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Preparation of highly hydrophobic FAU zeolite has been achieved by a two-step preparation method that
comprises predealumination treatment using concentrated mineral acids and subsequent calcination
treatment. The hydrophilic/hydrophobic character of the zeolites was estimated by detailed adsorption
measurements using water and toluene molecules as adsorbates, which showed the strict hydrophobic
nature of the prepared FAU zeolites. By means of TG, FT-IR, and 2°Si MAS NMR analyses, it was concluded
that the enhancement in hydrophobicity originates from the healing of silanol defect sites and the forma-
tion of a refined silica surface with fewer adsorption sites. Thus-prepared FAU zeolite, with high crystal-
linity, structural and thermal stability, and hydrophobicity, significantly improved the photocatalytic
degradation rates of 2-propanol in water and acetaldehyde in air on TiO, when it was used as a catalyst
support. A distinct correlation was found between the hydrophobicity of zeolites and photocatalytic
activity of the supported TiO,.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

TiO, is currently considered the most promising catalyst for the
photocatalytic degradation of organic compounds owing to its suit-
able band gap energy for redox reactions, mechanical and chemical
stability, environmental friendliness, low cost, and convenience of
preparation [1-4]. Given the current concern with environmental
issues, it is anticipated that applications for TiO, will be growing
at increasing speed, and in particular, urgent improvement of the
TiO, photocatalytic degradation is potentially needed for large-
scale industrial treatment processes such as waste water treatment
and de-NO,. However, there remain further technological prob-
lems, which may include easy separation of the catalyst and
improvement of adsorption properties for organic molecules at
low concentrations in the media.

Combining adsorbents (e.g., zeolites and mesoporous silicas) and
TiO, photocatalysts makes it possible to create advanced photocat-
alytic systems with improved adsorption and condensation proper-
ties—for example, abatement of air and water pollution using solar
light, as well as photooxygenation of hydrocarbons, de-NO, pro-
cesses, and other photochemical processes of concern in environ-
mental sciences [5-9]. Our previous studies, which dealt with the
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photocatalytic degradation of organic molecules diluted in air and
water, have systematically revealed that the photocatalytic activity
of TiO, strongly depends on the hydrophobic character of the adsor-
bents in this type of hybrid photocatalytic system [10,11].

The hydrophobic/organophilic character of high-silica zeolites
has been long recognized [12,13]. Owing to their excellent chemi-
cal, thermal, and hydrothermal stability, as well as their sieving
properties, hydrophobic zeolites have found numerous applica-
tions in adsorption, separation, and purification processes in aque-
ous media [14], where their excellent affinity for hydrocarbons
facilitates the mass transfer of organic substrates, inhibiting the
adsorption of water molecules. The degree of hydrophobicity of
zeolites is directly dependent on their Al content, i.e., the SiO,/
Al,05 ratio of the zeolite framework, and on the related adsorption
sites, such as Brensted and Lewis acid sites as well as exchangeable
cation sites. Silanol groups in the zeolite framework created by
specific treatments and on the surface of mesoporous silicas have
also been considered to work as weak adsorption sites for water
molecules through hydrogen bonding [15,16]. It is thus of great
importance to reduce such defect sites for preparing hydrophobic
silicate adsorbents.

For example, the aluminum content of zeolites can be adjusted
to some extent during the hydrothermal synthesis; however,
among the numerous kinds of zeolites, the number of zeolite struc-
tures that can be readily synthesized as pure-silica or high-silica
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forms has been limited (e.g., ZSM-5 and ZSM-11), and most high-
silica zeolites require the use of an organic structure-directing
agent (SDA) in their synthesis. From an economic standpoint, this
organic SDA is often the most expensive component in the synthe-
sis, which limits the number of hydrophobic zeolites that are avail-
able commercially. The majority of commercially available zeolites
at present are the ones that can be synthesized in the absence of
SDA, such as LTA, FAU, and MOR zeolites, and hydrophobic zeolites
are generally prepared by postsynthetic dealumination procedures.
Dealumination can be accomplished by steaming treatments [17-
19], acid leaching [20-22], and chemical treatments with chelating
agents (EDTA, etc.) [23,24], silicon tetrachloride (SiCly) [25], and
silicon hexafluoride [26]. Upon dealumination, the treatment con-
ditions must be systematically adjusted for the composition, struc-
ture, and texture of the parent material in order to preserve the
integrity of the crystallinity. Most of the industrial interest in dea-
lumination of zeolite has been focused on its improved acidity [27],
however, and little attention has been paid to the effect on hydro-
phobicity. To date, only a few papers have been devoted to the pur-
suit of the hydrophobicity of zeolites, e.g., BEA [28] and MOR [29].

We report here on an easy method for preparing extremely
hydrophobic FAU zeolite. FAU zeolite (referred to as X- or Y-zeolite
according to the SiO,/Al,03 ratio) possesses three-dimensionally
connected microchannels consisting of supercages with diameter
of ~1.30nm and bridging tunnels with a widest diameter of
~0.74 nm, and the high sorption capacity and excellent mass
transfer properties thus created allow multiple applications in
industry as adsorbent, catalyst support, and solid acid catalyst
[27,30]. Unfortunately, high-silica FAU zeolite cannot be directly
synthesized due to the synthetic limitations of the Si/Al ratio (its
naturally occurring Si/Al ratio is between 1.0 and 3.0). Therefore,
it has been necessary to carry out repeated postsynthetic dealumi-
nation treatments in order to obtain highly siliceous FAU zeolite
[31,32]. However, in the mass production of hydrophobic zeolite,
chemical treatments using organosilanes or chelating agents that
lead to waste streams should be avoided, from an environmental
point of view. Our efforts systematically revealed that the hydro-
phobicity of FAU zeolites can be drastically improved via a two-
step method, which consists of treatment of the as-synthesized
zeolite precursor with a concentrated mineral acid solution and
subsequent calcination at high temperature (T = ca. 1000 °C). The
effect of treatment conditions (acid concentration, kinds of acids,
temperature, and zeolite topologies) on dealumination Kkinetics
was investigated by chemical, structural, and sorptive analyses
associated with the surface environment of the zeolite, which
was analyzed by TG, FT-IR, and 2°Si MAS NMR measurements.

Furthermore, making the best use of the hydrophobic/organo-
philic nature of the FAU zeolite thus obtained, it was utilized as a
support material for TiO, photocatalysts, with the objective of fab-
ricating efficient photocatalytic degradation systems for organic
compounds diluted in water and air. The photocatalytic activity
of the prepared samples was examined using photocatalytic degra-
dation of 2-propanol in water and acetaldehyde in air under UV
light irradiation as model reactions. Specific attention is paid to
the correlation between the photocatalytic activities and the
hydrophobicity of the zeolites, which is closely related to the
adsorption kinetics of the adsorbates and the surface environment
created during the acid and thermal treatments.

