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Abstract

The effect of titanium oxides with various crystalline structures in the photo-decomposition of phenolic contaminants in
aqueous solutions was studied. The structural types of titanium oxide under investigation varied from anatase and rutile
phases of TiO, (either commercially available or laboratory-made) to layered and pillared titanates. The photodegradation of
several phenolic compounds was examined, such as phenol, 4-chlorophenol, 2,3,5-trichlorophenol and 2,4,6-trichlorophenol.
The activities of the catalysts of various structures were compared based on the same titanium content as 0.01 g TiO,
suspended in S0 ml of aqueous solution containing 1.25 mM phenolic compounds, with an O, gas flux of 10 ml/min as
oxidant and illumination with 300 nm UV radiation. The results showed that laboratory-made TiO, either in the anatase or
rutile phase gave better catalytic activity than the commercially available materials when catalysts were properly pretreated.
The high activity of the as-prepared lab-made rutile was attributed to the large amount of hydroxy groups present on the
catalyst surface, which might stabilize electron-hole pairs. On the other hand, layered titanates, whose charged surface might
contribute to the destabilization of electron-hole pairs as well as strong adsorption of phenolic intermediates, showed low
photocatalytic activity.

1. Introduction widely used as herbicides and pesticides, re-
search concerning photodegradation of these
phenolic pollutants with semiconductor materi-
als has been growing steadily over the last
decade [1-9]. Among the semiconductors being
studied, TiO, is one of the most efficient photo-
catalysts. The advantage of utilizing TiO, in-
cludes its low cost, radiation stability, and the
fact that there is no need to use strong oxidizing
agents, such as O, or H,0, [10].

As TiO, is concerned, several studies have
focused on the influence of different crystalline
structures. It is generally shown that anatase is
more efficient as a photocatalyst than rutile

* Corresponding author. Fax: + 886-2-3636359. [11-13]. The poor photocatalytic activity of ru-

Photocatalytic degradation of toxic organic
compounds is very promising for the purifica-
tion and treatment of industrial wastewater [1].
By illumination with light of an energy higher
than the band gap of the semiconductors, redox
species (conduction band electrons and valence
band holes) were considered to generate at the
interface and interact directly or through some
photosensitizers with organic substrates. Since
phenol is commonly used as a solvent or reagent
in industrial processes and chlorophenols are
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tile was proposed due to its higher electron-hole
recombination rate [13]. However, Sclafani et
al. [14] compared several commercial and
homemade TiO, samples in the photodegrada-
tion of phenol and found that the activity of
rutile was influenced by its preparation condi-
tions.

Another subject which has received increas-
ing attention is the so-called particle size quanti-
zation effect. A blue shift in absorption spectra
is usually observed when the size of the semi-
conductor particles becomes smaller than the
Bohr radius of the first exciton state (usually in
the range of 1-10 nm) [15]. The quantization
was proposed to reduce the rate of hot electron
cooling and hence facilitate hot electron transfer
to redox acceptors in solution [16]. However,
controversial results have been reported regard-
ing the relationship between the degradation
rate of organic species and the crystallite size of
TiO,. On one hand, TiO, of nano-particle sizes
was reported to enhance the photocatalytic ac-
tivities in hydrogenation of propyne [17] and
decomposition of 2-propanol and n-carboxylic
acids [18]. On the other hand, the degradation
rate of trichloroethene was found to increase
with the crystallite size of anatase, while no
obvious correlation was deduced from the
degradation rates of water-soluble organic com-
pounds and the particle size [12].

Other than the commonly known three-di-
mensional crystalline structures of anatase, ru-
tile and brookite, titanium oxide also forms a
series of two-dimensional layered titanates [19].
In a previous study, we found that layered
tetratitanate, K,Ti,O,, has a 0.38 eV blue shift
of band gap relative to anatase although the
average particle size of the former is larger [20].
This large band gap is a result of space confine-
ment of the titanate sheets by interlayer potas-
sium ions. Such a structural confinement leads
to one-dimensional quantization and the forma-
tion of discrete electronic states in contrast to
the continuum of states present in the three-di-
mensional crystalline TiO, [16]. Nevertheless,
the photocatalytic activity of K,Ti,O4 in phenol

decomposition was found to be much lower
than that of anatase, implying that the quantiza-
tion effect played little role in the activity. In
this study, we extend our studies to photode-
composition of 4-chlorophenol and
trichlorophenols. In addition, the photocatalytic
activities of lab-made TiO, of both anatase and
rutile phases were examined in order to under-
stand the nature of the active sites.

