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Abstract

Time-dependent change in the concentrations of some aromatic hydrocarbons with TiO2-based catalysts under irradiation was monitored
by absorption spectroscopy. Titanium silicalite-2 with higher crystallinity (TS-2h) showed greater photodegradation efficiency than titanium
silicalite-2 (TS-2). The greater efficiency was attributed to the increased adsorptivity based on the larger distribution coefficient arising
from the more hydrophobic nature in the TS-2h cavity than in TS-2. The distribution coefficient correlates well with the slope of the
Langmuir–Hinshelwood equation, and can be a useful index for the relative photodegradation efficiency of the aromatic hydrocarbon.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, the photocatalytic degradation of pollu-
tants using semiconductors under ultraviolet irradiation has
attracted considerable attention for application to environ-
mental problems [1–8]. The photodegradation of pollutants
is initiated by the attack of the photogenerated holes or
subsequently produced hydroxyl radicals on the surface
of semiconductor particles. Many studies [9–15] suggest
that highly oxidizing hydroxyl radicals are produced in
two ways: oxidation of hydroxide ions or water molecules
adsorbed on the surface of semiconductor particles by pho-
togenerated holes, and a series of redox reactions from
trapping photogenerated electrons by oxygen.

To improve the photocatalytic efficiency for charge
transfer from the catalysts to pollutants, the adsorption of
pollutants on the photocatalysts has increased through the
composite with SiO2 [16–19], Al2O3 or zeolite [20–23].
Recombination of the photogenerated electron and hole
is so rapid that interfacial charge transfer is kinetically
competitive only when the pollutant is preadsorbed before
photolysis. It has been suggested that preliminary adsorp-
tion is a prerequisite for the rapid efficient degradation of
pollutants [24–29]. Many organic substrates can themselves
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act as adsorbed traps for the photogenerated hole, either
directly or through the intermediacy of a surface hydroxyl
radical [30–32]. Recent studies revealed that the photo-
catalytic activity toward the decomposition of phenol is
improved with a mixed oxide of TiO2/SiO2 relative to TiO2
[33,34]. The enhancement of the decomposition is attributed
to the presence of a Ti–O–Si phase at the TiO2/SiO2 inter-
face with the SiO2 providing better adsorption sites in the
vicinity of the TiO2. Furthermore, titanium silicalites are
reported to exhibit photocatalytic reactivities in the reduc-
tion of NO and aromatic pollutants with aqueous hydrogen
peroxide [35,36]. A recent preliminary study on titanium
silicalite-2 (TS-2) indicated a better photodegradation catal-
ysis on 4-chlorophenol (4-CP) [37,38]. The nature of the
environment of the cavity in TS-2 regarding its reactivity
as a catalyst, however, needs to be further investigated.

This paper aims to improve the photocatalytic efficiency
and to elucidate the relation between the photodecomposi-
tion rate of a pollutant in aqueous solution and its adsorptiv-
ity to a catalyst, based on a comparative investigation using
TS-2, and TiO2 (Degussa, P25). In particular, we were inter-
ested in the effect of increased crystallinity of TS-2 (here-
after TS-2h) on the photocatalytic efficiency with respect to
TS-2. The irradiated solutions of simple aromatics were an-
alyzed by UV absorption spectroscopy. The kinetics of the
photodegradation on the catalysts was analyzed according
to the Langmuir-Hinshelwood equation.
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2. Experimental

2.1. Preparation for TS-2 and TS-2h

TS-2 was crystallized by the hydrolysis of tetraethy-
lorthosilicate (TEOS) and tetrabutylorthotitanate (TBOT)
using tetrabutylammonium hydroxide (TBAH) as a tem-
plate [38,39]. 12.2 ml of TEOS was hydrolyzed in 14 ml of
40% TBAH aqueous solution under vigorous stirring for
30 min. To complete the hydrolysis, 0.55 g of TBOT in 5 ml
of isopropyl alcohol was slowly added. The resulting gel
was heated slowly at 80◦C and kept for 2 h under stirring
followed by adding 19 ml of water, and then transferred
into a 35 ml Teflon flask. The flask was placed in a static
autoclave and crystallized at 175◦C for 24 h. The crystal-
lized TS-2 was recovered by filtering, washed with water,
and dried overnight in an oven at 110◦C. Finally, TS-2 was
calcined at 500◦C for 5 h. TS-2 of a higher crystallinity
(TS-2h) was prepared by the same procedure above, but
using 6.1 ml of TEOS, 7 ml of 40% of TBAH, 0.27 g of
TBOT in 2.5 ml of isopropyl alcohol, and 9.5 ml of water.