2. Experimental
2.1. Materials
Na-type FAU zeolites with SiO,/Al,03 =5 (denoted as NaY(5))

and proton-type FAU zeolites with SiO,/Al,05 = 6.0, 13, 36, 54, 92,
and 810 (denoted as HY(x); x is the SiO,/Al,05 ratio) were kindly

donated by Union Showa K. K. HY(5.8) zeolite was prepared from
NaY(5) by a standard ion-exchange procedure using aqueous
ammonium nitrate solutions, followed by a repeated standard
steaming process at 400 °C under 100% water vapor flow. Other
types of zeolites such as MOR(15),ZSM-5(38), and Beta(20) were do-
nated by Tosoh Co. Ltd. All zeolite materials were used as received
without further washing or calcination. The TiO, powders, P-25
(consisting of 80% anatase and 20% rutile phases) and ST-01 (anatase
100%), were purchased from Ishihara Ind., Ltd. Ammonium titanyl
oxalate ((NH4),[TiO(C204),]-2H,0; purity >98%), a titanium source
for TiO,, was purchased from Wako Pure Chemical Ind., Ltd. Acids,
solvents, and all commercially available organic compounds for cat-
alytic reactions were purified using standard procedures.

2.2. Preparation of hydrophobic zeolites

Acid leaching treatment was carried out by immersing zeolites
in an aqueous mineral acid solution under reflux conditions. Typi-
cally, 3.0 g of HY(5.8) zeolite was suspended in 90 mL of aqueous
nitric acid solution and was refluxed for 12 h with stirring. To pro-
vide a comparison, the nitric acid concentration was varied from
0.1 to 4.0N, and the same procedure was conducted using 2.0 N
aqueous solutions of hydrochloric acid, sulfuric acid, phosphoric
acid, and acetic acid. After 12 h of reflux, the zeolite was recovered
by filtration, washed several times with deionized water until com-
plete elimination of the acid was achieved, and then dried at 110 °C
overnight. Then, the resulting materials were calcined for 6 h in air
at 400-1000 °C. Thus, obtained samples were denoted as deAl-Y,
where T is the calcination temperature (°C).

2.3. Preparation of TiO/zeolite photocatalyst

The zeolite-supported TiO, photocatalysts were prepared by a
standard impregnation method. To exclude the effect of thermal
pretreatment on the hydrophobicity of zeolites, all zeolite samples
were calcined at 1000 °C for 6 h at a heating rate of 1.5 °C/min in
air before TiO, loading. Typically, 1.0 g of proton-type zeolite was
suspended in 60 mL of aqueous ammonium titanyl oxalate solu-
tion (2.3 x 1072 M) and was stirred at room temperature for 6 h,
followed by evaporation of water under vacuum and calcination
at 600 °C for 6 h with a heating rate of 1.5 °C/min in air. The TiO,
content was fixed to be 10 wt.% according to our previous studies
[10,11].

2.4. Characterization

Powder X-ray diffraction (XRD) patterns were recorded using a
Rigaku Ultima IV diffractometer with Cu Ko radiation
(i =1.54056 A). Relative crystallinities of zeolites were determined
by comparing the sums of the intensities of diffraction peaks in
XRD patterns, assuming that of the starting zeolite material to be
100%. The global and framework Si/Al ratios were determined by
inductively coupled plasma (ICP) measurement and by 2°Si MAS
NMR, respectively. Nitrogen adsorption and desorption isotherms
were measured at —196 °C using a BELSORP-max system (BEL Japan,
Inc.). All the samples were degassed at 400 °C for 4 h prior to data
collection. In the case of uncalcined samples, the samples were pre-
heated at 200 °C to vaporize the physisorbed water molecules. The
total pore volume (Vioa1) Was taken from the adsorption amount at
P[Py = 0.99, assuming the complete pore saturation. Specific surface
areas were calculated by the BET (Brunauer-Emmett-Teller) meth-
od using adsorption data ranging from PPy = 10~3-10~2. The micro-
pore volumes (Vmicro) Were calculated by the as-plot. Water and
toluene adsorption isotherms were obtained using the same appara-
tus and pretreatment procedures, but measured at 25 °C. Water and
toluene (purity >99.5%) were used as adsorbates after purification by
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successive freeze-thaw cycles inside the adsorption apparatus. The
water and toluene adsorption capacities were reported at P/
Py = 0.2. The determination of the hydrophobicity of solids has been
an ambiguous but worthwhile problem for many researchers deal-
ing with solid state and surface chemistry. The determinations have
been based so far on water adsorption and porosity measurements
under static conditions. In this study, the degree of hydrophobicity,
or hydrophobicity index (HI), was defined as the weight ratio of
toluene and water adsorbed according to Berke et al. [33]. The corre-
sponding equation can be expressed as HI = Xiojuene/Xwater» Where
Xioluene and Xyater represent the weight of toluene and water
adsorbed at P/Py = 0.2 per unit quantity of zeolite, respectively.

Thermal analysis was carried out with differential thermal anal-
ysis-thermogravimetry (DTA-TG) (MAC Science Co. Ltd,,
TG-DTA2000S) from room temperature to 1000 °C at a heating rate
of 10 °C/min in a N, flow of 50 cm?/min using o-Al,05 as standard.
The acid sites of the zeolite surface were estimated by pyridine
adsorption followed by FT-IR spectroscopy. A sample of 20 mg
was pressed into a self-supported wafer with a diameter of
20 mm. The wafer was introduced into a Pyrex vacuum IR cell
and preheated under vacuum at 400 °C for 2 h. Pyridine was ad-
sorbed at room temperature for 30 min and was then evacuated
at 200 °C under vacuum for 1h to remove physisorbed pyridine
molecules [34]. After it was cooled to room temperature, a spec-
trum was measured in a JASCO FTIR-6100 instrument in transmit-
tance mode. 2°Si MAS NMR spectra were taken with a
Chemagnetics CMX300 Infinity spectrometer. The 2°Si (59.6 MHz)
NMR spectra were obtained at a spinning rate of 7 kHz, with re-
cycle delays of 100 s using tetramethylsilane (Si(CHs)4) as a stan-
dard reference and polydimethylsilane as a second reference
(—34.4 ppm) relative to tetramethylsilane. All 2°Si NMR results
were obtained from the 300-MHz instrument.

