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Photodegradation of polyaromatic hydrocarbons over thin film
of TiO nanoparticles; a study of intermediate photoproducts2
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Abstract

The photocatalytic degradation of saturated aqueous solution of naphthalene and anthracene was studied over thin films
of porous TiO particles on glass substrate, prepared by sol–gel process. Surface morphology and structural features were2

studied by SEM, TEM and Laser Raman Spectroscopy. These films have been found to be very efficient and the total
photomineralisation of these organics to carbon dioxide and water occurs in air-equilibrated solution within 1 h.
Concentration changes linearly with the illumination time, and high rate constants are obtained for the degradation of these
organics. The pH of the solution changes with the irradiation time due to the formation of intermediate photoproducts, e.g.,
5,8-dihydroxynaphthaquinone, and 9,10-anthraquinone, etc. Photodegradation mechanism and the detection of reaction
intermediates have been discussed in details. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

w xHeterogeneous photocatalysis 1–9 is attract-
ing a great deal of interest as a method of water
purification, because of its low cost, and be-
cause the technique does not use any external
chemical for purification. In the photocatalytic
process, organic compounds are oxidised mainly
to carbon dioxide when they come in contact
with titanium dioxide powder illuminated with
near UV light or sunlight. The most widely

w xstudied 10–14 chemicals are: phenol,
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chlorophenol, and other halogenated aromatic
and aliphatic organics, which are very common
toxic pollutants in industrial effluents. Usually,
the titanium dioxide is used as a powder suspen-
sion. But filtration and separation of colloidal
TiO particles from the decontaminated water2

becomes a troublesome process. Alternatively, it
w xhas been reported 3,9,10 that titanium dioxide

could be attached to glass surfaces allowing the
TiO to be illuminated as a stationary phase2

with water passing over the catalyst. Recently,
dip coating from sol solution has attracted much
attention as a simple method of preparing
nanocrystalline semiconductor thin films. These
films are found to possess very interesting opto-
electronic properties and higher catalytic activ-

w xity. O’Regan et al. 15 , as well as Spanhel and
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w xAnderson 16 , developed the preparation of
thin films of TiO and ZnO nanoparticles by2

spin or dip coating from a concentrated col-
loidal solution on indium-tin oxide coated glass.
Final heating of these films results in nanoporous
film, in which the colloidal particles are tightly
attached to the glass surface. The systematic
investigations of photocatalytic transformation

w xof anthracene-1-sulfonate 17 , naphthalene
w x w x18–20 , anthracene 20,21 and other polyaro-

w xmatic hydrocarbons 21,22 in the aqueous TiO2

suspension and their plausible degradation ki-
netics have been recently reported. Fox et al.
w x23 have reported the oxidative degradation of
substituted naphthalenes over TiO in O satu-2 2

rated acetonitrile solutions. Though degradation
of such polyaromatic hydrocarbons has been
studied with TiO slurries, there are few reports2
w x4,10 available regarding the photooxidation of
these hydrocarbon and their systematic study
over thin film of TiO particles. The present2

work describes the photodegradation pathway of
aqueous solution of naphthalene and anthracene
over nanocrystalline porous TiO thin film on2

glass substrate.

2. Experimental section

2.1. Thin film preparation

Titanium dioxide films were prepared with
the sol–gel process over glass substrate. This
process is also advantageous because it is capa-
ble of producing photocatalysts with high sur-
face area and high reactivity. The TiO sol2

solution was prepared by mixing 5 ml titanium
tetraisopropoxide in 50 ml isopropanol under
vigorous stirring and kept at 08C. Afterwards,
the mixture was allowed to undergo partial hy-
drolysis at this temperature by the dropwise
addition of isopropanol and hydrochloric acid
with constant stirring. This colloidal preparation
was stable for a long time. TiO gel film was2

obtained by dipping the substrate in sol solution

and pulling it up manually at constant speed.
Then, it was dried in air for some time and was
subjected to heat treatment under the atmo-
sphere of air for 10 min at 4008C. This process
was repeated for 5–6 times in order to get a
film of desired thickness. The final sintering has
been done at 4008C and 8008C for 4 h.