2. Experimental
2.1. Preparation of catalysts

Reagent grade chemicals were used as pur-
chased without further purification.
Laboratory-made TiO, of anatase phase (LA)
was prepared following the procedures men-
tioned in Ref. [21]. Rutile phase (LR) was pre-
pared by boiling a diluted TiOCl, solution (0.4
M) at 80-90°C for 3 h, according to the recipe
given by Cavani et al. [22]. The resultant solids
were filtered, washed with double deionized
water until free of C1~ ions, and dried at room
temperature. The catalysts after calcination at
various temperatures for 3 h were labelled LA-¢,
or LR-1, where ‘¢’ designates the calcination
temperature in °C. Layered tetratitanate
(K,Ti,0,) and zirconia-pillared trititanate (Zr—
Ti,O,) were prepared and identified as de-
scribed in Ref. [20].

2.2. Characterization techniques

The BET surface areas were determined by
physical adsorption of N, at liquid N, tempera-
ture in a volumetric system. The powder XRD
patterns were examined with a Scintag X2 auto-
mated powder diffractometer using Cu Ka ra-
diation. FT—Raman spectra were recorded using
a BOMEM MBI155 FT-IR /Raman spectrome-
ter with a Nd-YAG laser (1064 nm). Diffuse
reflectance UV-VIS spectra of powder samples
were determined with a Shimadzu UV-2101PC
spectrometer. The fluorescence lifetimes of solid
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catalysts were determined with time-resolved
spectroscopy using 355 nm light source gener-
ated from a Nd-YAG laser and detecting at 450
nm.

2.3. Photocatalytic activities

The apparatus for photocatalysis was de-
scribed previously [20]. The amount of catalyst
used was based on the same Ti content as 0.01
g TiO,. The catalyst in powder form was sus-
pended in 50 ml aqueous solution of 1.25 mM
phenolic compounds, O, gas of 10 ml/min was
the oxidant, and 300 nm UV radiation was the
light source. The outlet gases were directed
through a two-stage bubbling trap containing
saturated Ba(OH), solution. CO, yield was de-
termined based on the weight of BaCO, precipi-
tated. Products retained in the aqueous solution
after certain radiation period were separated
with an Rtx-5 column and identified with a
flame ionization detector (Hewlett Packard 5890
GO).

3. Results and discussion
3.1. Catalyst characterization

The crystalline structures of lab-made TiO,
of anatase and rutile phases were identified by
X-ray diffractograms. Fig. 1 shows that a single
phase of either anatase or rutile was formed as
expected from different synthetic procedures.
Moreover, the crystallinity of each phase in-
creases as the calcination temperature increases,
as indicated by the decrease in the full-width-
at-half-maxima (fwhm) of the peaks. On the
other hand, Raman spectroscopy was found more
sensitive in detecting structures of poor crys-
tallinity. Fig. 2 compares the FT—Raman spec-
tra of the above samples with those of commer-
cial ones in the region of 200-800 cm~'. The
characteristic vibrational peaks of anatase ap-
peared at 638, 515 and 396 cm ™!, and those of
rutile at 610 and 448 cm ™', which are consis-
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Fig. 1. XRD patterns of lab-made anatase and rutile TiO,: (a)
as-prepared, and after calcination at (b) 400°C, (c) 550°C, and (d)
700°C.

tent with those reported in literature [23]. Simi-
lar to the XRD patterns, the fwhm of these
Raman peaks decreases with calcination temper-
ature, indicating an increase in crystallinity.
However, the spectrum of lab-made rutile after
calcination at 400°C shows that two small peaks
at 635 and 395 cm ™' appeared as shoulders of
the two main absorptions and a small peak
appeared at ca. 515 cm™!. These peaks, which
are coincident with the characteristic peaks of
anatase, disappeared after the samples were cal-
cined at 550°C or higher. Because anatase is
transformed to rutile at high temperatures, these
results imply that both as-synthesized and
400°C-calcined rutile samples should contain
small amounts of anatase structure, but the
structure was so amorphous that XRD could not
detect it.