2.5. Photocatalytic tests

For liquid-phase photocatalytic degradation, photocatalyst
(50 mg) and 25 mL of aqueous 2-propanol solution (2.6 mmol/L)
were placed to a quartz reaction vessel (50 cm?). The suspension
was magnetically stirred under dark conditions for 2 h to establish
adsorption. After being bubbled with oxygen for 30 min under dark
conditions, the sample was subsequently irradiated using a 100-W
high-pressure Hg lamp (Toshiba SHL-100UVQ-2; light intensity
4 mW/cm? at / =360 nm) with magnetic stirring at ambient tem-
perature. Gaseous-phase photocatalytic degradation was carried
out using a closed circulating vacuum line equipped with a flat-
bottomed quartz cell and a magnetic pumping system (total vol-
ume ca. 400 cm®). After photocatalyst (100 mg) was placed on
the quartz cell, air-balanced acetaldehyde gas (ca. 16.2 pumol,
1000 ppm) was charged and was pumped for 2 h until the adsorp-
tion equilibrium was reached, and then UV light was irradiated
from below using a 200-W high-pressure Hg Xe-lamp (SAN-EI
Electric UVF-203S; light intensity 35 mW/cm? at Z=360nm) at
ambient temperature. In both cases, a portion of the reaction med-
ia was collected at appropriate intervals, and residual amounts of
organic compounds were quantified using a gas chromatograph
(Shimadzu GC-14A) with a flame ionization detector equipped
with a Porapak Q column.

3. Results and discussion
3.1. Optimization of dealumination treatment
In a preliminary experiment, dealumination of zeolites was at-

tempted employing HY(5.8) zeolite as a zeolite precursor under a
variety of conditions (e.g., different temperatures, acid strengths,

and types of acid) in order to optimize the dealumination treat-
ment. Descriptions of the various experiments and the character-
ization results are tabulated in Table 1.

HY(5.8) zeolite can be dealuminated even under ambient
temperature conditions; however, the resulting Al content was
1.80 mmol/g, which corresponds to Si/Al = 8.25. This value is nearly
equal to the framework Si/Al ratio of the starting material, 10.3.
Upon dealumination, the unit cell shrinks because of shorter Si-O
bonds (1.61 A) replacing longer Al-O bonds (1.75A), which is
reflected in the peak shift to higher 20 values in XRD patterns. How-
ever, no appreciable change in the lattice constant ap was observed
in HY(5.8) dealuminated at ambient temperature. These results
suggest that framework Al species are hardly expelled in such a con-
dition, in which sufficient hydrophobicity could not be obtained.
Aqueous mineral acids are considered to work as efficient hydrolyz-
ing agents for the removal of Al from the framework under reflux
conditions.

As the acid concentration increases from 0.1 to 4.0 N, Al content
exponentially decreases, which corresponds well to the decrease in
lattice constant. Using nitric acid of >1.0 N, SiO,/Al,05 ratios great-
er than 100 can be obtained in a single step without significant loss
of crystallinity (the crystallinity losses were kept below 20%);
meanwhile, single-step dealumination treatments using EDTA or
SiCl4 were commonly reported to give a substantial loss in crystal-
linity, and the resulting hydrophobicity is quite low due to the
presence of a vast number of defect sites [23-25]. As previously re-
ported, it can be readily understood that the degree of hydropho-
bicity is basically related to the residual Al content [35,36]. This
can be monitored clearly by pyridine adsorption studies followed
by FT-IR spectroscopy. Fig. 1 shows the infrared spectra of pyridine
adsorbed onto HY(5.8) zeolites dealuminated with various concen-
trations of nitric acid. The spectra exhibit all the expected bands
assignable to pyridine bound on Brensted acid sites (1546 cm™!),
pyridine bound on Lewis acid sites (1456 and 1621 cm™!), pyridine
associated with both Brensted and Lewis acid sites (1490 cm™ 1),
and hydrogen-bonded pyridine (1446 and 1596 cm™!) [37]. Gener-
ally, Bransted sites attributed to the bridging hydroxyls neighbor-
ing the tetrahedrally coordinated Al sites (Scheme 1A) and Lewis
acid sites can be assigned to aluminum in defect positions or to
extraframework Al species (Scheme 1B and C). Pyridine-adsorbed
IR spectra suggest that the untreated HY(5.8) zeolite possesses
large amounts of both extraframework and framework Al species
(Fig. 1a). As expected, increasing the acid concentration reduces
the number of acid sites capable of interacting with the pyridine
due to the Al dissolution. In the samples treated with over 0.5 N,
two additional bands attributable to surface silanol groups ap-
peared (Fig. 1c-f), proving the creation of silanol groups (Scheme
1D) after the dissolution of the framework Al atoms. Although
the sample treated with 1.0 N nitric acid still retains appreciable
numbers of Brgnsted and Lewis acid sites, most of them disap-
peared with acid concentrations above 2.0 N (Fig. 1e and f), sug-
gesting the complete removal of Al species from the surface,
leaving only silanol nests behind.

Varying the nature of the inorganic acid had little effect on any
properties of the resulting material, whereas use of acetic acid was
found to be insufficient for the removal of Al from the framework.
Highly hydrophobic zeolites with HI > 60 were obtained by using
mineral acids of >2.0 N, demonstrating that reduction of Al content
below 0.21 mmol/g is essential for attaining high hydrophobicity.
Thus, the zeolite hydrophobicity is strongly dependent on the
severity of the acid leaching treatment. Dealumination with stron-
ger acidic solutions (over 2.0 N) led to more reduced numbers of Al
species; however, complete removal of Al from the crystals by a
single step was impossible, and no significant improvement of final
HI values was observed. In our methodology, using HY(5.8) as a
starting material, 2.0 N nitric acid was found to be sufficient for
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Table 1
Textural properties of HY(5.8) zeolites dealuminated under a variety of acid conditions.
Treatment ICP XRD N, ads. H,0 ads. & Toluene ads. HI &
g
Acid Temp. Cal temp. Global SiO,/Al,0; Al content ao®  Cryst® Sger¢ Viotal € Vinicro - (mg/g) (mg/g)
(0 ratio ° (mmol/g) (A (%) (m%g)  (ml/g) (mL/g)
Variation of temperature
None 5.8 (20.6) 427 24.38 100 584 0.404 0.185 43.0 165 3.8
2.0NHNO; Rt - 16.5 1.80 2438 87 703 0.504 0.253 31.0 205 6.6
20N HNO; Rt 1000 16.5 1.80 2438 106 760 0.578 0.241 16.3 205 12.6
2.0N HNO3 Reflux - 158 0.21 2435 83 723 0.506 0.256 27.5 197 71
2.0N HNO3 Reflux 400 158 0.21 2435 91 777 0.531 0.232 18.8 207 11.0
2.0N HNO; Reflux 600 158 0.21 2435 95 771 0.530 0.237 7.89 213 27.0
2.0N HNO3 Reflux 800 158 0.21 2434 104 762 0.549 0.240 3.44 209 60.8
2.0N HNO3 Reflux 1000 158 0.21 2434 121 782 0.580 0.244 2.71 208 76.8
Variation of acid concentration
0.1 N HNO3 Reflux 1000 104 2.70 2437 85 666 0.544 0.212 30.2 201 6.7
0.5 N HNO;  Reflux 1000 29.6 1.05 2435 105 738 0.560 0.240 9.98 208 20.8
1.0 N HNO;  Reflux 1000 100 0.33 2435 108 747 0.555 0.245 5.03 211 41.8
4.0N HNO; Reflux 1000 198 0.17 2433 102 725 0.569 0.241 2.37 194 81.9
Variation of acids
2.0N HCl Reflux 1000 168 0.20 2434 101 753 0.569 0.247 3.32 201 60.5
2.0N H,SO4 Reflux 1000 178 0.19 2433 106 759 0.570 0.244 3.05 208 68.2
2.0N H3PO; Reflux 1000 156 0.21 2435 112 793 0.604 0.255 3.26 211 64.7
2.0N acetic Reflux 1000 114 248 2437 84 700 0.543 0.238 33.2 197 5.9
acid
3 Estimated by ICP analysis. Value in parentheses is framework SiO,/Al,05 ratio determined by 2°Si MAS NMR analysis.
b Calculated by the equation of a = dygo x 2/+/3.
¢ Crystallinity based on HY(5.8). Estimated by comparing the sum of peak intensities.
d

