedure allows the loading of TiO, to
be increased in each successive ion exchange until a maximum
amount of TiO, is achieved. This amount is determined by the
cavity size and by the number of exchangeable cations. Addi-
tional oligomerization could lead to the formation of adventi-
tious TiO, particles not included inside the zeolite voids, which
would make the material behave like bulk TiO, phases. The Ti
content of the samples was determined by chemical analysis
using X-ray fluorescence and is given in Table 1.°¢ X-ray dif-
fraction (XRD) also provided valuable information on the
progress of the TiO, loading inside the zeolite micropores.
Thus, the XRD intensity decreases during the successive
Ti=0>" exchange-calcination cycles. In the case of Beta, mor-
denite and ZSM-5 the solids become eventually completely
amorphous according to XRD data (Fig. 2). Table 1 collects
the relative crystallinity for each sample compared to that of
the original zeolite prior to the corresponding treatment.

Normally this loss of crystallinity is caused by damage of the
zeolite framework during the manipulation of the zeolite sam-
ple either in the ion exchange or in the oligomerization of
Ti=0?". Isothermal gas adsorption measurements (see Table 1)

Table 1 Relevant analytical and spectroscopic data of the TiO,-containing zeolites

Sample Exchange calcination cycles Ti content/% wt Crystallinity” /% Jmax/ DM RD bandgap® /eV
TiO,@Y 1 0.64 85 209 4.81
2 1.29 75 210 4.77
3¢ 1.7 68 213 4.66
TiO,@Beta 1 4.3 52 236 3.80
2 11.2 Amorphous 240 3.69
TiO,@mordenite 1 0.72 85 213 4.09
2 9.1 Amorphous 220 3.44
34 11.5 Amorphous 238 3.60
TiO,@ZSM5 1 6.7 30 236 3.73
2 11.7 Amorphous 240 3.44

“ Taking the crystallinity of the original zeolite prior to the incorporation of TiO, clusters as 100%. © Measured from the interception with the x
axis of the tangent at the inflexion point of the Kubelka-Munk F(R) plot in the diffuse reflectance UV-Vis spectra of the samples. ¢ Micropore

volume 0.18 ml g'. ¢ Micropore volume 0 ml g~
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Fig. 2 X-Ray diffraction pattern of a series of zeolites. Top: pristine
NaY (a) and TiO,@Y (b: first exchange, c: third exchange). Bottom:
pristine Na mordenite (a) and TiO,@mordenite (b: first exchange, c:
second exchange). For a quantitative comparison of the relative crys-
tallinity of each sample see Table 1.

indicate that, for zeolite Y, a significant percentage of the
initial pore volume of zeolite NaY (0.34 ml g~!) remains after
incorporation of TiO,. In contrast, for mordenite no micro-
pore volume is left after three consecutive Ti=O>* ion
exchange cycles. Blank controls in which the zeolite samples
were submitted to the same experimental procedure, but using
NaCl instead of (Ti=0)K,(C,04),-2H,0 for the ion exchange,
show that the final crystallinity of the Y zeolite was 78% of
that of the original zeolite. The possibility that TiO, gradually
filling the internal voids of the zeolites could contribute to a
decrease in the intensity of XRD must also be considered.
Since the Ti atom is heavier than Si or Al atoms, the XRD
response of amorphous TiO, clusters may prevail over that
for the crystalline zeolite host.

To address the question of the internal vs. external location
of the TiO, clusters two pieces of evidence were obtained by
high-resolution transmission electron microscopy (HRTEM)
and XPS. HRTEM of the zeolite Y after three cycles of
TiO; incorporation (Fig. 3) do not show the presence of obser-
vable, independent TiO, particles. EDX analysis of the particle
shown in Fig. 3 indicates a uniform distribution of K* and Ti
through the whole area. In contrast to TiO,@Y, HRTEM of

Fig. 3 Scanning electron micrograph of the TiO,@Y sample after
three consecutive Ti=O?" ion exchange oligomerization cycles. Right:
enlargement of the zeolite particle shown on the left.
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Fig. 4 Scanning electron micrograph of the TiO,@mordenite sample
prepared by three consecutive Ti=O?' ion exchange calcination
cycles shows the presence of two different types of particles according
to the EDX analyses. Left: Particle A has a high Ti and low Si and
K content. Right: an enlargement of particle B, which has high Si
and low Ti content.

