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Abstract

TiO, was supported on porous materials, including NaY and Na-mordenite zeolites, as well as mesoporous MCM-41
molecular sieve by using impregnation method with organic solvents. The products were characterized with powder XRD,
BET surface area measurement, TEM, IR, Raman and UV-VIS spectroscopies. The supported TiO, was crystallized in anatase
structure and the intensity of its X-ray diffraction peaks increased with TiO, loading. In contrast, the total surface area of the
supported catalyst decreased with TiO; loading. A blue shift of the absorption edge in the UV-VIS spectra was observed when
TiO; particle size decreased, a phenomenon corresponding to the particle size quantization effect. For photodegradation of
aromatic pollutants in water, the activity was found strongly influenced by the chemical nature of the pollutant and the surface
property of the support. For volatile pollutants such as benzene and chlorobenzenes, molecular sieve supports facilitated the
photodegradation reaction by providing high surface area for adsorption. Moreover, there is an optimal loading of TiO, to
achieve the best photocatalytic activity on various supports. The supports in contrast did not show positive contribution in

degradation of hydrophilic pollutants such as phenol. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The photocatalytic degradation of organic pollu-
tants in waste water has attracted a great attention
in the past two decades [1,2]. Due to its stability
and non-toxicity, TiO, has been the most investi-
gated as the photocatalyst. The band gap of this
“semiconductor” material is ca. 3.2 eV, which corre-
sponds to radiation of wavelength around 380 nm [3].
Therefore, an UV light with wavelength shorter than
380nm is needed to excite the electrons in valence
band to conduction band. The electron—hole pairs thus
generated serve as the oxidizing and reducing agents.

* Corresponding author. Tel.: +886-2-23638017;
fax: +886-2-23636359.

In photodegradation of pollutants in water, *OH rad-
icals formed either through the interaction of water
molecule with the hole or through the interaction of
O, with the hot electron are the key active species
[4,5]. The efficiency of TiO, was reported to be influ-
enced by many factors, such as crystalline structure
[6-8], particle size [7,9-11], and preparation methods
[12,13]. In the past few years, some efforts have been
put in increasing the TiO, surface area by dispersing
nano-particles of TiO, on high surface area materials.
The support been used included silica gels, active
carbon, zeolites and clays [9,14—17]. Some of these
studies have also included an effort to increase the
adsorption of organic substrates on the catalyst sur-
face for improving the efficiency of catalytic activity
[17-19]. In the present study, TiO, was supported on
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three porous materials, namely NaY, Na-mordenite,
and MCM-41. The first two were microporous zeolites
with pore diameters around 0.76 nm, while the latter
was meso-porous molecular sieve with a pore diameter
of 2.6 nm. The aromatic pollutants under investigation
were benzene, chlorobenzene, 1,2-dichlorobenzene
and phenol. The hydrophilicity of the pollutants as
well as that of the supports was found to play impor-
tant role in the photodegradation activities.

2. Experimental methods
2.1. Catalyst preparation

Reagent grade chemicals were used as purchased
without further purification. TiO, of anatase form
was purchased from Merck. That of rutile form was
from Jassen. Degussa P-25 TiO,, which contains
anatase/rutile (ca. 3/1) mixed phases was also used for
comparison in photocatalytic studies. The supported
TiO; catalysts were prepared by impregnation method.
NaY and Na-mordenite zeolites were obtained from
Tosoh Corporation, Japan, as Asia reference catalysts
numbers 22 and 26, respectively. MCM-41 was pre-
pared by delayed neutralization method according to
the procedures mentioned in [20]. The as-synthesized
MCM-41 without calcination was used in preparation
of the supported catalysts. The Ti-source Ti(OEt)4
was added to the support powders suspended in the
solvent composed of hexane/heptane with volumetric
ratio of 1/1, and the mixture was stirred for 1h in air
to hydrolyze Ti(OEt)4. Then the solvent was removed
by rotary evaporation. The resultant solid was dried
at 100°C and calcined at 550-560°C for 6 h.