€ Values at P[Py = 0.99.
f Estimated by a-plot.
& Values at P[Py =0.2.

preparing highly hydrophobic zeolite and was employed as a stan-
dard acid reagent for dealumination afterward.

Acid treatment of FAU zeolites with various SiO,/Al,03 ratios
(Si0,/Al,03 =13, 36, 54, 92) in the same manner resulted in no
notable changes in their microporous structure, whereas zeolites
with global SiO,/Al,05 ratio of lower than 6 were mostly destroyed
after the acid treatment. This is due to the rapid dissolution of vast
amounts of Al species from the zeolite framework. Although
HY(5.8) contains large amount of Al content, its framework Si/Al
ratio is estimated to be ca. 10 (Table 1) and the remaining Al spe-
cies are mostly considered to be an extraframework amorphous
aluminum oxide species. This result indicates that the predealumi-
nated Y-zeolites with framework Si/Al ratio higher than 10 are eli-
gible for the acid leaching treatment.

3.2. Structural analysis

The N, adsorption-desorption isotherms of the dealuminated
Y-zeolites calcined at up to 1000 °C in air are given in Fig. 2, and
the structural parameters, together with the adsorption capacities
for water and toluene molecules, calculated from the sorption
measurements are summarized in Table 1. The N, adsorption-
desorption isotherms showed typical type I isotherms with a steep
increase in the amount of adsorbed N, at very low pressures (P/
Py <0.01) in all samples, proving that the rigid microstructure of
the zeolite was retained even after the severe acid and calcination
treatments. In all samples, a hysteresis loop closing at P/Py = 0.45
and a gradual increase in the high-pressure region were observed,
reflecting the presence of secondary pores generated during the
steaming process. As the calcination temperature increased, the to-
tal pore volume slightly increased; the total volume increased from
0.506 to 0.580 cm>/g when it was calcined at 1000 °C, whereas the
micropore volume remained nearly constant. Simultaneously, the

Calculated from the adsorption branch of the N, isotherms by the BET (Brunauer-Emmett-Teller) method.

BET surface area increased from 723 to 782 m?/g, in good agree-
ment with the increase in crystallinity estimated from XRD peak
intensities (see also Fig. 4 and Table 1). This might be due to
meso-order intracrystalline voids created upon calcination being
accompanied by reconstruction of the zeolite framework, which
will be discussed later.

Additionally, FE-SEM images of deAl;ggo-Y showed octahedral
crystals, which are characteristic of FAU zeolite, and neither
agglomerated silica particles nor crystals with different morpholo-
gies were seen (see Fig. S1). These crystallographic, sorptive, and
electrographic characterization results confirm the high structural
and thermal stability of the prepared FAU zeolite crystals.

3.3. Adsorption experiments

To estimate the hydrophilic/hydrophobic properties of these
series of zeolites, we performed adsorption experiments with
two probe molecules of different polarity, water, and toluene.
Fig. 3 illustrates the water and toluene adsorption isotherms mea-
sured at 25 °C. Adsorption capacities for water and toluene at P/
Py =0.2 and hydrophobic indices (HI) determined from these val-
ues are also listed in Table 1. A lower adsorption capacity in
HY(5.8) is due to the presence of large amount of amorphous extra-
framework Al species, which occlude the micropore channels. As
seen in Fig. 3, the adsorbed amount of water markedly decreases
as calcination temperature increases, whereas that of toluene re-
mains unchanged. In the low-pressure region, there is a linear in-
crease in the amount of water adsorbed as P[Py increases, and
the slope of the isotherms decreases as the calcination temperature
increases. Surprisingly, the deAl;pgo-Y exhibited extremely low
water adsorption in the pressure region P/Py < 0.7, and adsorption
assigned to capillary condensation into micropore channels
was observed above P/Py=0.7-0.8, indicating extremely weak
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Fig. 1. IR spectra of adsorbed pyridine on (a) HY(5.8) and HY(5.8) dealuminated
with aqueous nitric acid solution of (b) 0.1 N, (c) 0.5N, (d) 1.0N, (e) 2.0 N, and (f)
4.0N.

interaction between water molecules and the solid surface, i.e., the
strictly hydrophobic nature of the zeolite surface.

For HY(5.8), the HI value increased from 3.8 to 76.8 upon hydro-
phobization treatment. Higher HI values (HI = 100-130) were at-
tained when predealuminated zeolites, HY(54) and HY(92), were
used as starting materials. These values are considerably higher than
those of other types of zeolites previously reported elsewhere
[35,36,38,39]. Such great enhancement in hydrophobicity was ob-
served neither in uncalcined samples (HI = 7.1) nor in samples di-
rectly calcined without dealumination steps (HI=6.0), proving
that both dealumination and subsequent calcination steps are
essential for achieving high hydrophobicity. It is noteworthy that
the hydrophobicity of thus-prepared Y-zeolite was far superior to
that of silicalite-1 (HI = 30.0 for the samples calcined at 1000 °C), a
siliceous zeolite with MFI topology generally recognized as highly
hydrophobic. More interestingly, thus-prepared Y-zeolite is as
hydrophobic as siliceous Y-zeolite (USY; SiO,/Al,03 =810, Al
content <0.04 mmol/g) calcined at the same temperature
(HI = 102), whereas it still contains an appreciable amount of alumi-
num (ca. 0.21 mmol/g) in its crystal structure. Considering the re-
sults of pyridine-adsorbed FT-IR measurement, this might be due
to the selective removal of Al species from the zeolite surface, i.e.,
the remaining Al species appear to be present in intraplanar sites
of zeolite crystal, to which acids and pyridine molecules are
inaccessible.