TiO,@mordenite after three ion exchange cycles shows the
presence of two different type of particles in the solid (Fig. 4).
One particle (labelled A in Fig. 4) has a very high Ti content
and small Si and K peaks in the EDX analysis and could cor-
respond to independent TiO,. The second particle type
(labelled B in Fig. 4) has high Si and low Ti content. Further-
more, a micrograph at higher resolution shows regular fringes
characteristic of zeolite particle in particle B, but no fringes in
particle A. Based on this, we suggest that TiO,@mordenite
after the third ion exchange cycle contains separated TiO, par-
ticles and mordenite islands. Thus, in spite of the fact that
XRD of TiO,@mordenite after the third exchange indicates
that the solid has lost most of its crystallinity, some mordenite
particles containing some TiO, have still survived the incor-
poration treatment and exhibit their characteristic ordering
in HRTEM.

On the other hand, XPS provides a chemical analysis of the
most exposed zeolite surface. By combined XPS with fast Ar"
bombardment, which produces a partial destruction of the out-
ermost layers, a profile of the Ti/Si atomic ratio from the
exterior towards the interior of the particle can be obtained.
Fig. 5 shows this profile, revealing that the actual chemical
analysis of the particle is an average of the Ti distribution,
which is much lower in the external surface region and
increases as we penetrate into the interior of the particle.
HR-TEM and XPS conclusively prove that TiO, clusters are
formed in the interior of the zeolite Y particles or when the
loading of Ti is low and the crystallinity of the zeolite high.
Pore volume measurements by isothermal gas adsorption
are also in agreement with the internal location of the
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Fig. 5 Ti/Si atomic ratio as a function of the depth inside the zeolite
particle obtained by XPS analysis combined with fast Ar™ bombard-
ment for TiO,@mordenite (after the first ion exchange). The atomic
ratio was obtained from the measurements of the Si (2p) and Ti
(2p3/2) peaks at 103.4 and 458.7 eV, respectively. The line indicates
the average Ti/Si atomic ratio obtained by chemical analysis of the
bulk particles.
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Fig. 6 DR-UVis spectra [plotted as the Kubelka—Munk function of the reflectance, F(R)] of TiO,@Y (A); TiO,@mordenite (B); TiO,@Beta (C);
and TiO,@ZSMS5 (D). The letters a, b, ¢ correspond to samples prepared by 1, 2, 3 ion exchange cycles, respectively.

TiO; clusters. Thus, the initial pore volume of pristine morde-
nite (0.15 ml g~ ') is reduced to 0.10 and 0.01 ml g~! for the
TiO,@mordenite samples after the first and second exchanges,
respectively.

Progress of the Ti incorporation upon consecutive ion
exchange cycles and formation of isolated TiO, particles can
be conveniently followed by diffuse reflectance UV-Vis spec-
troscopy (DR-UV-Vis). Fig. 6 shows the DR-UV-Vis spectra
of representative samples. From the optical data, it appears
that in the case of large pore zeolite Y consecutive incorpora-
tion cycles gradually shift the onset of the absorbance towards
longer wavelengths, indicating a dramatic influence on the
semiconductor bandgap. Comparison of the DR-UV-Vis spec-
tra of the TiO,@Y samples with that for bulk anatase shows a
remarkable increase in the bandgap for the TiO, cluster in zeo-
lites, from 3.2 eV for anatase up to 4.66-4.81 eV for clusters in
zeolite Y. On the other hand, the area of the absorption band
increases, reflecting the increasing TiO, amount. Concomi-
tantly the slope of the band also increases notably.

