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a b s t r a c t

The selective photocatalytic degradation of charged pollutants in water was achieved on titania encap-
sulated into FAU-type zeolites. The electrostatic attraction of cationic substrates and repulsion of anionic
substrates by the negatively charged zeolite framework facilitated the selective photocatalytic degra-
dation of charged substrates. The hybrid zeolite–titania photocatalysts were prepared through the
ion-exchange method. The titania clusters were mainly well distributed within the cavities of FAU-
type zeolites whereas no TiO2 nanoparticles aggregates were observed on the external surface of zeolite
crystals. The hybrid zeolite–titania photocatalysts were characterized by diffuse reflectance UV–visible
spectroscopy, transmission electron microscopy, energy-dispersive X-ray analysis and X-ray photoelec-
tron spectroscopy. The selective degradation of charged pollutants was investigated by employing three
elective photocatalysis
ater treatment

pairs of oppositely charged substrates. The comparison between the cationic and anionic substrates
clearly showed that the degradation rates for the cationic substrates on the hybrid photocatalysts are
markedly higher than those for the anionic substrates. Among the cationic substrates, the smaller cations
such as tetramethylammoniums were preferentially degraded. This enabled the selective removal of
cationic substrates among the mixture. Such a selective photocatalytic degradation of water pollutants
may provide a useful strategy for the development of economical photocatalytic process by targeting

t poll
only the most recalcitran

. Introduction

The successful performance of titanium dioxide (TiO2) photo-
atalyst has been widely demonstrated especially for the complete
ineralization of organic pollutants. The oxidative degradation
ediated through the photogenerated hydroxyl radicals and

alence band holes with a strong oxidation potential is highly
avored and non-selective for a wide range of organic compounds
1–6]. The photocatalysis is environmentally benign because it
eeds only O2 and light for generating the reactive oxidants under
mbient conditions. However, TiO2/UV process might be costly for
ractical water treatment because of the overall low photonic effi-
iency. Achieving the selective degradation of targeted pollutants
mong the mixture may enhance the economical feasibility of the
hotocatalytic process for water treatment. Although the photo-
atalytic degradation of organic compounds have been extensively

tudied, the study of the selective degradation among the mixture
s rare [7,8]. In general, a combined process can be more efficient
nd economical than a process that depends on a single technology.
hen applied to water treatment, photocatalysis may not be effi-
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cient if it aims to remove all pollutants by itself. The photocatalyst
can be modified and optimized only for the most recalcitrant pollu-
tants while the rest of pollutants might be more easily removed by
other cheaper methods (e.g., adsorption, biological degradation).

Controlling the photocatalytic degradation of target substrates
in a selective way is a challenging issue since the reactivity of the
hydroxyl radical is difficult to control [9,10]. The selective photo-
catalysis can be approached in various ways. One of them is to
modify the surface of the photocatalyst with specific molecules
for the selective adsorption of a target substrate. For example,
n-octyl-grafted TiO2 was highly active for the decomposition of
4-nonylphenol [11]. Organosilicone-coated TiO2 showed better
performance for the photocatalytic destruction of the pesticide per-
mathrin [12]. The molecular recognition sites can be introduced
on the photocatalyst surface as well. A thin layer of molecu-
lar imprinted polymer was coated on the surface of TiO2, which
provided the molecular recognition ability toward the template
molecules [13]. Thiolated-cyclodextrin was also employed as the
molecular recognition site because it has high affinity for a variety

of hazardous contaminants [14]. However, this kind of organic/TiO2
hybrid photocatalysts suffer from poor stability since the organic
component is also degraded through the photocatalytic oxidation
[13]. Therefore, the hybrid photocatalysts with all inorganic com-
ponents are highly desired. For example, titanosilicate molecular