2.2. Materials and methods

Ž .Titanium—isopropoxide Aldrich chemical ,
Žisopropanol, naphthalene and anthracene Spec-

.trochem of AnalaR grade were used without
any further purification. All photocatalytic ex-
periments were carried out in a rectangular reac-
tion chamber with one side having a quartz
window through which light illumination was
provided with a 125 W Hg lamp. The solution
was stirred magnetically and air was purged
continuously. Thin film of TiO sintered at2

4008C was placed inside the reaction chamber
vertically near the quartz window with a sup-
port. The concentrations of the different solu-
tions were analysed by UV–Vis spectrophotom-
eter and spectrofluorimeter. Naphthalene and
anthracene were analysed using excitation
wavelengths 275 and 254 nm, respectively. Re-
action intermediate photoproducts were detected
using FTIR and GC-MS spectroscopy. Carbon

Ž .Fig. 1. Absorption spectra of TiO sol taken at various time: a 5,2
Ž . Ž .b 30 and c 80 min after the addition of HCl.
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Ž .Fig. 2. TEM micrograph 1 cms150 nm of TiO powders taken2

from the film after sintering at 4008C.

dioxide has been measured with NUCON Gas
Chromatograph using Porapak-Q column at
room temperature and thermal conductivity de-

Žtector at highest sensitivity using argon 30
.mlrmin as a carrier gas and the injection vol-

ume was 10 ml.

3. Results and discussion

3.1. Characterisation of TiO thin films2

The UV–Vis absorption spectra of the TiO2

sol for different time after the addition of HCl
to the isopropanolic solution of titanium te-
traisopropoxide are shown in Fig. 1. Immedi-
ately after mixing the HCl solution, the onset of
absorption appears at about 360 nm. After-
wards, with the progress of hydrolysis, the ab-
sorption onset shifted to 380–400 nm. This shift
in absorption onset is due to the growth of TiO2

particles in colloidal solution and forming clus-
ter with the progress of aging time. The particle

Žsize of the TiO powder taken from the film2
.after sintering at 4008C has been determined by

using TEM. Fig. 2 shows the size distribution of
TiO particles on the film surface. Particle size,2

varying between 30 and 60 nm, and nonspheri-
cal crystals are seen in the TEM micrograph.

Ž . Ž . Ž . Ž .Fig. 3. Laser Raman spectra of the TiO films sintered at a 4008C anatase and b 8008C rutile .2
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This size falls typically in the range of nanosize
particles. The film heated at 4008C shows
anatase structure, and the film heated at 8008C
shows rutile structure. Photodegradation experi-
ments were carried out with the films heated at
4008C because higher catalytic activity of the
anatase phase is expected at these temperatures.
For further confirmation, the information about
the vibrational characteristics of the films was
derived by Laser Raman Spectroscopy. Fig. 3
shows the Laser Raman Spectra of the films
heated at 4008C and 8008C. The peak positions
and relative intensities correspond exactly to
those of anatase and rutile structures at two
different sintering temperatures, respectively. In
anatase structure, the three main intense peaks
appeared at 401, 516 and 640 cmy1, and in
rutile structure, the two main peaks appeared at
445 and 610 cmy1, along with a broad peak at

Fig. 4. SEM micrograph of the TiO thin film at two different2

magnifications, sintered at 4008C.