In addition, the presence of isolated TiO, particles can
explain that the absorption onset for medium pore ZSM-5
and monodirectional mordenite appears at longer wavelengths
than for tridirectional, large pore Y zeolite. Zeolite Beta exhi-
bits an absorption onset intermediate between these extremes.
Table 1 lists the bandgaps estimated from the DR-UV-Vis for
most of the samples prepared.>

In the case of faujasite Y it has been proposed that the A.x
of the absorption band in UV-Vis diffuse reflectance can be
useful to distinguish the different situations in which a monoa-
tomic Ti(OH), cluster can be bonded to the aluminosilicate
walls. Thus, monopodally, bipodally or multipodally bonded
Ti atoms have distintive /.« in the optical spectrum, appear-
ing at 278, 222 and 204 nm, respectively.’’ According to this,
the spectra presented in Fig. 6(A) corresponding to TiO,@Y
would indicate that our sample contains predominantly bipo-
dal TiO, species.

Given the zeolite micropore dimensions in the subnanometer
range in which quantum size effects could apply,’® the red shift
observed upon varying the zeolite structure and TiO, loading
can be interpreted in general as reflecting an increase in the

average size of the TiO, clusters. On the other hand, a steeper
absorption band indicates a reduction in the dispersion of the
cluster size with respect to a uniform distribution as the
amount of TiO, approaches the maximum void capacity of
the zeolite.

In order to support our suggestion on the operation of
quantum size effects for TiO, clusters in the range of the pore
dimensions of zeolites, we calculated at the semiempirical level
the optimized geometry and HOMO-LUMO energy of a series
of titanium oxides (2 < number of Ti atoms < 12). In the mod-
els, Ti atoms were octahedrally coordinated, defining clusters
of anatase structure having terminal OH groups. The charge
of the clusters was set equal to zero. To save computational
cost, the distance of the Ti-O bonds for the terminal =Ti-
OH groups was fixed at a typical value of 1.95 A. The rest
of the parameters were unrestricted and geometry optimized
in the calculations.

Preliminary calculations showed that the energy of the fron-
tier orbitals of our model clusters also varies significantly
depending on the connectivity of the Ti atoms and the shape
of isomeric clusters having the same composition. This depen-
dence of the HOMO-LUMO gap on the shape of the TiO, clus-
ter supports our previous interpretation on the influence of the
topology of the zeolite on the onset of the TiO, absorption
band. As a general rule, our calculations show that for a given
number of Ti atoms in the cluster the “linear” configurations
have larger differences in the HOMO-LUMO energy than iso-
mers having more spherical geometries. A summary of the
results, including the estimated dimensions of the optimized
geometry for quasi-spherical titanium oxide clusters, are col-
lected in Table 2. In addition, Fig. 7 illustrates the optimized
geometry of a cluster in the range of the zeolite Y supercage size.

The accuracy of the actual energy values given in Table 2 is
limited by the level of calculation used, and by the interaction
of the titanium oxide clusters with the zeolite lattice. Thus,
obviously the values obtained are only meaningful to show a
trend in the frontier orbitals of the series. From these data,
it appears that the number of Ti atoms has a large initial effect
that tends to level off, even for clusters containing a relatively
small number of Ti atoms.
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Table 2 Frontier orbital energy values and cluster dimensions as a
function of the number of Ti atoms for TiO; clusters, calculated by
semiempirical methods

Number of HOMO LUMO Dimensions of
Ti atoms energy/eV energy/eV the cluster/;\ x A

2 —-9.273 —1.471 7.88 x 4.45

3 —8.875 -1.717 7.60 x 7.43

5 —8.531 —2.634 9.37 x 6.81

6 —8.158 —2.856 14.01 x 7.74

7 —8.704 —2.225 10.73 x 7.93

8 —8.378 —2.466 13.82x 7.93

9 —8.782 —4.053 14.71 x 9.10
10 —8.310 —5.527 14.64 x 10.01
12 —8.104 —6.338 15.52 x 12.04