The BET surface areas and physical data of
the diffuse reflectance UV-Vis. spectra of the
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Fig. 2. FT-Raman spectra of anatase and rutile TiO,: (a) as-pre-
pared, and after calcination at (b) 400°C and (c) 700°C, in
comparison to that of (d) commercial sample.

catalysts are tabulated in Table 1. Lab-made
anatase and rutile have relatively high BET
surface area, 236 and 141 m”/g, respectively.
Although the surface areas decrease markedly
with calcination temperature, the lab-made TiO,
samples have higher surface areas than the com-
mercial ones, up to the calcination temperature
of 550°C. On the other hand, the layered ti-
tanate, K,Ti,O,, has very low surface area,
while the zirconia-pillared titanate has a much
larger surface area due to the propped interlayer
space by the pillars.

The band-gaps of the samples were deter-
mined based on the absorption threshold of their

UV-Vis. spectra. As expected, all rutile sam-
ples have lower band-gaps than anatase. How-
ever, the as-synthesized TiO, samples show an
obvious blue-shift of band-gap relative to that of
the commercial ones. Since the former have
higher surface areas, implying that they have
smaller particle sizes, the blue shift in band-gap
is consistent with the particle size quantization
effect. After calcination, the lab-made TiO,
samples sintered and became larger particles.
As a result, a red shift of the band gap was
observed. On the other hand, layered K,Ti,O,,
with low surface area and large particle size,
has a 0.38 eV blue-shift of band-gap relative to
anatase. This result suggests that there is no
covalent interaction between adjacent titanate
layers and the interlayer K* ions confine the
titanate sheets in such a way as to lead to
one-dimensional quantization. However, the
band gap of zirconia-pillared titanate shifts
closer to that of anatase, due to the formation of
cross-linking covalent structures between the
pillars and titanate layers. Among all these cata-
lysts, commercial rutile has the smallest band-
gap, while K,Ti,O4 has the largest band-gap.

3.2. Photocatalytic decomposition of phenolic
compounds

Fig. 3 shows the photodegradation rates of
phenol catalyzed by sample LA-400 in the first

Table 1
BET surface areas and the data of diffuse reflectance UV-Vis.
spectra

Catalyst SA/m? g=! Band-gap/eV Lygpm L350 0m
Anatase (Merck) 34 3.08 0921 0.865
LA-25 236 3.15 0985 0.812
LA-400 95 3.11 0.953 0.909
LA-550 59 3.09 0927 0.899
LA-700 17 3.08 0.894 0.875
Rutile (Janssen) 6 2.84 0.873 0.926
LR-25 141 3.02 1.009 0.884
LR-400 74 3.02 1.013 0952
LR-550 29 3.01 0.996 0.952
LR-700 23 3.00 0976 0945
K,Ti,O, 7 3.46 0744 0.168
71, -Ti,0, 162 3.12 0941 0.619
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Fig. 3. Photodegradation rate (first hour) of phenol as a function
of phenol concentration.

hour as a function of phenol concentration. We
have applied the Langmuir-Hinshelwood ki-
netic model to treat these data. The rate is
independent of phenol concentration when the
latter is greater than 0.01 M. Accordingly, in
solutions of 1.25 mM phenol, the catalyst sur-
face is not saturated with reactant and this con-
centration was used hereafter for examining
photocatalytic activities of all the catalysts.
Table 2 demonstrates the influence of anatase
TiO, catalyst, 300 nm radiation and oxygen
effluent on the degradation of phenol and 4-
chlorophenol. The results show that 300 nm
radiation is essential for both phenol and 4-chlo-
rophenol degradation. Moreover, phenol conver-
sion decreases markedly when lacking any of
these three components, while 4-chlorophenol
degradation was highly efficient as long as 300
nm radiation was used, even without TiO, cata-
lyst or when O, was replaced by N, as effluent.

For all these conditions, only very small amounts
of the reactants were completely oxidized to
CO, and therefore most of the phenolic reac-
tants was converted to some intermediate
species. Nevertheless, the combination of all
three reaction components did increase CO,
yield.