Fig. 5. Decrease in fluorescence intensity and the formation of
CO during the degradation of 25 ppm naphthalene solution.2

y1 w xaround 252 cm . Melendress et al. 24 also
found the similar type of low wave number
peak at 240 cmy1 in nanophase titania particles
and attributed to a second order scattering pro-
cess or latent anharmonicity in the rutile phase.
Fig. 4 shows the surface morphology of the
films heated at 4008C. The SEM figures are
shown at two different magnifications. At 4008C,

Fig. 6. Absorption spectra of 25 ppm naphthalene solution recorded
Ž . Ž . Ž . Ž .at different time of light irradiation: a 0, b 10, c 25, d 40

Ž .and e 50 min.
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Fig. 7. Decrease in fluorescence intensity and formation of CO2

of aqueous solution of anthracence during photocatalytic reaction.

the surface of the film shows textured uniform
clusters of TiO grains throughout the surface.2

At higher magnification, this shows highly
porous sponge-like surface.

4. Photodegradation of naphthalene and an-
thracene

ŽSaturated aqueous solution about 10–25
.mgrl of naphthalene and anthracene was pre-

pared by constant shaking of the volumetric
flask for a long time, though this amount is not
totally soluble in 1 l of water. This solution was
regarded as 25 ppm solution of naphthalene and

Ž .anthracene, respectively. A 50-ml 25 ppm so-
lution of these hydrocarbon and TiO thin film2

sintered at 4008C, have been used for experi-
mental purpose. At different time intervals, 5 ml
reaction solution was withdrawn for the analy-
sis. The analysis of naphthalene solution was
done by measuring its absorbance at 275 nm,
and the analysis of anthracene solution was
done by measuring its fluorescence intensity at
400 nm using excitation wavelength of 254 nm.
Fig. 5 shows the decrease in fluorescence inten-
sity of 25 ppm naphthalene solution with illumi-
nation time. Around 15–25 ml of CO was2

measured during the degradation of naphthalene
as can be seen from Fig. 5. The concentration of
naphthalene is almost reduced to zero after 50
min light illumination. The rate constant calcu-

Ž .lated from the slope of the plot log abs q1 vs.
Žtime for 10 and 25 ppm solution are 0.0265

y1 .and 0.0479 min , respectively very high.

Ž . Ž . Ž . Ž .Fig. 8. Fluorescence spectra of anthracence solution recorded at various time of light irradiation over TiO film: a 0, b 10, c 20, d 302
Ž .and e 50 min.
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Ž .Fig. 9. FTIR spectra neat of the intermediates formed, during
naphthalene solution degradation after 120 min of light irradiation
over TiO film.2

Fig. 6 shows how the absorbance of aqueous
solution of naphthalene gradually decreases with
illumination time and ultimately levels off to
zero after 50 min of UV light irradiation. Fig. 7
shows the change in fluorescence intensity and
CO formation during the decomposition pro-2

cess of aqueous solution of 10 and 25 ppm
anthracene with irradiation time. There are
abrupt changes in intensity at the initial time,
which finally leveled off. One typical fluores-
cence spectrum of anthracene solution during
the progress of the degradation reaction is shown
in Fig. 8. The initial pH of the aqueous solution
of these polyaromatic hydrocarbon was 6.65,
which was changed to 5.92 after the mineralisa-
tion process. This pH change is mainly due to
the formation of various intermediate photo-

products and also, to the release of Hq ions in
the solution. These intermediate photoproducts
were identified by FTIR and GC-MS studies.

4.1. Identification of intermediate products

For identification of intermediates, the satu-
rated aqueous solution of naphthalene and an-
thracene were irradiated over TiO thin film for2

2 h. The irradiated solution was then extracted
with diethyl ether and was kept in dark overnight
with Na SO in order to remove any trace2 4

amount of water in the organic phase. The
solvent was then evaporated with rotary evapo-
rator. The residue was characterised by FTIR
and GC-MS using HP-5 column. The FTIR

Ž .spectra neat, in CCl are shown in Figs. 9 and4

Ž .Fig. 10. FTIR spectra neat of the intermediates formed, during
anthracence solution degradation after 120 min of light irradiation
over TiO film.2
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Scheme 1.