dx.doi.org/10.1016/j.jhazmat.2011.01.105
http://www.sciencedirect.com/science/journal/03043894
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ieves such as ETS-4, ETS-10 and TS-1 were employed for the
hape-selective photocatalysis [15–17]. However, their photocat-
lytic activities were low because of the low content of titanium.
he core/shell structured inorganic photocatalyst has been also
nvestigated for a similar purpose [18–20]. The titania particles
re encapsulated with porous silica shell through which small
olecules can penetrate into the titania core while large molecules

re rejected at the silica shell.
Zeolites have many advantages as hosts for selective pho-

ocatalysis such as the photochemical stability, transparency to
V–visible radiation (above 240 nm), and high/selective adsorption
apacity for many substrates [21]. Therefore, the encapsulation of
itanium species into the zeolites hosts has been frequently stud-
ed for the photocatalytic applications such as the conversion of
O2 and NOx [22–24]. Another interesting property of zeolites is
he negative charges (balanced by counter cations present in the
eolite pores) carried by the aluminosilicate framework, which
esults from the substitution of Al3+ into the silica structure [25].
n this work, we aimed to develop a zeolite-based hybrid photo-
atalyst with enhanced selectivity for the degradation of specific
harged substrates. FAU-type zeolites with titania encapsulated
ere prepared and investigated for their photocatalytic activities

or the degradation of charged substrates in water. The combina-
ion of the photocatalytic activity of titania clusters encapsulated
n zeolites, the negative charges of the zeolite framework, and
he size of zeolite channel enables the selective degradation of
pecific cationic substrates in water. This work will provide a
odel example of the selective photocatalysis applied to water

reatment.

. Materials and methods

.1. Preparation of catalyst

The encapsulation of titania clusters into zeolites was carried
ut by successive ion-exchange process followed by heat treatment
22–24]. Two FAU-type zeolites with Si/Al = 5 and 100 (denoted as
FAU1 and HFAU2, respectively) in the proton form were obtained

rom Tosoh and chosen as the starting materials. First, the pro-
on form of these zeolites was transformed into their sodium form
NaFAU1 and NaFAU2, respectively) by a standard ion-exchange
rocedure. The zeolite powder was refluxed twice in 1.0 M NaNO3
olutions for 3 h, filtered and then washed with deionized water
horoughly. The obtained powder was kept in an oven at 363 K
vernight, and then calcined at 773 K for 5 h. Second, the sodium-
ype zeolite powder was mixed with 0.05 M aqueous solution of
Ti O)(NH4)2(C2O4)2 for 12 h at room temperature to incorporate
itanium species into zeolites. The sample was filtered and washed
ith deionized water thoroughly and heated at 373 K overnight to
romote the transformation of Ti O2+ into TiO2. The exhaustive
ater washing was crucial to prevent the physically adsorbed tita-
ium species from aggregating on the external surface of zeolites.
he ion exchange process was repeated to get a higher loading of
itania. The final samples were calcined at 723 K for 5 h (denoted as
iO2@FAU1 and TiO2@FAU2).

The pure TiO2 powder as a control sample (denoted as syn-TiO2)
as also prepared through a typical sol–gel method (using titanium

etraisoproxide as a precursor). Typically, 4 mL titanium tetraiso-
roxide was slowly dropped into a 50 mL ethanol and water mixed
olution with the volume ratio of 1:1. Then the solution was stirred

t room temperature for 5 h, the obtained white powder was fil-
ered and washed with deionized water. Finally, the white powder
as kept in an oven overnight and calcined at 723 K for 5 h. A com-
ercial TiO2 sample, Degussa P25, was also compared as a pure

iO2.
Materials 188 (2011) 198–205 199

2.2. Physical and chemical characterization of catalyst

Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, Thermo Jarell Ash IRIS Advantage/1000 Radial ICAP Spec-
trometer) was used to analyze the composition of the zeolite
samples. X-ray photoelectron spectroscopy (XPS, Kratos XSAM
800pci) was carried out to determine the Ti/Si atomic ratio of
the titania-loaded zeolites using Ta2O5 as reference. The Ar+