Fig. 4 shows the HI values plotted as a function of the calcination
temperatures. A clear correlation can be confirmed between HI val-
ues and calcination temperatures, demonstrating that the hydro-
phobic character of Y-zeolite could be improved during the
calcination treatment. In the case of basic aluminosilicate zeolites,

Bronsted acid site
Lewis acid site

i Ef ; O\S'/
|
. \\0 O,/ S

framework Al site framework Al site
(Brensted acid site) (Lewis acid site)

(A) (B)

e
el

1400
o‘,“
(M) ooooo“c""
1200 9000 30 ¢ ¢ o ¢
+1000 vvx‘vv
: 4
)} (e) TN ‘v‘v‘VA"f
E 1000 V. Vi oY% a%0% 4% Va Y
Z A
e +800 o
) @ AL
5 800 YV A NN ey T
8 +600 o
o] ’.\.
2 ©) GGG e e
g 600 CXIIICPCPOCIC
(0]
£ +400 .
g
g 0 -ooo O
g 400 EEEN u N e {H
+200
e
G
> o olo’e a .,.0‘0‘0‘0‘0‘0‘“
°
0 T T T T T T T T :
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure P/P,

Fig. 2. N, adsorption-desorption isotherms of (a) HY(5.8), (b) deAl-Y, and deAl-Y
calcined at (c) 400 °C, (d) 600 °C, (e) 800 °C, and (f) 1000 °C in air.

it has been commonly known that the Al sites and related cation
sites work as strong adsorption sites of polar molecules via electro-
static or dipolar-dipolar interactions [15,16]; therefore, the specific
interactions can be reduced by dealumination and decationization
or chemical treatments using organosilane coupling agents [40-
42]. However, high hydrophobicity, as above, could not be obtained
by dealumination treatment alone, suggesting that the silanol de-
fect sites created during the acid treatment still act as strong
adsorption sites. It can be speculated from the slight increase in sur-
face area and total pore volume at the elevated temperature that
the calcination step provokes rearrangement of the framework
structure and the great improvement in hydrophobicity is derived
from the formation of refined silica surface with fewer adsorption
sites.

3.4. Hydrophobization mechanism

The change in the number of silanol groups of the dealuminated
zeolites during the calcination treatment can be tracked by ther-
mogravimetric analysis. TG curves and the first derivatives of
HY(5.8) before and after the acid treatment are shown in Fig. 5.
Weight losses observed at T < 100 °C correspond to desorption of
physisorbed water molecules. The dealuminated HY(5.8) shows
additional weight loss at T> 100 °C with several broad peaks in
its first derivative, which are attributable to dehydroxylation
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_-S Si

T — /?i\o
i
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(Lewis acid site) (Weak acidity)
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Scheme 1. Schematic illustrations of adsorption sites on zeolite surface.
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condensation of silanol groups, most of which occurred in the
range of 100-700 °C (corresponding to 2.36 wt.% weight loss). This
clearly suggests that the improvement in hydrophobicity arises
from the removal of the silanol groups, as deduced above. Indeed,
deAl;qo-Y exhibited an improved hydrophobic character compared
to the uncalcined sample; however, the calcination at 700-1000 °C
(corresponding to 0.23 wt.% loss) led to a further improvement in
hydrophobicity, suggesting that further dehydroxylation to create
more a refined silica surface is still ongoing above 700 °C.

FT-IR and 2°Si MAS NMR spectroscopy provide more clear
evidence for the dehydroxylation of silanols within zeolite crystals.
The FT-IR spectrum of deAl-Y clearly showed a broad band at
around 954 cm™! due to a large concentration of Si-OH defect
groups present in the sample, and the intensity of this band grad-
ually decreased upon calcination at elevated temperatures, eluci-
dating the idea we suggested above (see Fig. S2). Further, 2°Si
MAS NMR spectra of dealuminated HY(5.8) and deAl-Y calcined
at different temperatures are given in Fig. 6, which exhibits three
different components centered at —101, —107, and —111 ppm.
Pérez-Pariente et al. reported that the line at —107 ppm with high
intensity corresponds to Si atoms surrounded by 4 Si atoms and an
additional line positioned at —111 ppm would correspond to
nonequivalent silicon atoms, with 4 Si atoms in the second coordi-
nation sphere, occupying different crystallographic sites from that

at —107 ppm [43]. The deAl-Y exhibited a broad band at —101 ppm
that is attributable to the superposition of Si (3Si, 10H) compo-
nents. The intensity of this resonance line apparently decreased
the calcination at higher temperatures, proving the healing of sila-
nol groups and being well consistent with the results of FT-IR spec-
tra. Similarly, a decrease in the intensity of the —111 ppm
resonance line was observed, probably reflecting the realignment
of the silica network. This simultaneous healing of the zeolite
framework can be well understood, provided that the nonequiva-
lent silicon atoms are the ones sterically distorted by the silanol
groups present in the vicinity. In the spectrum of deAl;ggo-Y, only
a single line assignable to the Si (4Si) resonance was observed, rep-
resenting the formation of a highly sophisticated silica network
(Fig. 6e).

Another question that needs to be addressed is the mechanism
of healing defect silanol sites. To attain such a refined silica net-
work as evidenced by 2°Si MAS NMR, the silanol nests left behind
after the Al dissolution should be occupied by Si atoms. To ascer-
tain the healing mechanism and to examine the possibility of fill-
ing the defect sites by adding some silicon sources, independent
experiments were carried out. However, the addition of tetraeth-
oxyorthosilicate (TEOS) and silicon tetrachloride (SiCl4) during
the acid treatment had no effect on the hydrophobicity of the
resulting materials. This result indicates that under our experimen-
tal conditions the hydrophobization of zeolites can be accom-
plished only by the thermal dehydroxylation condensation of
silanols.

The silanols in the zeolitic crystals can be classified into three
groups: (i) adjacent silanols hydrogen-bonded with each other
(e.g., silanol nests), (ii) isolated silanols, and (iii) terminal frame-
work silanols. It is believed that the silanol groups located at differ-
ent crystallographic positions exhibit different dehydroxylation
behavior during calcination, which might be reflected in the TG
curves. It has commonly been reported that the adjacent silanol
groups forming silanol nests readily condense each other by dehy-
droxylation at 100-600 °C, forming siloxane bonding, and thus part
of the defect silanol sites can be removed [29,44]. However, this
cannot provide any consistent interpretation for the removal of
isolated or terminal silanol groups. Another plausible explanation
for healing defect silanol sites is a T-jump mechanism whereby de-
fect sites migrate from the internal portion to the outer surface of
the crystal [22]. Considering the dehydroxylation behavior ob-
served in TG and 2°Si MAS NMR, it is reasonable to hypothesize
that the defect silanol groups can be healed via a following
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mechanism. Adjacent silanol groups, including silanol nests, can be
readily healed at below 700 °C through dehydroxylation condensa-
tion; in contrast, part of discrete silanols are likely to be healed at
above 700 °C being accompanied by the migration of the silanol
groups, although a certain number of terminal silanols in the exter-
nal surface are scarcely removed by thermal treatment.