2.2. Characterization of the catalysts

The materials were examined with powder XRD,
BET surface area measurement, TEM, IR, Raman and
UV-VIS spectroscopies. The powder XRD patterns
were collected on a Scintag X1 X-ray diffractometer
using Cu Ko radiation. The patterns were taken over
the 20 range of 1.5-70°. The BET surface area and
pore diameter of the catalysts were determined by
physical adsorption of nitrogen at —196°C in a Mi-
cromeritics ASAP 2010 analyzer. UV-VIS spectra of
the powder samples were measured using Shimadzu

UV-2101PC spectrophotometer. The TEM pho-
tographs were taken with a Hitachi H-7100 electron
microscopy. The IR/Raman spectra were measured
with a Bomem MB155 FT-IR/Roman spectrometer.

2.3. Photocatalytic activity measurements

The photodegradation experiments were carried
out in a quartz tubular reactor placed inside a Ray-
oney photochemical chamber (Model PRP-100) with
300 nm UV irradiation source. The catalyst in powder
form based on the same metal equivalence as 0.01g
TiO,, was suspended in 50ml aqueous solution of
0.5 mM organic pollutants. The organic pollutants un-
der investigation included benzene, monochloroben-
zene (MCB), 1,2-dichlorobenzene (DCB), and
phenol. The reactor was kept at 20 £ 2°C with cooling
water circulation during the experiments. A flow of
oxygen (2 ml/min) bubbling into the reactor, served as
the oxidant. The outlet gases were directed through a
two-stage bubbling trap containing saturated Ba(OH),
solution, and the CO; yield was determined based
on the weight of BaCO3 precipitated. Gas products
were analyzed off-line during the reaction course,
and liquid products retained in aqueous solution after
6 h radiation were separated with a Hewlett-Packard
5890 GC using a Rtx-5 capillary column of 60m
length and detected by a FID detector.

3. Results and discussion
3.1. Catalyst characterization

Figs. 1-3 are the XRD patterns of TiO, supported
on various molecular sieves with different TiO, load-
ings. The crystalline structures of the molecular sieves
were well retained. Over NaY and Na-mordenite sup-
ports, the peaks corresponding to anatase TiO; ap-
peared at 20 = 25.4, 37.9, 48.2, 54.0, 55.2 and 62.8°
and their intensity grew with TiO, loading. However,
over MCM-41, these peaks appeared only as small
bumps even with 30% TiO, loading. The FT-Raman
spectra of the supported catalysts confirmed that the
TiO, formed on all three supports was in anatase struc-
ture. Fig. 4 shows that the characteristic Raman peaks
for anatase appear at 399, 516 and 640 cm™'. Again,
the peaks observed on TiO; supported on MCM-41
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Fig. 1. XRD patterns of TiO, supported on NaY zeolite with TiO,
loading of (a) 5%; (b) 10%; (c) 20%; (d) 30%; (e) 45%; and (f)
60% (* labels the diffraction peaks of anatase TiO,).

are much weaker than that supported on NaY and
Na-mordenite. These results imply that the TiO, par-
ticles formed on MCM-41 were much smaller than
those on NaY and Na-mordenite. However, over the
same support, the size of TiO; particle increased with
TiO, loading.

Fig. 5 shows the TEM photographs of NaY and
MCM-41 before and after they were loaded with 30%
TiO;. The pristine NaY granules are in the diameter
of ca. 200-300 nm and have smooth external surfaces.
On the NaY supported TiO, sample, small crystal-
lites of ca. 10-20nm diameter can be clearly seen
aggregated on the external surfaces of NaY granules.
For MCM-41, the channels and holes in hexagonal
arrangement are seen on the pristine MCM-41. On
the TiO, loaded sample, small dark spots seem to
spread all over the particles of MCM-41 and no ag-
gregation of crystallites on the external surfaces is
seen. These results indicate that TiO, supported on
zeolites probably cannot get into the micropores and
it forms small crystallites aggregated on the external
surfaces of the zeolite granules. On the other hand,
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Fig. 2. XRD patterns of TiO, supported on Na-mordenite with
TiO; loading of (a) 5%; (b) 10%; (c) 20%; (d) 30%; (e) 45%;
and (f) 60% (* labels the diffraction peaks of anatase TiO;).