sputtering was done prior to analysis to remove any possible
Ti species that may be present on the external surface of zeo-
lites. The powder X-ray diffraction (XRD) patterns were measured
on a PANalytical X’Pert diffractomer with an X’Celerator detec-
tor. Data were collected with a fixed divergence slit (0.50◦) and
Soller slits (incident and diffracted = 0.04 rad) and Cu K� radia-
tion. Diffuse reflectance UV–visible spectra (DRUVS) were recorded
using a spectrophotometer (Shimadzu UV-2401PC) with an inte-
grating sphere attachment. BaSO4 was used as the reference.
The transmission electron micrographs (TEM) of various samples
were recorded using a JEOL JEM-2100F microscope. Zeta poten-
tials of catalyst particles suspended in water were measured using
an electrophoretic light scattering spectrophotometer (ELS 8000,
Otsuka).

2.3. Photocatalytic activity test and adsorption test

The selective photocatalytic degradation activities were inves-
tigated by employing three pairs of oppositely charged organic
substrates: RhB (rhodamine B, cationic) and RB19 (reactive blue
19, anionic); AL (aniline, partially protonated as cationic anilinium,
pKa = 4.7) and BZ (benzoate, anionic, pKa = 4.2); TMA (tetramethy-
lammonium, cationic) and DCA (dichloroacetate, anionic, pKa = 1.3).
The molecular structures of the six substrates are compared in
Scheme 1. An aqueous suspension (60 mL) containing 30 mg pho-
tocatalyst and single or equimolar mixed substrates was put in a
Pyrex cylindrical reaction vessel (100 cm3 in capacity). The pH of
the suspension solution was adjusted to 5.0 ± 0.2 using standard
HCl or NaOH solution and then the suspension was stirred for 1.5 h
in the dark to allow the adsorption equilibrium of substrates on the
catalyst.

A 300-W Xe arc lamp (Oriel) was used as a light source. The
light beam was passed through a 10-cm IR water filter and a UV
cutoff filter (� > 300 nm) and focused onto a cylindrical Pyrex reac-
tor. The reactor was open to the ambient air. Sample aliquots were
withdrawn from the reactor intermittently during the illumina-
tion. The photocatalytic experiments with a single substrate were
carried out using 100 �M RhB or 100 �M RB19 solution. The photo-
catalytic experiments with equimolar mixed substrates were done
using 200 �M AL and 200 �M BZ mixed solution; 200 �M TMA and
200 �M DCA mixed solution.

Adsorption isotherms were obtained as follows. The catalyst
powder (5 mg: syn-TiO2 or TiO2@FAU1) was added to aqueous solu-
tion (10 mL) containing the specific substrate (20–100 �M). The pH
of the suspension was adjusted to 5.0 ± 0.2 using standard HCl or
NaOH solution. After the mixture was stirred for 1 h in the dark
at room temperature, sample aliquots were withdrawn for quan-
titative analysis. The adsorbed concentrations of substrates were
calculated by subtracting the equilibrated concentrations from the
initial concentrations.

Quantitative analysis of AL and BZ was done by using a high
performance liquid chromatograph (HPLC, Agilent 1100) equipped
with a C-18 column and a diode-array detector. TMA and DCA were

quantified by using an ion chromatograph (IC, Dionex DX-120)
equipped with Dionex IonPac AS14 column and CS 12A column. The
concentrations of RhB and RB19 were determined by measuring the
maximum absorbance with a UV–visible spectrophotometer (Shi-
madzu UV-2401PC). The photocatalytic activity was quantified in
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TiO2@FAU that were determined from the extrapolated absorp-
tion onset. The absorption edges of TiO2@FAU samples are clearly
shifted to shorter wavelengths compared with pure TiO2 samples.
This can be explained by the quantum confinement effect [29] of
Scheme 1. Molecular structures of the cationic and anionic

erms of the apparent first-order rate constant (k) for the removal
f various substrates under irradiation.