3.5. Effect of structure type of zeolite

To show the generality of this methodology, in this part, topo-
logically different zeolites were treated in the same manner as de-
scribed above.

The XRD patterns and water/toluene adsorption isotherms of
various zeolites before and after the treatment are shown in Figs.
7 and 8, respectively, and the textural properties obtained by
chemical and sorptive analyses are summarized in Table 2. As
shown in Fig. 7, in all zeolite types, appreciable increases in diffrac-
tion peak intensities were observed in low-angle region after the
hydrophobization treatment. This is due to the rearrangement of
the microporous structures during the calcination treatment, as
discussed above.

The water and toluene adsorption isotherms before the hydro-
phobization treatment are both of type I according to the IUPAC
classification, which is characteristic of microporous solids. In con-
trast, all zeolite samples after the treatment exhibited quite differ-
ent behavior in water adsorption, which is of type III, while still
exhibiting type I isotherms in toluene adsorption. Using H-
MOR(15.4) as a starting material resulted in a major collapse of
the zeolite microstructure when it was calcined at 1000 °C, while
it had been mostly maintained up to 800 °C. This thermal instabil-
ity is probably due to the high Al content remaining in the acid-
treated sample (SiO,/Al,03 = 22.4).

For H-ZSM-5(38), which is a middle-pore zeolite with a 10-
membered ring, Al species were scarcely expelled from the frame-
work, resulting in a slight increase in hydrophobicity (HI:
1.7 - 10.9). This is conceivably because of the rigidity of the frame-
work derived from their crystalline structures, or otherwise, be-
cause of their narrower channel sizes. In the case of MOR and
ZSM-5 zeolites, a careful acid treatment using a stronger acid solu-
tion would be required to obtain sufficiently dealuminated zeolites
[29]. A significant improvement in hydrophobicity was observed
only in H-Beta(20) without significant loss of its crystallinity, prob-
ably because of its porous structure, similar to that of FAU zeolite
(both possess three-dimensional channel systems with 12-mem-
bered rings). However, the resulting HI value, 26.5, was not as high
as that of HY(5.8) under the preparation conditions examined in
this study. We presume that the main differences in the degree of
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Fig. 5. Thermal analysis of HY(5.8) (dotted curves) and deAl-Y (solid curves).

-107

OSi
HO—Si—O0Si

OSi \

101 111
(©
(d)
(e)

l T T T T T
-80 -90 -100 -110

3 (ppm)

T 1
-120 -130
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hydrophobicity are essentially related to the different crystalline
structures, which will determine the feasibility of dealumination
and/or dehydroxylation of defect silanol groups, and cannot be so-
lely attributed to initial SiO2/Al,03 ratios. These comparative stud-
ies based on hydrophobicity index have indicated that the
hydrophobicity of thus-prepared FAU zeolite would be the highest
among other structural types of zeolites. For attaining high hydro-
phobicity of other structural types of zeolites, extensive exploration
of optimum preparation conditions would be required.

3.6. Application of hydrophobic FAU zeolite as a host material for TiO,

Our method demonstrated here can afford prominent hydro-
phobicity of zeolite via facile preparation steps without any signif-
icant loss in porosity and without addition of any extra silicon
sources. Further, the material remains highly crystalline and ther-
mally stable.

Hydrophobic zeolites can be regarded as ideal host materials for
encapsulating nanosize metal, metal oxide, and organic supermo-
lecular catalyst species because of the defined geometry of the cav-
ities and channels of nanometer length, their high chemical and
thermal stability, and their improved adsorption properties for or-
ganic molecules [45,46]. Furthermore, zeolites potentially have
additional advantages as hosts for photocatalysts, such as photo-
chemical stability and transparency to UV-visible light irradiation
[47]. These unique features have led to a number of studies on the
encapsulation of TiO, species into zeolites [48-50]. To demonstrate
the availability of thus-prepared hydrophobic Y-zeolite as a sup-
port for TiO,, we examined photocatalytic activity of zeolite-sup-
ported TiO, using photocatalytic degradation of 2-propanol
diluted in water and acetaldehyde diluted in air under UV light
irradiation as model reactions.

To ascertain the effect of zeolite hydrophobicity on photocatal-
ysis, 10 wt.% of TiO, was systematically loaded onto deAl;ggo-Y as
well as zeolites with various SiO,/Al,03 ratios (SiO,/Al,03 =5.8,
36, 54, 92, and 810). XRD patterns and N, adsorption isotherms
(XRD patterns are shown in Fig. S3; textural parameters obtained
from N, adsorption isotherms are summarized in Table 3) con-
firmed that the zeolite microstructures still remained even after
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the TiO, loading. Slight peaks assignable to the (101) diffraction
plane of anatase TiO, crystals observed at 20 = 25.4° in XRD pat-
terns indicated the formation of anatase TiO, clusters. All samples
still retained their large surface areas and pore volumes available
enough as adsorbents, although they decreased by 5-12% and 8-
20%, respectively, after the TiO, loading due to the occlusion of
micropores by the TiO; clusters. In the case of deAl;po-Y, the mean
surface area decreased from 782 to 705 m?/g, and the total pore
volume decreased from 0.580 to 0.477 cm?/g after the 10 wt.%
TiO, loading. As shown in Table 3, sorptive analyses using water
and toluene as adsorbates confirmed different hydrophobic/orga-
nophilic character of the zeolite supports. The HI value increased
fundamentally as the SiO,/Al,03 ratio increases (all HI values are
of zeolite samples calcined at 1000 °C in air).