TiO, supported on MCM-41 may disperse inside the
mesopores. In addition, TiO; in the latter case forms
smaller particles than that supported on microporous
zeolites because of the high surface area of MCM-41.

Table 1 shows the BET surface areas of the cat-
alysts as well as the particle diameter estimated by
Scherrer’s equation and the bandgap of the TiO;
particles. The bandgap energies of the catalysts were
determined based on the absorption threshold of their
UV-VIS spectra. The total surface area of the sup-
ported catalysts was found to decrease with TiO;
loading. It implies that some of the pores of the molec-
ular sieves were blocked by the TiO, particles. The
benefit of using mesoporous molecular sieve is shown
by that relative large surface area of ca. 700 m?/g was
still retained with 30% TiO;, loading, while at the
same loading level, 530 and 250 m?/g were obtained
over NaY and Na-mordenite, respectively.

The TiO, particle diameter was estimated with
Scherrer’s equation using the line-width at half-
maximum of the X-ray diffraction peaks at 26 = 25.4
and 27.5° for anatase and rutile, respectively. The
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Fig. 3. XRD patterns of TiO, supported on MCM-41 with TiO;
loading of (a) 0%; (b) 2%; (c) 5%; (d) 10%; (e) 20%; and (f)
30% (* labels the diffraction peaks of anatase TiO,).

particle sizes estimated by Scherrer’s equation are
generally larger than that observed on TEM. That is
due to that the detection limit for XRD is around 2 nm.
It was also found that the particle diameters were too
small to estimate for samples with TiO; loadings less
than 20%. Nevertheless, the values show that the size
of TiO, particles increases with TiO, loading. Over
different supports, the variation of TiO, particle size
was in the reverse order of the surface area. In other
words, the TiO, particle diameter decreases in the
order of Na-mordenite > NaY > MCM-41.

Over the same support, the bandgap energy de-
creases with the increase in TiO» loading and the TiO;
diameter. That is in consistence with “particle size
quantization effect” [22]. It is also seen that commer-
cial rutile has the smallest value in bandgap, which
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Fig. 4. FT-Raman spectra of supported TiO;: (a) 10% on MCM-41;
(b) 10% on mordenite; (c) 10% on NaY; (d) 30% on MCM-41; (e)
30% on NaY; (f) 30% on mordenite; and (g) commercial anatase
TiO;.

is attributed to its relatively dense-packing crystalline
structure in comparison to anatase structure [21]. The
very low surface area, which in turn means very large
particle size, of the rutile sample may also have some
contribution to the very small band edge. Degussa P-25
which contains mixed phases of anatase and rutile has
the highest surface area among the commercial TiO»,
and the bandgap is close to that of anatase.

3.2. Photocatalytic activity

Table 2 compares the photocatalytic activities of
TiO, supported on various molecular sieves with those
over pure TiO;. The degradation efficiency presented
as CO; yield was strongly influenced by the volatility
and nucleophilicity of the pollutants. For the volatile
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Fig. 5. TEM photographs of (A) NaY; (B) MCM-41 before (a) and after (b) loaded with 30% TiO5.

pollutants such as benzene and monochlorobenzene,
the CO; yields were lower and a portion of these pol-
lutants was dissipated into the gas flow. On the other
hand, phenol which is a better nucleophile than other
aromatic pollutants reacts more easily with *OH rad-
icals and has the highest degradation efficiency.