Fig. 4 compares phenol conversion and CO,
yield over various titanium oxide catalysts. Af-
ter 1 h irradiation, commercial anatase gives the
highest phenol conversion although the CO,
yield is relatively low. After 6 h irradiation, the
CO, yield reached a value of 55.4% and phenol
disappeared completely. On the other hand,
commercial rutile gave much lower phenol con-
version (56.5%) and CO, yield (20.5%). In
contrast, the catalytic activities of lab-made
anatase and rutile varied with calcination tem-
perature. Although neither of them lead to 100%
phenol conversion as that observed over com-
mercial anatase, higher CO, yields were ob-
tained over LA-400, LR-25 and LLR-400. Most
surprisingly, the lab-made rutile (LR-25) gave
the highest activity in complete decomposition
of phenol to CO, (75.4%). The activity, how-
ever, decreased with increase of calcination
temperature. A similar trend was observed for
lab-made anatase, except the one dried at ambi-
ent temperature gave the lowest activity. The
identification of the intermediates is difficult
due to their low concentration. However, our
previous studies found that ethers were present
in the gaseous products and that catechol and
hydroquinone were observed in solution when a
more concentrated (0.01 M) phenol solution
was used [20].

Table 2

Effect of reaction conditions on the degradation of phenol and 4-chlorophenol

Raction conditions Phenol 4-CP

Anatase TiO, (g) Light Effluent (10 ml/min) Conv. (%) CO, yield (%) Conv. (%) CO, yield (%)
0.01 300 nm 0, 65.3 5.1 100 8.1

0.01 - 0, 43 24 26.7 2.4

0.01 300 nm N, 10.6 35 97.4 1.6

0 300 nm 0, 21.6 2.4 98.8 1.9

? Initial concentrations of phenol and 4-chlorophenol were 1.25 mM, and the data were taken after reaction for 1 h.
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Fig. 4. Photodegradation of phenol over titanium oxide of various structures.
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Fig. 6. Photodegradation of 2,3,5-trichlorophenol over titanium oxide of various structures.
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In contrast to the above mentioned three-di-
mensional TiO, catalysts, K,Ti,O, and zirco-
nia-pillared titanate both of layered structures
showed extremely low activity in phenol degra-
dation. These results suggest that one-dimen-
sional quantization, although increasing the
band-gap of the powder catalyst, has little effect
on the photocatalytic activity.

Fig. 5 summarizes the results of photodegra-
dation of 4-chlorophenol. Different from phe-
nol, 4-chlorophenol disappeared almost com-
pletely after 1 h of irradiation, even without the
catalysts. However, CO, yields were very low
(2-10%) and 1,4-hydroquinone was detected as
an intermediate in solution over most of the
catalysts. The change of the irradiated solution
from transparent to yellow—brown colors was
an indication that oligomers were probably
formed. The great discrepancy between 4-chlo-
rophenol conversion and CO, yield was also
observed by Hoffmann et al. [8], who also
reported several other intermediates. After 6 h
irradiation, commercial anatase and lab-made
rutile (LR-25) gave the highest CO, yields,
48.6% and 45.4%, respectively, while other cat-
alysts gave CO, yields lower than 30%. Based
on the CO, yields, the catalytic activities of
these titanium oxide catalysts in 4-chlorophenol
decomposition vary in a pattern similar to that
of phenol.

Fig. 6 and Fig. 7 show the results of pho-
todegradation of 2,3,5- and 2,4,6-trichlorophe-
nols, respectively. Lab-made rutile (LR-25) is
the most efficient one among all the studied
catalysts for complete decomposition of both
trichlorophenols to CO,, while layered titanates
are among the catalysts of lowest activities.

3.3. Factors affecting the photocatalytic activity

In order to examine the effect of surface area,
a series of lab-made rutile samples calcined at
different temperatures were used as photocata-
lysts in phenol decomposition based on the
weights which gave the same total surface area.
Table 3 shows that the activity still decreases

Table 3
Results of photodegradation of 1.25 mM phenol over lab-made
rutile TiO, samples after 6 h irradiation

Catalyst  Wt. of Total SA Conv.  CO, yield
catalyst (g)  (m?) (%) (%)
LR-25 0.0100 141 87.9 754
LR-400  0.0191 1.41 83.6 63.0
LR-400  0.0100 0.74 741 67.3
LR-700  0.0613 141 63.3 422
LR-700  0.0100 0.23 51.6 259

with calcination temperature for catalysts of the
same total surface area. Moreover, for any of
the specific catalysts, the phenol conversion was
found to increase with the weight or total sur-
face area of the catalyst but not in direct propor-
tion. As for the CO, yield, no simple relation-
ship with surface area can be drawn from the
data.