. Results and discussion

.1. Characterization of titania encapsulated into zeolite

It has been well known that the amount of loaded TiO2 in
eolite is significantly affected by structural parameters of zeolite
uch as SiO2/Al2O3 ratio, cation type, and topology. In this work,
e chose the Si/Al ratio = 5 and 100 of FAU-type zeolite as start-

ng materials. The FAU-type zeolite belongs to the faujasite family
nd is composing of tetrahedral SiO4 and AlO4 building blocks
hat results in the formation of large cavities with a diameter of
1.3 nm. These supercages are connected to each other by tunnels
ith a widest diameter of ≈0.74 nm. These interconnected tun-
els and supercages would provide the space for the loading of
iO2 molecules inside of zeolite. The elemental composition of the
iO2@FAU samples was determined by ICP-AES analysis and is sum-
arized in Table 1. As shown in Table 1, TiO2@FAU1 has a higher

i content than TiO2@FAU2 since NaFAU1 with a lower Si/Al ratio
as a higher ion exchange capacity than NaFAU2. More Ti O2+ ions
an be incorporated into NaFAU1 which makes the TiO2 loading
n TiO2@FAU1 higher [26]. The maximal loading of TiO2 content

alculated by assuming that all sodium ions are exchanged with
iO2+ ions is 10.0% and 0.7% in NaFAU1 and NaFAU2, respectively.
owever, the experimentally determined Ti loadings are a little
igher (11.1% and 2.1%, respectively), which might be ascribed to

able 1
lemental composition and estimated bandgaps of prepared photocatalysts.

Sample Si/Al Ti/Sia Ti content (TiO2, %)a Band gap (eV)b

syn-TiO2 – – 100 3.1
TiO2@FAU1 5 0.11 11.1 3.5
TiO2@FAU2 100 0.01 2.1 3.5

a Na, Al, Ti elements were analyzed by ICP-AES. Si was calculated from the known
i/Al ratio.
b Determined from the absorption onset in the diffuse reflectance spectra

xpressed in the Kubelka–Munk (KM) function (see Fig. 2b).
ates tested for the photocatalytic degradation in this study.

a possibility that TiO2+ ions are additionally exchanged with the
Bronsted acid sites of the zeolite during the repeated exchange
process [27].

To investigate whether the zeolite crystallite was disrupted by
the titania loading, the XRD analysis was done as shown in Fig. 1,
which confirmed that the ordered zeolite structure was maintained
after the titania modification. However, the TiO2 peaks were not
observed probably because the TiO2 clusters located within the
zeolite pores are very small or amorphous. A similar phenomenon
was also observed in other study [28]. However, the comparison
of DRUVS among NaFAU and TiO2@FAU samples in Fig. 2a clearly
shows the presence of the bandgap absorption induced by titania
contained in TiO2@FAU. Fig. 2b compares the bandgaps of TiO2 and
Fig. 1. XRD spectra of original zeolite (HFAU1); after sodium exchange modification
(NaFAU1); after titanium loading (TiO2@FAU1).
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of syn-TiO toward RhB and RB19 is reverse to that of TiO @FAU1.
ig. 2. (a) Diffuse reflectance UV–visible spectra (DRUVS) of various catalyst sam-
les, (b) conversion of the DRUVS into the plot of Kubelka–Munk function versus
hoton energy ([F(R) × E]1/2 vs E).

itania clusters within the zeolite pores and indicates that the size
f titania nanoparticles in the zeolites is smaller than that of P25
nd syn-TiO2. There is no significant change in the bandgap for
iO2@FAU1 and TiO2@FAU2, indicating that the size of TiO2 clus-
ers in the interior of zeolites might be similar. The bandgap of
he quantum-sized TiO2 nanoparticles is related with their radius
hrough the following equation [30,31]:

Eg = h2

8R2�
− 1.8e2

εR
(1)

here R is the radius of the particle; � is the reduced mass of the
xciton = 1.63me for TiO2; ε is the dielectric constant of the semi-
onductor = 184 for TiO2.