Photocatalytic activity

An exploratory study aimed at determining the photocatalytic
activity of these TiO,@zeolite samples compared to standard
TiO, anatase was carried out. We chose for this study the
photocatalytic oxygenation of an electron-rich heterocycle in
aerated dichloromethane and the photocatalytic deactivation
of an enzyme in aqueous medium. The selection of these two
very different TiO, activated processes was based on previous
literature work on the use of TiO,, and in an attempt to cover
two general photocatalytic processes promoted by TiO, invol-
ving the intermediacy of organic radical cations or hydroxyl
radicals, respectively. These two photocatalytic processes take
place under totally different experimental conditions and thus
provide a measure of the usefulness of tuning the catalytic
properties of TiO, by inclusion in zeolites.

Concerning the photooxidation of thianthrene in dichloro-
methane, there are numerous reports showing the ability of
TiO; to promote photooxygenations of electron-rich aromatic,
alkylaromatic and olefinic compounds in organic solvents.”"””
In some cases the mechanism has been shown to involve the
reaction of photogenerated organic radical cations with mole-
cular oxygen. Alternatively, the chlorinated solvent may trap
photogenerated electrons and holes, giving rise to a radical
mechanism that can also lead to photooxygenation products.

In the present study we have compared the activity of some
TiO,@zeolite samples with that of standard TiO, anatase for
thianthrene photooxygenation (Scheme 1). The major product
observed was thianthrene oxide, with occasionally minor
amounts of thianthrene dioxide. The results are included in
Table 3.

Given that the TiO,@zeolite samples have their absorption
maxima shifted to shorter wavelengths compared to commer-
cial TiO,, no appreciable photoreaction was observed using

Fig. 7 Molecular modelling of a (TiO;)s cluster based on a quantum
mechanical semiempirical method.
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Scheme 1

TiO,@zeolite photocatalysts when the irradiation was carried
out through pyrex. In contrast, standard TiO, solid exhibits
a similar activity for the photooxygenation either in pyrex or
quartz. Since pyrex acts as an efficient cut-off filter for wave-
lengths shorter than 300 nm,” this observation is in agreement
with the DR-UV-Vis spectrum of anatase having significant
absorption at longer wavelengths than the TiO,@zeolite
samples.

However, when working in quartz containers, and using ger-
micidal lamps (rich in 254 nm light) as the excitation source,
the activity of the TiO,@zeolite improves remarkably, surpass-
ing the results of the photochemical TH oxygenation in the
absence or presence of P-25 TiO, standard (see Table 3). Thus,
it seems that the apparent photoactivity of TiO, clusters within
zeolites in terms of substrate conversion can be even higher
than that of a TiO, standard.”’® Under these irradiation con-
ditions a certain level of direct thianthrene excitation is una-
voidable. Parallel blank controls in the absence of any solid
photocatalyst led to the formation of some thianthrene oxide
(see Table 3), although its yield was significantly lower than
in the presence of TiO, containing zeolite. Related precedents
in which the excitation source and conditions for TiO, photo-
catalysis may also result in the direct excitation of the substrate
can be found in the literature.”> Although the similar photo-
activity of TiO>@Y and TiO,@mordenite do not reflect differ-
ences in TiO, loading and bandgap, this can be due to the fact
that under the experimental conditions employed there is a
large excess of photocatalyst.