Sclafani et al. [14] attributed the high activi-
ties of lab-made rutile to its large amount of
hydroxyl groups on the surface, and proposed
that they might trap the holes in the valence
band and enhance the chemisorption of O,
molecules in the conduction band. Fig. 8 com-
pares the diffuse reflectance infrared spectra of
anatase and rutile for both commercial and lab-
made samples. The commercial rutile, which is
highly crystalline and has low surface area, has
no absorption in the O—H stretching vibration
region, implying no hydroxyl groups are present
on the surface. In contrast, lab-made rutile (LR-
25) has a large broad absorption with a maxi-
mum at ca. 3257 cm ™. After calcined at 400°C,
the intensity obviously decreases and three peaks
at 3668, 3318 and 3073 cm™~! can be resolved.
The intensity of these peaks decreases further
with an increase of calcination temperature.
Since the photocatalytic activity of lab-made
rutile decreases with calcination temperature,
the activity seems to have a direct correlation
with the amount of O—H groups on the surface.
This can also explain why commercial rutile has
very low photocatalytic activity. On the other
hand, both commercial and lab-made anatase
samples have rather strong absorptions in the
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Fig. 8. Diffuse reflectance IR spectra of anatase and rutile TiO,:
(a) as-prepared, and after calcination at (b) 400°C and (c) 550°C,
in comparison to that of (d) commercial sample.

O-H stretching region. Other than a broad band
at ca. 3100 cm ™' and two sharp absorptions at
3673 and 3721 cm™!, the as-prepared anatase
(LA-25) also has an additional peak at ca. 1440
cm ™', which is the characteristic absorption of
ammonium ions. Hence, the relatively low pho-
tocatalytic activity of the as-prepared anatase is
likely due to the residue of NH; ions on the
surface. The activity increased coincidently with
the removal of ammonium ions from the surface
after the sample was calcined at high tempera-
tures.

The fluorescence lifetimes of the catalysts
were measured by using time-resolved spec-

troscopy. Table 4 shows that the lifetimes vary
from 0.18 to 0.45 ps. Generally speaking, those
catalysts of higher photocatalytic activities have
longer lifetimes. Thus, the lifetime of lab-made
rutile (0.40 ws) is in a close range as those of
commercial anatase (0.45 ws) and LA-400 (0.46
ws), while those of commercial rutile, layered
titanates, as well as LR-700 are about a half-
value shorter. The short fluorescence lifetime of
commercial rutile is likely a result of the high
recombination rate of electron-hole pairs, as
proposed in literature [11]. If that is the case,
then the long lifetime of as-prepared rutile (LR-
25) is probably because its surface hydroxyl
groups might stabilize the holes in the valence
band and the electrons in the conduction band
from recombination. As surface dehydroxyla-
tion is accompanied with calcination of the
catalyst at elevated temperatures, the fluores-
cence lifetime decreases. However, the as-pre-
pared anatase, which has a large IR absorption
in the O-H stretching region, has shorter fluo-
rescence lifetime as well as relatively low pho-
tocatalytic activity. Therefore, surface NH ions
probably play a role in destabilizing the photo-
induced exited state.

Titanate catalysts (both layered and pillared
structures) showed low photocatalytic activities
as well as short fluorescence lifetimes. Regard-
ing to the quantization effect, it is generally
considered that large band gaps reduce the rate
of hot electron cooling and hence facilitate hot
electron transfer to redox acceptors in solution
[16). In contrast, K,Ti,O,, which has the largest

Table 4

Results of fluorescence lifetime measurements
Catalyst 7 (ns)
Anatase (Merck) 045
LA-25 0.34
LA-400 0.46
LA-700 0.32
Rutile (Janssen) 0.20
LR-25 0.40
LR-700 0.18
K,Ti O, 0.26
Zr-Ti;0, 0.23




236 S.-J. Tsai, S. Cheng / Catalysis Today 33 (1997) 227-237

band gap among all studied catalysts, has a
relatively short fluorescence lifetime and low
photocatalytic activity. This is attributed to sur-
face K* ions destabilizing the hot electrons, a
case similar to NH; ions on the surface of
LA-25. In addition, our previous study using a
more concentrated phenol reactant showed that
the low photocatalytic activity of the catalyst
was due to more coke formed on the surface
[20]. This coke originates from the strong inter-
action between phenolic intermediates and the
charged surfaces. As a result, ionic species pre-
sent on the surface should lower the photocat-
alytic activity of titanium oxide by reducing the
lifetime of hot electrons as well as coking the
surface with phenolic intermediates.