2.2. Characterization of TS-2 and TS-2h

X-ray powder diffraction patterns were obtained by using
a Macscience M03XHF diffractometer at room temperature
utilizing Ni-filtered Cu K� radiation with 40 kV, 30 mA at
0.02◦ width and 4◦/min scan speed. A Bomem, Hartman
& Braun MB-series spectrometer utilizing KBr pellets was
used to obtain IR spectra. UV reflectance spectra were
recorded on a Varian CARY-5G spectrophotometer. Sur-
face area was calculated using the BET equation from N2
adsorption data at 77 K with a Micromeritics ASAP 2010
instrument. Atomic concentration was analyzed with a
Perkin-Elmer OPTIMA 3000XL ICP spectrometer.

2.3. Distribution coefficients and oxidation potentials

The distribution coefficient (D) of an aromatic hydrocar-
bon (Aldrich) is obtained as the ratio of the amount on the
catalyst,As, to that remaining in aqueous solution,Aa, after
the equilibrium is reached

D = As

Aa
(1)

For the measurement ofD, TS-2 or TS-2h powder was added
into a flask containing an aqueous solution of 1.0× 10−4 M
of an aromatic hydrocarbon. The concentration of the pow-
der was kept at 1 g/l. After stirring for 1 h, the powder was
filtered at 3500 rpm with a Hanshin Medical HC-16A cen-
trifuge followed by measuring the absorption spectrum of
the resulting solution with a Hewlett Packard 8453 diode
array spectrophotometer.

To obtain the oxidation potentials of the aromatic hy-
drocarbons, cyclic voltammograms were recorded with an

EG&G Princeton Applied Research model 273 potentio-
stat at 50 mV/s using a Pt working electrode, a Pt counter
electrode, and a Ag/AgCl reference electrode. The concen-
trations of the aromatics and LiClO4 as electrolyte were
1.0 × 10−3 M and 0.5 M, respectively.

2.4. Photodegradation

A photochemical reactor was made of Pyrex glass with
a plain quartz window and a water-circulating jacket. The
reactor contained 50 ml of 1.0×10−4 M aromatic hydrocar-
bon solution and 1.0 g/l catalyst. Irradiation was carried out
for 1 h through the quartz window with a 250 W xenon lamp
(Ilctec) in air under stirring. After the irradiation, the cata-
lyst was filtered and the absorption spectrum of the resulting
solution was recorded.

3. Results and discussion

3.1. Basic characteristics

XRD, SEM, IR, and UV reflection characterized the cat-
alysts. Fig. 1 compares the XRD spectra of a xerogel, TS-2,
and TS-2h measured under the same condition. The xerogel
was almost completely amorphous having no peaks related
to TS-2. After crystallization, the characteristic peaks of
TS-2 and TS-2h at 2θ = 7.9◦, 8.8◦, 23.2◦ and 24.0◦ were ob-
served [39]. A comparison of the peak area under the peak at
2θ = 7.9◦ indicates that the amount of the crystalline form
in TS-2h was greater than in TS-2. Moreover, the peaks be-
come sharper with increasing crystallinity, indicating crystal
growth, which agrees with the SEM images contrasted in

Fig. 1. XRD spectra of: (a) SiO2–TiO2 xerogel; (b) TS-2; (c) TS-2h.
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Fig. 2. SEM images of: (a) TS-2; (b) TS-2h.

Fig. 2. TS-2h appears to form bundles of bigger crystallites,
by ca. 30% on average, compared to TS-2. A variation of
the amount of reactants reproducibly produces the same
TS-2h, indicating that TS-2h possesses a stable crystallinity.

The IR spectra of both TS-2 and TS-2h showed a band at
960 cm−1, which has been assigned to the stretching vibra-
tion of Si–O–Ti, arising from SiO2 units linked to Ti atoms.
The presence of the band suggests that Ti atoms have been
effectively incorporated into the SiO2 lattices [40]. From
the UV reflectance spectra, absorption edges calculated by
the Kubelka–Munk function were about 300 nm for TS-2
and TS-2h, and 380 nm for TiO2. The blue shift of the
absorption edge of TS-2 and TS-2h with respect to TiO2
indicates that TiO2 in both TS-2 and TS-2h is isolated with
tetrahedral coordination. The Ti atomic concentration in
TS-2 and TS-2h was found to be about 3% from an analysis
by ICP spectrometry. The surface areas of TS-2h, TS-2 and
Degussa P-25 TiO2 were found to be 550, 360 and 58 m2/g,
respectively. Despite the larger crystal size of TS-2h, its