The diameter of titania clusters determined by Eq. (1) is 1.8 nm
or TiO2@FAU1 and TiO2@FAU2, which is not so large compared to
he diameter (1.3 nm) of supercages in FAU-type zeolites [32], sug-
esting that most (if not all) TiO2 clusters are present in intrazeolitic
avities. The XRD size of syn-TiO2 particles is estimated to be about
6 nm according to Scherrer’s equation.

Fig. 3 shows the TEM images of NaFAU1 and TiO2@FAU1. It can
ee seen that the TiO2 clusters exist between the lattice planes
f NaFAU1, whereas none of them are observed on the external
urface of the zeolite crystals. We were not able to accurately deter-
ine the size of TiO2 clusters from the TEM image due to their

verlapping nature within the zeolite lattice. The EDX mapping
nalysis (see Fig. 4) shows that Ti elements are distributed over

he whole zeolite framework. TiO2@FAU1 shows much higher tita-
ium distribution signal in Fig. 4c than that of TiO2@FAU2 in Fig. 4f,
hich is consistent with the higher Ti loading of TiO2@FAU1 (see

able 1).
Materials 188 (2011) 198–205 201

To further probe the distribution of Ti within the zeolites, the
elemental ratio of Ti/Si in TiO2@FAU samples was analyzed by XPS
along with Ar+ bombardment (see Fig. 5). The profile of the Ti/Si
atomic ratio remained relatively constant throughout the ion sput-
tering time, which indicates that the Ti elements are uniformly
distributed within the zeolites. The sputtering time of 200 s corre-
sponds to the etching depth of 10 nm, which should be long enough
to etch out the external surface of the zeolites. The observation that
the Ti/Si ratio did not vary much during this sputtering process
implies that the titania species are not loaded on the external sur-
face of the zeolites. This is consistent with what TEM images in Fig. 3
show. If the titania nanoparticles were aggregated on the external
surface of the zeolites, the Ti/Si ratio should decrease rapidly with
the sputtering time. The XPS Ti/Si ratios are around 0.04(±0.005)
and 0.007(±0.003) for TiO2@FAU1 and TiO2@FAU2, respectively,
which are lower than those obtained from the ICP analysis (see
Table 1). This indicates that the titanium content in the surface
region of the zeolites is lower than in the bulk region since XPS
analyzes the surface region only. As TEM images in Fig. 3 show, the
titania clusters are well buried within the porous framework of the
zeolites. Both TEM and XPS analyses support that TiO2 clusters are
mainly located in the interior of the zeolites.

The surface charges of TiO2 and TiO2@FAU samples were ana-
lyzed by measuring the zeta potential as shown in Fig. 6. While
the point of zero zeta potentials (PZZP) of pure TiO2 (P25 and syn-
TiO2) are in the range of 5.5–6.5, those of TiO2@FAU are significantly
shifted to lower pH (about 2) because of the negative charges of
the zeolite framework. As a result, the surface of TiO2@FAU car-
ries dominant negative charges at pH > 2 under which condition
cationic substrates should be attracted.