Fig. 9 shows reaction time profiles of the photocatalytic degra-
dation of 2-propanol diluted in water using TiO, photocatalysts
supported on zeolites with various SiO,/Al,03 ratios. The adsorp-
tion of 2-propanol mostly took place within 2 h, and the loss of
2-propanol during the bubbling was negligible. The amount of 2-
propanol adsorbed in 2 h was found to be independent of the
hydrophobicity of zeolites. This is because adsorption capacity fun-
damentally depends on the total pore volume (Vi) available for
accommodation. After UV light irradiation, 2-propanol was photo-
catalytically decomposed into H,O and CO,, via acetone and
acetaldehyde as intermediate products, according to pseudo-first-
order kinetics. As can be seen from Table 3, TiO, photocatalysts
supported on hydrophilic zeolites (SiO,/Al,03 = 5.8-54, which cor-
responds to HI < 10) are rather less photoactive than TiO, powder
(P-25); however, noticeable improvements in degradation rates
were observed by utilizing hydrophobic zeolite supports. Surpris-
ingly, TiO,/deAl;gpo-Y (SiO2/Al,03 = 158) afforded a high degrada-
tion rate, k=10.1, which was ca. 10 times higher than that of
TiO,/HY(5.8) (k = 0.95). This noticeable improvement in photoac-
tivity is due to the high affinity with organic molecules evidenced
by the sorptive analyses, that is, the hydrophobic zeolite surface
with fewer adsorption sites provides organic molecules with high
diffusibility within the micropore channels and high accessibility
to the TiO, active sites, resulting in higher photocatalytic activity.
The photocatalytic activity of TiO,/deAl;goo-Y was yet lower than
that of TiO, supported on highly siliceous Y-zeolite (TiO,/
HY(810)) simply because of lower HI value (HI = 76.8) than that
of HY(810) (HI=102); however, the easy preparation steps of

deAl;g0o-Y demonstrated in this study are believed to be beneficial
for simplifying the manufacturing process and reducing the
amount of waste water, because synthesis of highly siliceous Y-
zeolite requires repeated acid treatment or use of strong mineral
acids. It is also worth mentioning that the photoactivity of the
physical mixture of anatase TiO, (ST-01) and deAl;ggo-Y-zeolite
(k=3.66) was considerably lower than that of TiO,/deAl;ggo-Y
composite photocatalyst (k = 10.1) and was similar to that of par-
ent TiO, (k = 3.69), implying that the proximity of TiO, photoactive
sites and adsorption sites plays a crucial role in photocatalysis in
water.

A similar tendency was observed in the photocatalytic degrada-
tion of acetaldehyde diluted in air. Fig. 10 compares some reaction
time profiles of the TiO, photocatalysts supported on various zeo-
lites. The zeolite-supported TiO, photocatalysts exhibited different
adsorption rates for acetaldehyde gas depending on the hydro-
philic/hydrophobic nature of their zeolite supports before UV light
irradiation, where higher adsorption rates were attained on more
hydrophobic zeolites. The apparent photocatalytic degradation
rate of TiO, was significantly improved by the combination with
zeolite supports (Table 3), and in particular, use of highly hydro-
phobic zeolites, such as deAl;gge-Y and HY(810), as supports al-
lowed efficient elimination of low-concentration acetaldehyde
gas. The use of deAljggo-Y resulted in markedly faster adsorption
of acetaldehyde gas and higher degradation rates (k = 13.3), which
are as high as that of HY(810), compared with the case of hydro-
philic zeolites (k=7.51 for HY(5.8)). Unlike the case of aqueous
phase reaction, the physically mixed sample showed adsorption
and degradation rates similar to those of TiO,/deAl;goo-Y in the
gas phase reaction. This might be simply because of higher diffus-
ibility of organic molecules in air than in water, i.e., volatile organic
compounds once adsorbed on zeolite surface can easily migrate
from zeolite crystals to TiO, particles.

To gain further precise insight into the effect of zeolite hydro-
phobicity on the TiO, degradation efficiency, degradation rate con-
stants determined by the above two photocatalytic tests were
plotted against the HI values of the zeolite supports (Fig. 11). In
zeolite-supported TiO, systems, good linear correlations were ob-
served between the rate constants and HI values determined based
on the sorptive analyses, whereas other structural parameters of
zeolites, such as remaining surface area and pore volume, did not
provide such a distinct correlation. Furthermore, there was no
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Fig. 8. (A) Water adsorption isotherms and (B) toluene adsorption isotherms of H-ZSM-5(38), H-MOR(15), and H-Beta(20) zeolites before (O, open circle) and after (®, filled
circles) the hydrophobization treatment, which was performed using 2.0 N nitric acid solution under reflux conditions, followed by calcination at 1000 °C in air (calcined at

800 °C for H-MOR).

significant difference in the crystallinity, average particle size, and
dispersibility of TiO, particles among the samples we examined;
the TEM images showed uniformly dispersed nanosize TiO,
particles whose average particle size slightly increased as the
hydrophobicity of the zeolite support improved (the average parti-
cle size was estimated to be 2.5 nm in TiO,/HY(5.8) and 4.0 nm in
TiO,/deAl;goo-Y (see Fig. S4)), being reflected in the slightly
increased intensity of the diffraction peaks corresponding to

anatase TiO, crystals, as seen in Fig. S3. There might be a possibility
that these structural factors of TiO, particles affect the reaction
rates; however, no clear correlations were identified between the
rate constant and such factors, because of very small changes
and broad distributions of the particle size. It is believed that they
make much smaller contributions to the photocatalytic activity
than the effect of hydrophobicity of the zeolite support unless
the TiO, content is extensively varied. For more detailed
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Table 2
Textural properties of various types of zeolites before and after the hydrophobization treatment.
Sample Treatment ICP N, ads. H,0 ads. ©  Toluene ads. © HI¢  Remarks
Acid Cal temp. Global Si0,/ Al content  Sger®  Vierwr € Viicro (mg/g) (mg/g)
(°Q) Al,Ozratio®  (mmol/g) (m®/g) (ml/g) (ml/g)
HY(5.8) None 5.8 (20.6) 427 584 0404 0185  43.0 165 3.8  FAU (3D with 12-ring)
2N HNO; 1000 158 0.21 782 0.580 0.244 271 208 76.8  Highly hydrophobic
H-ZSM-5(38) None 38 0.83 411 0.196 0.186 64.7 109 1.7  MFI (3D with 10-ring)
2N HNO; 1000 42 0.76 385 0.179 0.134 9.62 105 10.9  Slightly dealuminated
H-MOR(15) None 154 1.91 452 0.211 0.178 86.5 80.5 0.9 MOR (1D with 12-ring)
2NHNO; 800° 224 1.36 510 0.272 0.190 57.9 87.3 1.5  Slightly dealuminated
H-Beta(20) None 20 1.55 605 0632  0.166 121 179 1.5  BEA (3D with 12-ring)
2N HNO; 1000 78 0.42 501 0.674 0.147 5.31 141 26.5 Hydrophobic

Value in parentheses is framework SiO,/Al,05 ratio determined by 2°Si MAS NMR analysis.

P Calculated from the adsorption branch of the N, isotherms by BET (Brunauer-Emmett-Teller) method.

Values at P[P, =0.99.
Estimated by o-plot.
Values at P[Py =0.2.