Table 1
Distribution coefficients (D) in TS-2, solubilities in water (g/100 g) and
the logarithm of partition coefficients in octanol/H2O (logPoct) of some
aromatics

No. Aromatic hydrocarbon D Solubility logPoct

1 Phenol 0.21 6.7 1.46
2 o-Cresol 0.42 3.1a 1.95
3 m-Cresol 0.62 2.5a 1.96
4 p-Cresol 0.87 2.3a 1.94
5 2-Chlorophenol 0.49 2.15
6 3-Chlorophenol 0.60 2.50
7 4-Chlorophenol 1.02 2.39
8 2,4-Dichlorophenol 0.39
9 3,4-Dichlorophenol 0.31

10 p-Tolualdehyde 17.30
11 4-Chlorobenzaldehyde 20.76
12 4-Hydroxybenzaldehyde 0.65 1
13 2,4-Dichlorobenzaldehyde 0.50
14 Benzoic acid 1.42 0.29 1.87
15 p-Toluic acid 1.48 0.01 2.27
16 4-Chlorobenzoic acid 2.2 0.02 2.65
17 Salicylic acid 0.04 0.2 2.26
18 1,4-Benzoquinone 1.36 0.20
19 2-Chlorobenzoquinone 1.21
20 Hydroquinone 0 7 0.59
21 Chlorohydroquinone 0.02
22 4-Chlorocatechol 0.18
23 1,2,4-Benzotriol 0.05
24 Aniline 0.62 3.5 0.90
25 Benzylalcohol 0.98 0.08 1.10

a At 40◦C.

higher degree of crystallinity creates more cavities within
the crystal, generating a larger surface area than that of TS-2.

3.2. Distribution coefficients

To understand better the hydrophobic nature of the cavities
of TS-2 and TS-2h, the distribution coefficient (D) was ob-
tained according to Eq. (1). Table 1 lists theD values of TS-2
along with the data on solubility in water (g/100 g water)
[41] and the logarithm of the partition coefficient, logPoct
[42,43]. Poct is the partition coefficient for octanol–water
system. We find the following list of substituents arranged in
the order of decreasing the D: –CHO> –Cl > –COOH>

–CH3 > –NH2 > –H > –OH. Among isomers with a –OH
group, theD values decreases in the order:para > meta>

ortho. Comparing 3-chlorophenol with 2,3-dichlorophenol
and 3,4-dichlorophenol, although theD of the substituted
aromatics with –Cl have been higher than that with –H,
the D values decreases in the order: 3-chlorophenol>

2,3-dichlorophenol > 3,4-dichlorophenol. Also theD
value of 2,4-dichlorobenzaldehyde decreases dramatically
compared with 4-chlorobenzaldehyde. Thus, it appears
that bulkiness of an aromatic hydrocarbon is important to
the magnitude ofD.

TheD values apparently correlate well with the available
solubility data (Fig. 3a) except salicylic acid. Since salicylic
acid is a relatively strong acid, with pKa = 2.97, more than
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Fig. 3. Distribution coefficients vs. (a) solubilities in water and (b) partition
coefficients in octanol–H2O of various aromatic hydrocarbons.

90% of the acid in 1.0 × 10−4 M solution exist as the de-
protonated species. Assuming that the deprotonated species
have limited access to TS-2, theD of the protonated form
is calculated to be about 0.52, which is consistent with
the general trend. A similar relationship is obtained with
logPoct (Fig. 3b). The deviations of aniline, benzyl alcohol,
and benzoquinone (BQ) are noteworthy. Aniline appears to
have a much lower logPoct, presumably because of form-
ing an extra hydrogen bond. Benzyl alcohol apparently
behaves like an aliphatic alcohol, which is more hydropho-
bic than an aromatic alcohol. Surprisingly, BQ has a very
low logPoct, since the result implies that ethylenic carbon
is actually hydrophilic. BQ appears to behave differently,
since its electronic structure is different from the other aro-
matics. With a few exceptions, it may be concluded that the
environment of the TS-2 cavity is hydrophobic. That is, the
greater the hydrophobicity of the solute, the larger theD.

The TS-2h cavity is considered to be more hydrophobic
than the TS-2 cavity, judging from the higherD values than
TS-2 as shown in Table 2 for phenol (P), 2-chlorophenol
(2-CP), 4-chlorophenol (4-CP), and 4-chlorobenzoic acid
(4-CBA).