Over the commercially available TiO, catalysts,
Degussa P-25 was the one most efficient in mineral-
ization of the aromatic pollutants. On the other hand,
anatase gave much higher catalytic activities than
rutile. That is consistent with what reported in the
literature. The explanations are still debatable, which

includes electron—hole recombination rate [8], number
of surface hydroxyl group [12], and surface defects
[23]. Judging from that P-25 contains anatase/rutile
mixed phases and relatively high surface area, the
high activities of P-25 is likely attributed to the large
quantity of structural and surface defects in this com-
mercial TiO, product. For the purpose of examining
the effect of the supports, the catalytic activity of
P-25 would not be emphasized hereafter since the
supported catalysts had TiO, in pure anatase phase.
Over the supported TiO, catalysts, the catalytic ac-
tivity was found to vary with the hydrophilicity of
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Table 1

BET surface area, particle size, and bandgap values of commercial and supported TiO,

Catalyst (TiO, loading) Surface area (m2/g)

TiO, particle diameter (nm)?* Band gap (eV)

NaY support
0% 851
5% 716
10% 658
20% 596
30% 532
45% 400
60% 276
Na-mordenite support
0% 383
5% 364
10% 348
20% 324
30% 253
45% 231
60% 148
MCM-41 support
0% 1009
2% 997
5% 954
10% 891
20% 811
30% 701
Commercial TiO;
Anatase 34
Rutile 6
P-25 54

- 3.25

- 3.23
20.7 3.19
21.2 3.17
22.0 3.15
273 3.13

- 3.26

- 3.23

- 3.20
30.9 3.19
39.8 3.15
52.1 3.11

- 3.23

- 322

- 3.19

45 3.18

5.6 3.15
62.7 3.09
64.7 2.86

- 3.04

2 Determined by Scherrer’s equation with the (101) and (110) peaks on XRD patterns for anatase and rutile, respectively.

the pollutants. For the decomposition of hydrophobic
compounds such as benzene, MCB, and DCB, some of
the molecular sieve-supported TiO, catalysts gave bet-
ter activities than the commercial anatase TiO; or even
P-25. Furthermore, there was an optimal TiO, loading
and this value varied with the support. The optimal
loading was 30% on NaY, 20-30% on Na-mordenite
and 10% on MCM-41. In contrast, for degradation of
hydrophilic pollutant phenol, most of the supported
TiO; catalysts were not as active as the commercial
TiO,, except that the 10%TiO2/MCM-41 has similar
activity as commercial anatase.

In comparison of the amount of volatile pollutants
dissipated into the gas phase, molecular sieves seem
to be effective in adsorption of the volatile pollutants.
They probably also facilitated the photodegradation
reaction through transferring the organic adsorbates

to the TiO; crystallites nearby and resulted in higher
mineralization efficiency. Table 2 shows that the
amounts of benzene and MCB dissipated into the gas
phase are much lower over molecular sieve-supported
TiO, catalysts. In general, the amount of dissipated
pollutants decreases with the increase in total surface
area. However, MCM-41 which has highest surface
area does not give better photodegradation activity
toward benzene than NaY. It is attributed to that
large amount of OH groups presented on MCM-41
surface probably makes it rather hydrophilic. As a
result, the surface has less tendency to adsorb ben-
zene which is a non-polar and hydrophobic molecule.
In contrast, the surface hydrophilicity of MCM-41
facilitates the adsorption of polar or hydrophilic pol-
lutants. Indeed, MCM-41 supported TiO, catalysts
were the most active among the three molecular
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Table 2
The results of photodegradation of various aromatic pollutants in water

Catalyst (TiO; loading) Benzene MCB DCB Phenol

CO, yield (%) Dis. (%)? CO yield (%) Dis. (%) CO, yield (%) CO, yield (%)