Besides irradiation in organic solvents, TiO, photocatalysis
in aqueous solution has attracted considerable interest.® It is
assumed that the general reaction mechanism in aqueous
media involves predominantly the generation of highly reactive
hydroxyl radicals. Other active oxygen species can also be gen-
erated and intervene in the photooxidation mechanism under
these conditions. The primary active oxygen species, particu-
larly *OH radicals,>”’ 8! attack any organic solute present in
the water, initiating its oxidative degradation. In the absence
of any species susceptible to be attacked by "“OH, the photoca-
talytic irradiation in water may result in the formation of a sta-
tionary concentration of hydrogen peroxide.®? In fact, we have
been able to detect the formation of a photostationary 1.8 mM
concentration of H,O, in the 254 nm irradiation of distilled
water through quartz in the presence of TiO,@Y. In contrast,
analogous photoirradiation using the standard TiO, anatase
does not lead to a measurable photostationary concentration
of H,O,. At 254 nm H,0O, undergoes a slow photochemical
degradation and the photostationary concentration using
TiO,@Y as photocatalyst implies that the formation and

Table 3 Results of the direct and photocatalyzed TH oxygenation
upon 254 nm UV lamp irradiation

Yield of TH=0/%

Photocatalyst 1h Sh
None 5 26
NaY 2 15
TiO,@Y (first exchange) 22 74
TiO,@mordenite (first exchange) 21 62
P-25 TiO, 4 24




decomposition rates of H,O, under these conditions and at
this concentration are the same.

We have also considered the effect the irradiation of TiO,@-
zeolite would have when in the presence of susceptible biologi-
cal substrates in aqueous media. This is of relevance in the
context of the widespread use of TiO, in sunscreens and cos-
metics. The photocatalytic activity of TiO, has been studied
in relation to biologically relevant substrates in aqueous solu-
tion. Studies with amino acids and nucleic acids have shown
that irradiation with UVA light in the presence of TiO, cata-
lyzes the degradation of these biomolecules.3*™"

An earlier study from our group has shown that TiO, parti-
cles in aqueous suspension efficiently inactivate horseradish
peroxidase (HRP),*> a heme enzyme that decomposes H,O,
in the presence of a suitable substrate. HRP belongs to a large
family of peroxidases widely distributed in nature. While HRP
is not found in humans, many other peroxidases are. Photoin-
duced inactivation of HRP by TiO, occurs under both anaero-
bic and aerobic conditions, but it is far more effective under the
latter conditions. The process consequently occurs with the
destruction of the heme group, which is the catalytic center
in these enzymes. It is possible that while damage is the worst
on the heme group, reactions also occur at the protein frame.

We have thus studied the photocatalytic behavior of TiO,
when included in zeolites Y and mordenite, in aqueous solu-
tion containing HRP as a test biological substrate. Broadband
irradiation of the solutions was performed around 350 nm, to
avoid direct absorption of light by the protein. Following irra-
diation, the activity of the HRP enzyme was analyzed in the
presence of the substrate, 2,2’-azinobis(3-ethylbenzthiazoline-
6-sulfonic acid) diammonium salt (ABTS). In order to com-
pare the activity of TiO,@zeolite with that of anatase TiO,,
the irradiations were performed under the same conditions
for both species. Control experiments were done with HRP
samples irradiated without photocatalyst and unexposed sam-
ples in the presence of TiO, anatase, TiO,@zeolite, or free of
any catalyst.

Our results (see Table 4 and Fig. 8) show that in contrast to
thianthrene photooxidation, the photocatalytic activity of the
TiO, anatase is higher than that of TiO,@zeolite in the case
of enzyme photoinactivation. Note also that the activity of
TiO,@Y is lower than that of TiO,@mordenite. As already
discussed (vide supra) the TiO,@zeolite absorption is blue-
shifted relative to TiO, anatase, and therefore exhibits lower
activity under 350 nm irradiation. The same argument explains
why the activity of TiO,@mordenite is higher than that of
TiO,@Y. The absorption threshold for the latter is less
extended into the UVA region of the spectrum as compared
to the former (see Fig. 6).