Table 3

Calcined at 800 °C due to thermal instability. Calcination at 1000 °C led to major collapse of the microporous structure.

Textural properties of zeolite-supported TiO, photocatalysts and their first-order rate constants in the photocatalytic degradation of 2-propanol diluted in water and acetaldehyde

diluted in air.

Catalyst Global Si0,/ N, ads. HI of zeolite®  First-order rate constant, k (10~ min~')®
Al,0; ratio® Sger® (M?)g)  Vitar © (ML/g) 2-Propanol in water (2.6 mmol/L)  Acetaldehyde in air (1000 ppm)
TiO,/HY(5.8) 5.8 551 0.363 6.0 0.95 7.51
TiO,/HY(36) 36 684 0.428 304 1.33 7.14
TiO,/HY(54) 54 751 0.466 40.3 3.09 8.20
TiO,/HY(92) 92 740 0.463 46.9 473 9.63
TiO,/HY(810) 810 750 0.457 102 15.4 133
TiO,/deAl o0-Y 158 705 0.477 76.8 10.1 133
TiO, (ST-01) + deAlipp-Y' 158 731 0582 76.8 3.66 13.1
TiO, (P-25) - 51.7 ND ND 3.69 1.44
TiO, (ST-01) - 271 ND ND 270 095

2 Determined by ICP analysis.

b
€ Values at P/Py = 0.99.
d
e

On a TiO, mass base.

Calculated from the adsorption branch of the N, isotherms by BET (Brunauer-Emmett-Teller) method.

Values after calcination at 1000 °C in air. Determined from adsorbed amounts of water and toluene at P/Py = 0.2.

f Physical mixture of anatase TiO, powder (ST-01) and deAl;gg0.Y with a mass ratio of 10:90. ND = not determined.

understanding of zeolite-supported TiO, photocatalysts, readers
are referred to other literature that has studied several structural
factors of TiO, affecting the photocatalytic activity [51].

The distinct correlation between the rate constants and HI val-
ues shown here unambiguously indicates that the hydrophobicity
of zeolite surely plays a dominant role in determining the photo-
catalytic activity in both liquid- and gaseous-phase photocatalytic
reactions. A deviation of TiO,/HY(5.8) from the linear correlation
can be explained by the fact that HY(5.8) includes a significant
amount of extraframework Al species, which create strong adsorp-
tion sites for polar molecules inside the micropore cavities, as
mentioned. The liquid phase reaction provided a linear correlation
with a steeper slope than the gaseous phase reaction, indicating
that hydrophobicity of zeolite plays a more dominant role in the li-
quid phase reaction than in the gaseous phase reaction. A plausible
explanation for this is the effect of water molecules. As evidenced
by the sorptive analyses, water molecules can be more readily
transferred inside the micropore channels of hydrophilic zeolites
due to the presence of a large number of adsorption sites compared
with hydrophobic zeolites. In the case of liquid phase reactions
where water molecules are present as a majority in the reaction
solution, adsorption of water competes with that of organic mole-
cules and frequently retards the mass transfer of organics, and
thus, the adsorption kinetics of water significantly affects the pho-
tocatalytic efficiency.

These results practically revealed that highly hydrophobic Y-
zeolite significantly improves the photocatalytic efficiency of
TiO, photocatalysts. In addition, the prepared photocatalyst could
be separated easily from the reaction solution by simple filtration
and could be used repeatedly without appreciable loss of catalyst
weight and photocatalytic degradation rate, which may simplify
the recovery of the photocatalyst from the treated water and
may make the handling of the TiO, photocatalyst easier. Thus,
the hydrophobic Y-zeolite prepared in our methodology can be
envisaged as a potent support for the TiO, photocatalyst, especially
suited to adsorb and condense organic substrates diluted in water
and air, owing to its improved hydrophobicity.

4. Conclusions

Highly hydrophobic FAU zeolite was prepared without signifi-
cant loss of crystallinity and sorption capacity by an easy two-step
preparation method, which consists of predealumination treat-
ment using mineral acids and subsequent calcination treatment
at elevated temperature. A distinct correlation was found between
the hydrophobicity and the calcination temperatures, and calcina-
tion at a higher temperature led to a more hydrophobic nature of
the zeolites. The thermogravimetric, IR, and NMR analyses con-
firmed that high hydrophobicity can be attained by the formation
of a refined silica surface having fewer adsorption sites, which is
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Fig. 9. Time course of concentration of 2-propanol in photocatalytic degradation
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room temperature.

X 100 Light on

GO

o ,

o 80 —%— TiO,HY(5.8)

E\ —— TiO,/HY(36)

_g —O— TiO/HY(810)

S 60 | —O— TiO,/deAl, Y

3

< L

—

o

c 40

K]

§ L

<

8 2

c

o)

IS} L
o777
-2 -1 0 1 2 3 4

Irradiation time / h

Fig. 10. Time course of concentration of acetaldehyde in photocatalytic degradation
using TiO, photocatalysts supported on various Y-zeolites. Reaction conditions:
initial concentration of acetaldehyde gas = 1000 ppm in air, catalyst amount = 0.25 g/
dm?®, room temperature.

accompanied by a healing of the silanol defect sites through dehy-
droxylation condensation. The resulting FAU zeolites were highly
crystalline and structurally and thermally stable and are highly
hydrophobic compared to the other structural types of zeolites.
When thus-prepared hydrophobic FAU zeolite was utilized as a
support for TiO, photocatalyst, the photocatalytic degradation
rates were significantly improved both in aqueous- and in gaseous
phase reactions because of its improved hydrophobic character,
which was clearly elucidated on the basis of sorptive analyses
and photocatalytic tests. It was also practically demonstrated that
the photocatalytic efficiency of zeolite-supported TiO, is strongly
associated with the surface hydrophobicity of zeolite and the cor-
responding adsorption kinetics of water and organic molecules.
We expect that this preparation route will be extendable to the
other types of zeolite materials by optimizing the preparation con-
ditions, although the highest hydrophobicity was observed in FAU
zeolite. Due to their prominent hydrophobicity, they could advan-
tageously replace conventional molecular sieves, adsorbents, and
catalyst supports in the specific applications that require a high
affinity with organic molecules. In particular, the combination of
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Fig. 11. Correlation between rate constant in photocatalytic degradation k and
hydrophobicity index (HI) of zeolite supports (filled circles: degradation of 2-
propanol diluted in water; open circles: degradation of acetaldehyde diluted in air;
triangle symbols correspond to the physically mixed sample).

a TiO, photocatalyst with the hydrophobic FAU zeolites is expected
to greatly assist photocatalytic degradation reactions involving or-
ganic molecules and will expand the application of TiO, photocat-
alysts for environmental remediation.
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