NaY support
5% 23.7 5.6 27.1 1.0 30.9 433
10% 30.8 9.5 33.8 1.2 44.7 494
20% 35.8 10.9 375 2.1 522 53.7
30% 394 9.9 46.6 2.4 61.1 69.0
45% 37.2 13.7 40.6 5.8 53.1 62.5
60% 16.9 17.9 32.1 7.5 35.1 46.6
Na-mordenite support
5% 21.0 17.3 324 22 34.8 31.8
10% 29.7 15.1 34.7 2.8 44.5 61.5
20% 31.8 9.3 45.2 4.1 57.2 68.9
30% 36.5 8.6 36.2 5.2 533 66.2
45% 30.7 18.3 31.0 4.7 45.8 60.1
60% 12.8 22.1 19.9 4.8 42.7 473
MCM-41 support
2% 25.0 7.6 37.8 0.6 43.6 574
5% 31.1 5.8 443 0.7 514 65.9
10% 33.1 59 514 0.7 69.1 78.3
20% 29.1 8.3 38.9 1.4 60.5 63.5
30% 27.0 16.0 36.8 42 412 39.9
Commercial TiO2
Anatase 25.0 30.2 38.0 59 41.9 78.0
Rutile 17.6 26.2 18.0 18.0 11.7 26.9
P-25 36.6 - - - - ~100

2 Dis.: dissipation to the gas phase.

Table 3
Adsorption capabilities towards phenol and benzene in aqueous solutions on various TiO; catalysts®
Catalyst (TiO, loading) Equilibrium adsorbed amount in aqueous solutions
Phenol Benzene
10~* mol/g catalyst 10~* mol/g TiO, 10~* mol/g catalyst 10~* mol/g TiO,
NaY support 0.22 - 0.17 -
10% 0.35 3.5 0.92 9.2
20% 0.66 33 1.35 6.75
30% 0.78 2.6 1.80 6.0
Na-mordenite support 0.34 - 0.20 -
10% 0.17 1.7 0.46 4.6
20% 0.27 1.35 0.94 4.7
30% 0.43 1.43 1.54 5.1
MCM-41 support 0.12 - 0.18 -
20% 1.04 52 0.97 4.85
Commercial TiO;
Anatase 2.11 2.11 2.95 295
Rutile 0.86 0.86 1.70 1.70

a Started with 5 x 10~ M aromatics in water at 20°C.
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sieve supports in degradation of MCB, 1,2-DCB and
phenol.

Table 3 compares the adsorption capabilities toward
phenol and benzene in aqueous solutions on various
TiO; catalysts. In order to imitate the reaction con-
dition, the catalyst in powder form containing 0.01 g
TiOy was suspended in 50 ml of 0.5 mM solution of
either phenol or benzene. In order to study the adsorp-
tion capabilities of the supports themselves, 0.1 g of
the molecular sieves was used instead. The mixture
was sealed in a plastic bottle and kept shaking at 20°C
in dark for 24 h. The equilibrium adsorbed amount of
the aromatic adsorbate was determined by analyzing
the amount of compound left in the liquid phase using
gas chromatograph. A small amount of cyclohexanone
of known concentration was added into the separated
liquid as internal standard.

The values shown in Table 3 are to some extent con-
troversy to our prediction. Pure TiO, of either anatase
or rutile phase adsorbed more phenol and benzene than
the pristine molecular sieve supports. Besides, the ad-
sorption capacities towards benzene are similar for the
three molecular sieve supports, while the microporous
NaY and Na-mordenite have higher adsorption ca-
pacities towards phenol than MCM-41. These results
are attributed to that the adsorption experiments were
carried out in very diluted aqueous solutions. Water
molecules, which are much more polar than phenol
and benzene, should compete with the aromatics for
adsorption. In other words, the molecular sieves them-
selves, especially MCM-41, favor adsorption of water
than the aromatic compounds when comparing with
TiO;. A general trend is seen that the adsorption ca-
pacities of the aromatic adsorbates increase with the
TiO; loading on the molecular sieves. In other words,
TiO, dispersed on the molecular sieve surfaces helps
the adsorption of aromatics. However, by converting
the basis of adsorption capacity from per gram of cat-
alyst to per gram of TiO,, it was found that the ad-
sorption capacities improve greatly on the supported
TiO;, except Na-mordenite. Therefore, the adsorption
behavior is not simply contributed by TiO;.