In summary, by encapsulation within the zeolite voids we
have been able to alter the photochemical activity of TiO,.
This photoactivity is different from that of bulk P-25 anatase
and varies depending on the zeolite framework and TiO,
loading. In this way we have prepared TiO, containing

Table 4 Relative enzymatic activity measured for HRP in water and
in the presence of different photocatalysts. Results are an average of
three measurements. Activity values were obtained from coefficient b
of the fitting curve for each sample (see Fig. 8) and then normalized
to the value presented for the dark sample in each case to obtain the
relative values. Dark samples exhibited an activity value of 0.15 units
of absorbance change at 412 nm per second per 41 ng ml~' of enzyme

Relative enzymatic

Sample activity /%
HRP 100
HRP + TiO,@Y (first exchange) 81
HRP + TiO,@mordenite (first exchange) 65
HRP + TiO, anatase 2
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Fig. 8 HRP catalyzed oxidation of ABTS as a function of time. The
HRP activity is given by the slope of the curves. ® HRP non-irra-
diated, O HRP irradiated, A HRP non-irradiated in the presence of
TiO,@Y (first exchange). A HRP irradiated in the presence of
TiO,@Y (first exchange). ¢ HRP non-irradiated in the presence
of TiO,@mordenite (first exchange), & HRP irradiated in the presence
of TiO,@mordenite (first exchange), @ HRP non-irradiated in the
presence of TiO, anatase. (1 HRP irradiated in the presence of TiO,
anatase.

photocatalysts that are more active than pure TiO, for thian-
threne photooxygenation and less active than pure TiO, for
enzyme photoinactivation. In both cases, this is the desirable
effect on the photocatalytic activity of TiO,. In addition, our
methodology can be used to develop more elaborated multi-
component photocatalytic systems containing nanometric
TiO, clusters as one of the constituents.®>%*

Experimental

TiO,@zeolite preparation and characterization

The corresponding zeolite in its Na™ form (10 g) was stirred at
room temperature with a solution of (Ti=0)K,(C,04),-2H,0
or (NH,4)»(Ti=0)(C,04),-H,O at the required concentration
(0.05, 0.4 and 0.8 M) for 4 h. After this time, the solid was fil-
tered and washed exhaustively with distilled water until no
oxalate anions were detectable in the washing waters using a
freshly prepared 0.5 M aqueous solution of CaCl,. The solids
were dried in an oven at 150 °C for 5 h. Alternatively, TiO, was
incorporated by submitting the zeolite sample (1 g) placed in a
tubular reactor to a stream of dry nitrogen that had been
bubbled through liquid TiCly at room temperature. The system
allows the in situ partial dehydration of the zeolite prior to the
TiCly treatment by heating the tubular reactor at temperatures
between 100 and 300°C for 1 h prior to passing the TiCly
vapors.

The elemental analyses were carried out by X-ray fluores-
cence spectroscopy using a Phillips MiniPal 25 fm. Powder
X-ray diffractions were recorded with a Philips X’Pert
PW3719 diffractometer equipped with a graphite polarizer,
automatic slits with a total scan surface of 14 mm and a pro-
portional detector. The diffractometer operates with Cu K,
radiation working at an excitation power of 2 kW; the goni-
ometer angular speed was 0.02° s~'. High-resolution transmis-
sion electron micrographs and EDX analysis were recorded at
the University of Reading with a Philips CM20 instrument.
Micropore volumes were obtained by isothermal N, adsorp-
tion in a Micromeritics apparatus. XPS measurements were
carried out at room temperature with a concentric hemispheri-
cal analyzer operated in the constant pass energy mode (50 eV).
A Mg Ko X-ray source (hv = 1253.6 eV) was used. A vacuum
of ca. 5 x 107 Torr was always attained in the analysis cham-
ber during XPS recording. Charging effects were calibrated by
the C (1s) line at 284.6 eV. Diffuse reflectance UV-Vis spectra
were recorded in a Cary 5G spectrophotometer using a praying
mantis accessory and BaSO, as reference. Laser Raman
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spectra were recorded on a Bio-Rad spectrometer, Model FT-
Raman II. The 1.064 pm line of a Nd : YAG laser was used for
excitation along with a Ge detector cooled to liquid nitrogen
temperature. Samples were examined in the 180° scattering
configuration using high-quality quartz tubes as cells. The laser
power at the samples was ca. 120 mW. The Raman spectra
were corrected for instrumental response using a white light
reference spectrum. Quantum chemical calculations were car-
ried out at the semiempirical level using the PM3 method
implemented in the Spartan Pro program.