3.2. Photocatalytic activities of TiO2@FAU

The adsorption of substrates on the photocatalyst is an impor-
tant factor that affects the photocatalytic activity. The adsorption
isotherms of various substrates were determined with syn-TiO2
and TiO2@FAU1 samples. As shown in Fig. 7a, the cationic substrates
such as RhB (rhodamine B), TMA (tetramethylammonium) and
AL (anilinium) are strongly adsorbed onto TiO2@FAU1, while the
anionic substrates such as RB19 (reactive blue 19), DCA (dichloroac-
etate) and BZ (benzoate) are hardly adsorbed onto TiO2@FAU1.
This phenomenon could be clearly explained as the electrostatic
attraction or repulsion between the negatively charged zeolite
framework and the charged substrates controls the adsorption
behavior. The TiO2@FAU1 shows the largest adsorption toward
TMA since it is the smallest molecule among the tested cationic sub-
strates and thus easier to diffuse into the zeolite pores. RhB, being
the largest cationic substrate, exhibits the lowest adsorption on
TiO2@FAU1 since its penetration into the zeolite pores is hindered.
It is assumed that a significant fraction of adsorbed RhB molecules
are located on the external surface of zeolite. On the other hand,
the adsorption characteristics of syn-TiO2 (pure TiO2) (shown in
Fig. 7b) are markedly different from those of TiO2@FAU1. The syn-
TiO2 shows lower adsorption affinity toward both cationic and
anionic substrates except the dye molecules. Since the pH of zero
point of charge (pHZCP) of TiO2 is around 5.5–6.5 (see Fig. 6), TiO2
at near neutral condition (pH 5 in this case of adsorption) should
have weak electrostatic interaction with and little affinity toward
the charged substrates. The bulky dye molecules (RhB and RB19)
of which adsorption into the zeolite pores are hindered are more
favorably adsorbed on syn-TiO2. It is noted that the relative affinity
2 2
RB19 is not adsorbed on TiO2@FAU1 at all but its adsorption on
syn-TiO2 shows the highest affinity among all test substrates. The
reactive functional groups in RB19 seem to have a stronger interac-
tion with the surface of TiO2. Comparing the adsorption isotherms
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Fig. 3. TEM images of various samples: NaFAU1 (a) and (b); TiO2@FAU1 (c) and (d).

Fig. 4. EDX elemental mapping images of TiO2@FAU1 sample: (a) Si, (b) Al, (c) Ti and TiO2@FAU2 sample: (d) Si, (e) Al, (f) Ti.
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ig. 6. Zeta potentials of various catalyst samples suspended in water as a function
f pH ([TiO2(P25)] = 2 mg/L, [others] = 20 mg/L, containing 0.05 mM NaNO3 elec-
rolyte).

f TiO2@FAU1 and syn-TiO2, it is clear that TiO2@FAU1 exhibits the
harge-selective adsorption characteristics, which should affect the
hotocatalytic selectivity.

The charge-selective photocatalytic activities were tested for
he above three pairs of oppositely charged substrates. The photo-
atalytic degradation of single or mixed substrates with TiO2@FAU
as carried out and compared with syn-TiO2 (as a control) under
he identical experimental condition. The photocatalytic activities
f hybrid zeolite catalysts are expressed in terms of the first-order
ate constant (k) for the removal of various charged substrates and
ompared with that of pure TiO2 (syn-TiO2) (see Table 2). In all

able 2
hotocatalytic degradation rate constant for the removal of various charged
ubstrates.

Catalyst First-order rate constant, k (10−3 min−1)

Cationic substrate Anionic substrate

RhB AL TMA RB19 BZ DCA

syn-TiO2 4.84 3.5 0.74 8.89 3.41 35.57
TiO2@FAU1 5.77 3.21 3.55 0.86 0.46 1.95
TiO2@FAU2 3.20 1.03 1.11 0.06 0.64 2.27

Catalyst] = 0.5 g/L; pH 5.0 ± 0.2; the single substrate experiments were carried out
sing 100 �M RhB or 100 �M RB19 solution; the equimolar mixed substrates exper-

ments were done using 200 �M AL and 200 �M BZ mixed solution; 200 �M TMA
nd 200 �M DCA mixed solution.
Fig. 7. Adsorption isotherms of various substrates on (a) TiO2@FAU1 and (b) syn-
TiO2 suspended in water ([catalyst] = 0.5 g/L, pH 5.0 ± 0.2). Filled symbols represent
the cationic substrates and open symbols the anionic substrates.