For supported catalysts of the same TiO; load-
ing, the adsorption capacity of phenol is directly
proportional to the total surface area of the catalyst,
while that of benzene is not. Moreover, NaY and
Na-mordenite supported TiO, adsorbs much more
benzene than phenol, while MCM-41 supported TiO»

adsorbs almost the same or slightly more phenol.
Since the TiO, on NaY and Na-mordenite forms
small crystallites and aggregated on the outer sur-
faces of the zeolite granules, most of the surface
area are likely contributed by the porous structures
of zeolites. Although pure anatase TiO; also ad-
sorbs more benzene than phenol, the great increase
in adsorption capacity of benzene based on per gram
of TiO, on the zeolite-supported catalysts implies
that the surfaces of NaY and Na-mordenite are rel-
atively more hydrophobic. In contrast, the phenol
adsorption capacities based on per gram of TiO;
have slight increases on NaY-supported TiO, but
decreases on Na-mordenite supported catalysts. Rel-
atively, the phenol adsorption capacity improves
significantly on MCM-41 supported TiO,. These re-
sults support our proposal that the photodegradation
efficiency of volatile pollutants such as benzene and
MCB is enhanced with molecular sieve supports
of hydrophobic surfaces due to their assistance in
adsorption.

Table 4
The luminescence lifetime of commercial and supported TiO,

Catalyst Lifetime (us)
NaY support
5% 0.40 £+ 0.01
10% 0.41 + 0.01
20% 0.40 £+ 0.01
30% 0.44 + 0.02
45% 0.42 + 0.02
60% 0.34 + 0.02
Na-mordenite support
5% 0.43 + 0.01
10% 0.44 + 0.01
20% 0.48 + 0.02
30% 0.58 = 0.01
45% 0.46 &+ 0.01
60% 0.39 + 0.01
MCM-41 support
2% 0.39 + 0.01
5% 0.43 £+ 0.01
10% 0.46 = 0.01
20% 0.42 + 0.02
30% 0.38 &+ 0.01
Commercial TiO,
Anatase 0.44 + 0.02
Rutile 0.31 £ 0.01
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It is interesting to see that there is an optimal
loading of TiO; to obtain the best photocatalytic ac-
tivity on various supports. Similar results were also
observed by Zhang et al. [10]. A fast electron—hole
recombination on the surface of TiO, was proposed
for the low activities of smaller TiO, particles, while
a fast electron—hole recombination in the bulk of TiO»
was proposed for the low activities of larger TiO, par-
ticles. In this study, the lifetime of radiation-excited
electrons of various TiO;, catalysts was determined
with a time-resolved spectrometer, in which 355 nm
light source generated from a Nd-YAG laser was
used and detection was set at 450 nm to monitor the
luminescence lifetime [11]. Table 4 shows the results
of the luminescence lifetime, which in turn is propor-
tional to the lifetime of the excited electrons in the
conduction band. The results show that commercial
rutile has the shortest luminescence lifetime, im-
plying the fastest electron—hole recombination. The
variation of the luminescence lifetime as a function
of TiO; loading on the specific support was in good
agreement with the photocatalytic activity. The cat-
alyst which gave the highest photocatalytic activity
has an optimal luminescence lifetime. These results
are in consistence with the proposal given by Zhang
et al. [10]. As to the effect of different supports, fac-
tors other than the lifetime of the excited electrons,
such as surface area and hydrophilicity, should play
important roles in determining the photocatalytic
activity.
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