3.3. Photodegradation of 4-CP

In order to identify absorption peaks and to select appro-
priate wavelengths to monitor the reaction rate, absorption

Table 2
Data for distribution coefficient (D), apparent reaction rate constant (ka)
in 10−3 mol l−1 h−1, and adsorption constant (K) in 103 l mol−1 on TS-2
and TS-2h

TS-2 TS-2h

D ka K ka × K D ka K ka × K

P 0.21 0.57 4.00 2.28 0.38 0.70 4.20 2.94
2-CP 0.49 0.60 4.25 2.55 0.86 0.80 4.13 3.55
4-CP 1.02 2.04 4.35 8.87 2.35 2.30 5.00 11.5
4-CBA 2.2 1.94 5.32 10.3 4.92 2.02 6.22 12.6

Fig. 4. Irradiation-time dependence of absorption spectra of 2.0×10−4 M
4-CP aqueous solution using: (a) TiO2; (b) TS-2; (c) TS-2h catalysts in
suspension. The numbers indicate the time of irradiation in minutes.

spectra of authentic aqueous solutions of the materials of
interest were recorded. It is found that the broad absorp-
tion peaks appear at 225 and 280 nm for 4-CP, at 246 nm
for BQ, at 221 and 290 nm for hydroquinone (HQ), and
221 and 284 nm for 4-chlorocatechol (4-CC). The last three
compounds are known to be stable reaction intermediates
produced from the photodecomposition of 4-CP [10]. How-
ever, a GC/MS analysis did not detect the presence of 4-CC
under the present experimental condition [7].

Irradiation of solutions containing 4-CP in the presence
of suspended TiO2, TS-2 and TS-2h yielded time-dependent
spectra as shown in Fig. 4a–c, respectively. Under dark con-
dition, virtually no change in the concentration of 4-CP was
detected. Fig. 5a constructed by the absorbance decrease at
225 nm shows that the 4-CP photodecomposition enhances
in the presence of TS-2h, indicating that TS-2h is a better
catalyst than TS-2.

Despite the lower surface TiO2 concentration by about
19% and the larger band gap of the TS-2 catalyst relative to
the TiO2 catalyst, the photodecomposition rate is enhanced

Fig. 5. (a) Irradiation-time dependence of the relative concentration of
4-CP at 225 nm; (b) time-courses of the absorbance of HQ at 300 nm of
illuminated 4-CP aqueous solution using TiO2, TS-2, and TS-2h catalysts
in suspension.
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with TS-2. The larger photoreactivity can be attributed to the
increased adsorption of 4-CP due to the more hydrophobic
environment of the TS-2 catalyst. From theD values, it is
calculated that more than half of 4-CP is adsorbed on TS-2,
whereas less than 1% of 4-CP is adsorbed on TiO2. The
increase in adsorption of 4-CP on TS-2 can cause an increase
in efficiency of charge transfer from the photoinduced holes
on TS-2 to 4-CP. A similar explanation can be applied to
TS-2h. The photodecomposition rate with TS-2h compared
with TS-2 is enhanced (Fig. 5a). It is found that 70% of 4-CP
is adsorbed on TS-2h because ofD = 2.35 (Table 2), and
the surface TiO2 concentration is increased by about 28%
because of increasing surface area from 360 m2/g for TS-2
to 550 m2/g for TS-2h. Thus, the larger photoreactivity of
TS-2h is also attributable to the stronger adsorption ability
and the larger surface TiO2 concentration due to the larger
surface area in the TS-2h catalyst.

It is interesting to find that HQ hardly adsorbs to TS-2 and
TS-2h whereas about 58% of BQ adsorbs to TS-2 (Table 1).
This non-adsorptivity of HQ implies that HQ is excluded
from the catalysts upon its formation. Therefore, [HQ] in
solution can be indicative of the reaction as the decrease
in [4-CP]. To confirm this notion, [HQ] was calculated us-
ing 1700 M−1 cm−1 as its molar absorptivity at 300 nm [7].
4-CP, BQ and even 4-CC has almost no absorption at wave-
lengths longer than 300 nm. The result in Fig. 5b shows that
the HQ concentrations produced in solution at 10 min are
found to be 9.7 × 10−4, 8.8 × 10−5 and 5.9 × 10−5 M for
TS-2h, TS-2 and TiO2, respectively, and correlate relatively
well with Fig. 5a.