cases, the removal of substrates by direct photolysis (without cat-
alyst) was negligible. For the degradation of dyes (RhB and RB19),
TiO2@FAU2 shows more than 50 times higher photocatalytic activ-
ity for cationic RhB than anionic RB19, whereas syn-TiO2 shows
comparable activities for RhB and RB19 under the same reaction
condition. This is consistent with the adsorption behavior shown in
Fig. 7a. The observation that the degradation of RhB (largest cation)
on TiO2@FAU is comparable to that on syn-TiO2 is interesting. RhB
molecules, which are too big to freely diffuse into the zeolite cavity,
are mostly adsorbed on the external surface of the zeolites through
the electrostatic attraction whereas the active TiO2 clusters are in
the interior of zeolite, not on the external surface. Therefore, RhB
molecules may not be in the direct contact with TiO2 clusters. A
plausible degradation mechanism is the photocatalytic oxidation
that is mediated by the OH radicals migrating from the interior
TiO2 clusters to the external surface [33]. In the degradation pro-
cess of RhB, we observed some blue shift in the main absorbance
band (centered at 554 nm), which was insignificant with syn-TiO2
but measurable with TiO2@FAU. This implies that the degradation
mechanism is different. The blue shift in the RhB absorption band
indicates that it undergoes the N-de-ethylation more preferentially
on TiO2@FAU [34]. On the other hand, the anionic RB19 was hardly

adsorbed by zeolites and thus degraded with much slower rate.
In general, substrates can be adsorbed not only on the external
surface of zeolite but also on the inner titania particles depend-
ing on their size and charge. Therefore, both holes and migrating
radical species should be involved as oxidants. The photocatalytic

mailto:TiO2@FAU1
mailto:TiO2@FAU2
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Fig. 8. Photocatalytic activities of various samples for the degradation of cationic
substrates: RhB, AL, TMA; anionic substrates: RB19, BZ, DCA. (a) The activi-
ties of photocatalytic degradation are expressed in terms of the relative ratio:
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egradation mechanism and the kind of major oxidants can be dif-
erent for each substrate [5]. In addition, it should be noted that a
ariety of intermediates with different charge characteristics can
e produced during the degradation process and the selectivity of
photocatalyst for the intermediates can be different from that

or the parent substrate. In this study, we focused only on the
emoval of parent substrates. In case there is significant selec-
ivity difference between a parent substrate and intermediates,
he photocatalytic activity for the removal of a parent substrate
an be very different from that for the removal of total organic
arbon.

With the mixed substrates (AL and BZ, TMA and DCA), the
elective photodegradation was also observed. TiO2@FAU samples
howed much faster degradation for cationic AL than anionic BZ.
s for the case of TMA and DCA mixture, the relative photocatalytic
egradation activity for TMA and DCA is reversed between syn-TiO2
nd TiO2@FAU samples. Compared with syn-TiO2, the photocat-
lytic degradation of TMA was enhanced with TiO2@FAU whereas
hat of DCA was greatly inhibited with TiO2@FAU. The diffusion of
maller cationic AL and TMA molecules into the zeolite pores (with
egative charge) facilitates the photocatalytic degradation on the

nterior TiO2 whereas the repulsion of anionic BZ and DCA retards
heir degradation.

Fig. 8a compares the photocatalytic activities for each substrate
n terms of the relative ratio R = [k(TiO2@FAU)/k(TiO2)]. R refers to
he relative rate with respect to the degradation rate on pure tita-
ia. The comparison between the cationic and anionic substrates
learly shows that the photocatalytic activities for the degradation
f cationic substrates on TiO2@FAU are consistently higher than
hose for anionic substrates. It should be noted that R values of
nionic substrates are markedly lower than unity (Ranion � 1). This
ndicates that the electrostatic interaction between the substrates
nd the negatively charged zeolite framework selectively controls
he photocatalytic activity of the encapsulated TiO2 nanoparticles
epending on the charge of the substrates. The electrostatic attrac-
ion between TiO2@FAU and cationic substrates should facilitate
he photocatalytic degradation. On the other hand, the electrostatic
epulsion between anionic substrates and TiO2@FAU markedly
nhibits their degradation in comparison with TiO2 nanoparticles.
s a result, the photocatalytic degradation on the hybrid photocat-
lysts is much favored for cationic substrates among the cationic
nd anionic mixture. Incidentally, the size-selective control by the
eolitic pore is also observed. Among the three cationic substrates
RhB, TMA, and AL), the relative enhancement in the degradation
ate (R value) is the highest with TMA, the smallest cation, which
hould diffuse most easily into the titania clusters embedded within
he zeolite pores.