3.4. Mechanism of photodegradation

Studies of reaction mechanisms of pho-
todegradation of organic pollutants present in
aqueous solutions encounter great difficulties
mainly due to the low concentrations of the
reactants usually used in order to mimic the real
environment. Nevertheless, in the photodecom-
position of phenol, it is generally accepted that
the primary step is the hydroxylation of the
phenyl ring [4,5,10], where the hydroxy radical
is generated either through the combination of
water molecule and valence band holes or that
of adsorbed oxygen and conduction band elec-
trons. Hence, many hydroxylated phenol com-
pounds, such as catechol (CC), hydroquinone
(HQ), hydroxyhydroquinone (HHQ), benzo-
quinone (BQ), etc., have been suggested to be
the intermediates [5]. Acetate and formate were
also proposed to be formed in the initial stage of
degradation [10]. Our previous study however
detected dimethyl ether and diethyl ether as
gaseous products and BQ as the main compo-
nent of coke [20]. The latter confirms that hy-
droxylation of the phenyl ring is the primary
step during photodegradation. The low molecu-
lar weight oxygenated species therefore should
be the products of further oxidation of the hy-
droxylated phenol intermediates.

Under photocatalytic conditions, hydroxy
radicals were also proposed to be involved in
the primary step of 4-chlorophenol (4-CP)
degradation [24]. The resultant dihydrox-
ylchlorocyclohexadienyl radical subsequently
decomposes into HQ and Cl - radicals. Indeed,
HQ was detected in the initial stage of 4-CP
degradation over most of the catalysts in this
study. On the other hand, although HQ was
reported also to be formed by direct photolysis
of 4-CP, it was not detected in our blank experi-
ment (no catalyst). However, 4-CP was found to
disappear much faster than phenol or
trichlorophenols as long as the radiation was
300 nm. By contrast, the CO, yields in the
photodegradation of chlorophenols are generally
lower than that of phenol. These results imply
that Cl- radicals probably inhibit the further
oxidation of intermediate species through cap-
ture of conduction band electrons and formation
of CI™ ions. Moreover, CO, yields in degrada-
tion of trichlorophenols over various titanium
oxide catalysts vary in a pattern similar to those
of 4-CP. The similarity implies that the primary
steps for degradation of chlorophenols are all
similar and involve hydroxylation of phenyl
rings. Nevertheless, it is beyond our understand-
ing why lab-made rutile (LR-25) shows uniquely
high CO, yields in trichlorophenol degradation.

4. Conclusions

In summary, lab-made anatase and rutile
demonstrated better photocatalytic activities in
decomposition of phenolic contaminants than
commercially available ones. The activities
however were found to depend on the calcina-
tion temperature of the catalysts. Moreover, the
as-prepared lab-made rutile showed greatest ac-
tivities in complete oxidation of phenol and
chlorophenols to CO,. The activity was at-
tributed to the presence of large amounts of
O-H groups on the surface, which seem to
stabilize the holes in the valence band and
electrons in the conduction band from recom-
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bination. In contrast, charged species present on
the catalyst surface, such as NH; and K*, tend
to destabilize the electron-hole pairs and hence
lower the catalytic activity as well as fluores-
cence lifetime. As a result, layered titanates
showed low photocatalytic activities. On the
other hand, the primary step of photodegrada-
tion of the phenolic contaminants involves hy-
droxylation of phenyl rings with -OH radicals.
Surface charged species might also contribute to
coking the catalyst surface, resulting from strong
adsorption of the hydroxylated phenolic inter-
mediates. Our results also demonstrated that
size quantization effects, which is generally cor-
related with variation of the band-gap, has no
role in the photodegradation of phenolic con-
taminants.
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