3.4. Comparison of photodegradation

To confirm that the photocatalytic reactivity is linked to
the hydrophobicity of the catalyst, a comparison of the re-
activity was made with phenol, 2-CP, 4-CP, and 4-CBA.
The oxidation potentials of these aromatic hydrocarbons are
calculated through the first derivative of the cyclic voltam-
mograms and found to lie in the range 0.7–0.8 V vs. NHE.
The differences in the oxidation potentials among the aro-
matic hydrocarbons are considered minute with respect to
the energy difference between the photogenerated holes or
hydroxyl radicals and the aromatic hydrocarbons. Thus, it
is expected that the rates of charge transfer from the pho-
togenerated holes to the aromatics do not differ very much.
Fig. 6 clearly shows that there exist differences in the rel-
ative concentrations of the aromatics versus the irradiation
time in the initial stage of the respective photochemical re-
actions. The differences in the relative concentration in the
presence of the catalysts with respect to those in the absence
of the respective catalysts are plotted in Fig. 7. From this
result, the direct photodegradation of aromatics by UV light
was subtracted from that on the catalysts, leaving only the
contribution of the catalysts. The net photodegradation rates
of the aromatics on the TS-2 and TS-2h catalysts respect to
those in the absence of the corresponding catalysts decrease

Fig. 6. Irradiation-time dependence of the relative concentration of the
aromatics in aqueous solution with: (a) TiO2; (b) TS-2; (c) TS-2h catalysts
in suspension (concentrations: catalyst, 1 g/l; aromatics, 2× 10−4 M).

in the order: 4-CBA> 4-CP > 2-CP > phenol. The re-
sult indeed demonstrates that the larger theD, the faster the
initial reaction rate. Furthermore, the net photodegradation
rates on TS-2h are faster than on TS-2. That is, an aromatic
hydrocarbon having a stronger adsorption on a greater hy-
drophobic catalyst decays faster because of the increasing
catalytic efficiency on the adsorbed aromatic hydrocarbon
by the photogenerated holes.

The net photodegradation rate of 4-CBA on TiO2, cor-
rected for the direct contribution, is faster than the three phe-
nols. This result can be explained by assuming that –COOH
in 4-CBA can form a stronger bond with Ti–OH than –OH
and –Cl in the phenols, increasing efficiency of charge trans-
fer to 4-CBA by the photogenerated holes.

3.5. Kinetics of photodegradation

The effect of the crystallinity on the photodecomposition
was compared under the same condition. It is expected that
the reaction should follow an identical mechanism whether

Fig. 7. Irradiation-time dependence of the relative concentration of the
aromatics in aqueous solution with: (a) TiO2; (b) TS-2; (c) TS-2h catalysts
corrected for direct photodegradation by UV light (concentrations: catalyst,
1 g/l; aromatics, 2.0 × 10−4 M).
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TS-2 or TS-2h was used. The photocatalytic degradation
rate of 4-CP can be evaluated with apparent reaction rate
constant,ka, adsorption coefficient,K, and initial concen-
tration of the pollutant, according to the inverse of the
Langmuir–Hinshelwood equation.

− dt

d[4-CP]
= 1

ka
+ 1

{kaK[4-CP]} (2)

Theka andK values derived from the intercept and slope
are summarized in Table 2. The apparent reaction rate con-
stants with TS-2h are found to be larger than with TS-2,
confirming the qualitative results obtained above from the
decreases in the absorbance of the irradiated pollutants with
the time of irradiation. TheK values can also be related to
theD values of the pollutants. That is, the larger theD val-
ues, the larger theK values (Table 2). The values ofK and
D of pollutants on the TS-2h are larger than on TS-2.

In addition, theD correlates well with the productka×K

and can be a useful index for the relative photodegradation
efficiency of a pollutant on the catalyst. The order of the
ka × K values in Table 2 is consistent with the result that
the order of the net photodegradation rate with TS-2h and
TS-2 is 4-CBA> 4-CP> 2-CP> phenol (Fig. 7). More-
over, whereas theka of 4-CP was not greatly different from
4-CBA, theka × K value of 4-CBA was obtained to be dis-
tinctively larger than that of 4-CP. Thus, the values ofka×K

can reflect the photodegradation efficiency of the aromatic
hydrocarbons with the catalysts.

4. Conclusion

We have conducted a comparative study on the
time-dependent variation in some aromatic hydrocarbon
concentration in the presence of TiO2, TS-2 and TS-2h cat-
alysts under irradiation. The photodecomposition rate can
be attributed to the adsorptivity of the aromatic hydrocar-
bons onto the catalysts. TS-2h with higher crystallinity over
TS-2 showed faster photodegradation rates than TS-2 due
to the larger distribution coefficients of aromatic hydrocar-
bons onto the catalysts. The larger distribution coefficients
on TS-2h arise from the greater hydrophobicity compared
to TS-2. The distribution coefficient can be a useful index
to reflect the photodegradation efficiency of the aromatic
hydrocarbons on the catalyst.
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