The activity comparison of TiO2@FAU and syn-TiO2 in terms of
he apparent rate constant, k (10−3 min−1), however, is not based
n the same mass of active TiO2 component, but on the total mass
f the hybrid catalyst. TiO2@FAU catalyst contains only a fraction
f active TiO2 content out of the total mass (see Table 1). There-
ore, the charge-selective photocatalytic activity of TiO2@FAU is

uch higher when the photocatalytic activity for each substrate is
xpressed in terms of the relative ratio Rn = kn(TiO2@FAU)/kn(syn-
iO2) that is based on the rate constant normalized by TiO2
ass [kn, min−1 (g TiO2)−1] (see Fig. 8b). The comparison between

he cationic and anionic substrates clearly shows that the rela-
ive rates for the degradation of cationic substrates on TiO2@FAU
re markedly higher compared with those of anionic substrates
Rcation � Ranion) (Fig. 8b). On the other hand, the normalized degra-

ation activities for cationic substrates on TiO2@FAU are notably
igher than those of unconfined TiO2 nanoparticles (Rcation � 1),
hich indicates that the TiO2 clusters encapsulated into zeolites are
uch more selective than pure titania for the photocatalytic degra-

ation of cationic compounds. Among the cationic substrates, TMA
R1 = [k(TiO2@FAU1)/k(TiO2)], R2 = [k(TiO2@FAU2)/k(TiO2)] based on the apparent
rate constant (k, 10−3 min−1); (b) the alternative expression of the relative ratio:
(R1)n = [kn(TiO2@FAU1)/kn(TiO2)], (R2)n = [kn(TiO2@FAU2)/kn(TiO2)] based on the
apparent rate constant normalized by TiO2 mass [kn , min−1 (g TiO2)−1].

showed the highest Rn value, which reconfirms the size-dependent
selectivity of TiO2@FAU.

4. Conclusions

The encapsulation of titania clusters into FAU-type zeolite pores
was obtained through ion-exchange process followed by heat treat-
ment. The FAU-type zeolite with lower Si/Al ratio shows the higher
titanium loading due to its higher ion-exchange capacity. The tita-
nia clusters are mainly located within the framework of zeolite,
while no TiO2 nanoparticles aggregates could be found on the exter-
nal surface of zeolite. The hybrid zeolite/TiO2 photocatalysts were
fully characterized using various analytical methods and confirmed
that smaller titania clusters are well dispersed within the zeolite
pores. The charge-selective photocatalytic degradation of charged
aquatic pollutants was successfully achieved by using the pre-
pared hybrid photocatalysts. The electrostatic attraction of cationic

substrates such as RhB, TMA, and AL by the negative charged frame-
work of zeolite facilitated their photocatalytic degradation on TiO2
clusters within the zeolite, whereas the electrostatic repulsion of
anionic substrates such as RB19, BZ, and DCA hindered the pho-
tocatalytic degradation. The hybrid photocatalyst exhibited the
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ize-dependent selectivity as well. Among the cationic substrates,
he smallest cations (TMA) were most preferentially degraded. The
ybrid photocatalysts with enhanced selectivity for the degrada-
ion of targeted substrates may provide a useful strategy for the
hotocatalytic treatment of polluted water. For example, the pho-
ocatalytic technology for practical water treatment may not be
ost-effective when it aims to remove all kind of pollutants by
tself. The contaminated water contains a wide variety of pollu-
ants whose degradability (physicochemical or biological) highly
ary. The selective photocatalysis may target the most recalcitrant
ollutant (e.g., TMA from the semiconductor industry wastewa-
er [33]) and the rest of pollutants can be removed by less costly
rocess such as the conventional biological water treatment.
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