Thianthrene photooxygenation

Titanium dioxide, pure anatase, with an average particle size
of 32 nm was purchased from Degussa P-25. Suspensions of
thianthrene (50 mg, Aldrich used as received) in dichloro-
methane (20 ml) containing the required photocatalyst
(150 mg) were simultaneously irradiated (open to ambient
air) at room temperature under magnetic stirring under air
for 4 h. Low pressure mercury lamps of 254 and 300 nm were
used as excitation sources and the sample contained in quartz
or pyrex glassware, respectively. The course of the photoreac-
tion was periodically followed by analyzing filtered aliquots by
GC (Varian, 25 m 5% crosslinked phenyl methyl silicone with a
FID) or GC-MS using n-decane as the external standard for
calibration. Characterization of the photoproducts was accom-
plished by comparing the reaction time and MS with authentic
specimens prepared according to reported procedures.’**

H,0, titrations

A suspension of the corresponding photocatalyst in distilled
water was photolyzed in air under magnetic stirring at 254 nm
through quartz. Filtered aliquots were iodimetrically titrated
and the result corrected by subtracting a blank irradiated
under the same conditions but in the absence of any photo-
catalyst.

Horseradish peroxidase inactivation

Horseradish peroxidase (HRP), type VI-A and 2,2'-azinobis(3-
ethylbenzthiazoline-6-sulfonic acid)diammonium salt (ABTS),
were purchased from Sigma and used as received. All buffers
were prepared using filtered millipore water (Millipore Milli-
Q system) and reagent grade chemicals. All buffers were trea-
ted with a chelating resin, iminodiacetic acid (from Sigma),
to remove any metal ions.

Steady state photolyses were performed using an irradiation
chamber fitted with 350 nm Rayonet UVA lamps. Samples
containing only HRP (0.025 mg mL™") as well as those con-
taining both enzyme and TiO,@zeolite (0.25 mg mL™') or
enzyme and TiO, anatase (0.025 mg mL™") in a 4 ml volume,
were photolyzed in pyrex test tubes (1 cm i.d., 5 mL total
volume). Dark control samples were placed in the chamber
to ensure that all samples (exposed and unexposed ones) were
kept under the same conditions. HRP activity assays were per-
formed with [ABTS] = 0.025 mM and [H,0,] = 0.25 mM,
prepared in a buffer of pH 4.4. The choice of this pH was dic-
tated by the assay procedure, which reflects the pH at which
the enzyme exhibits significant activity. To 5 ml of the solution
of ABTS and H,0, a diluted fraction, ~5 ng, of the enzyme
was added (HRP solutions were diluted 1/4500 for the assay)
according to the assay procedure of Porstmann es al.”® All
activity assays were monitored at 412 nm using a Milton-
Roy 3000, UV-visible spectrophotometer in kinetics mode.
Absorption spectra were acquired on the same instrument used
in scan mode. Plots of kinetic data were constructed using
Kaleidagraph software and fitted with a second-order polyno-
mial equation to determine the initial slopes. Each curve is
then fitted with the expression92 Aa12 nm = a+ bt + ci?, where
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A is the absorbance and ¢ the time. The coefficients ¢, b and ¢
are fitting parameters. The derivative of this expression with
respect to ¢ is given by dA41,/dt = b+ 2ct, which at ¢ = 0 cor-
responds to b. That is, the first coefficient (b) of the quadratic
fit is the calculated initial slope. These slopes have been used as
a measure of the enzymatic activity.
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