10. FTIR spectra displayed characteristic bands
at 3414 cmy1 for OH groups, 2927 and 2848
cmy1 for CH stretching, 1716, 1692 and 1681
cmy1 for conjugated CO, and 1634 cmy1 for
C5C aromatic, for naphthalene solution. Simi-
larly, for anthracene solution, these are 3421
cmy1 for OH, 2918 and 2856 cmy1 for CH
stretching, 1718 and 1692 cmy1 for conjugated

CO, and 1613 cmy1 for C5C, aromatic. The
mass spectra shows many fragmentation peaks.
We are unable to characterise all mrz fragmen-
tation value. Three most probable products were
identified from the naphthalene degradation by
matching their IR spectra and GC-MS analysis.

Ž .These are 5,8-dihydroxy-1,4-naphthaquinone I ,
Ž .2,5,8-trihydroxy-2,3-dihydronaphthaquinone II

Scheme 2.
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Ž .and 4,4,5,8-tetrahydroxy anthraquinone III of
equal mass. In the mass spectra, an mrz value
of 191 corresponds to Mqq1 fragmentation of
compound I of molecular weight 190 and an
mrz value of 207 corresponds most probably to
Mqy1 fragmentation of compounds II and III
of molecular weight 208. Compound III is highly
improbable because two hydroxyl groups are at
the same carbon, which is unstable and must be
converted to the corresponding keto form. Thus,
the most probable intermediates of naphthalene
degradation are compounds I and II. Similarly,
in the case of anthracene degradation, two most
probable intermediates were isolated by compar-

Ž .ing the IR spectra. These are anthraquinone IV
Ž .and 6-hydroxy anthraquinone V . The com-

Ž .pound IV was also confirmed by HPLC chro-
matogram using standard sample of an-
thraquinone. This is also further supported by

w xother reports 19,25,26 , where formation of
phthalic acid, polyhydroxylated aromatic com-
pounds and anthraquinone has been identified as
the main intermediates. Based on the above
discussions, a plausible reaction mechanism in-
volving the hydroxyl and superoxide radicals
for the possible formation of intermediates are
discussed in Schemes 1 and 2. The major oxida-
tion step is believed to be initiated by hydroxy
radicals, which are generated following the oxi-
dation of hydroxyl ions by photogenerated holes
trapped at the TiO surface.2

5. Conclusion

The porous thin film of TiO is highly effi-2

cient for the degradation of naphthalene and
anthracene. The rate constants are high and the
reactions mostly follow the first order kinetics.
Mainly polyhydroxylated and carbonylated in-
termediates are formed, which are ultimately
converted to carbon dioxide. The amount of
CO as the final mineralisation product has2

been measured in stoichiometric amount. Since

the problem of total conversion to CO is of2

considerable importance in any water decontam-
ination process, the potentiality exists for the
application of photocatalytic methods in the pu-
rification of water polluted by these polyaro-
matic hydrocarbons.

References

w x1 D.F. Ollis, C.Y. Hsiao, L. Budiman, C.L. Lee, J. Catal. 88
Ž .1984 89.

w x2 H. Hidaka, S. Yamada, S. Suenaga, N. Serpone, E. Pelizzetti,
Ž .J. Mol. Catal. 59 1990 279.

w x Ž .3 H. Al-Ekabi, N. Serpone, J. Phys. Chem. 92 1988 5726.
w x Ž .4 R.W. Mathews, J. Phys. Chem. 91 1987 3328.
w x Ž .5 K.R. Gopidas, P.V. Kamat, Langmuir 5 1989 22.
w x6 C. Kormann, D.W. Bahnemann, M.R. Hoffmann, J. Pho-

Ž .tochem. Photobiol., A 48 1989 161.
w x7 B.C. Faust, M.R. Hoffmann, D.W. Bahnemann, J. Phys.

Ž .Chem. 93 1989 6371.
w x Ž .8 A. Fujishima, K. Honda, Nature 238 1972 37.
w x9 K. Vinodgopal, U. Stafford, K.A. Gray, P.V. Kamat, J. Phys.

Ž .Chem. 98 1994 6797.
w x Ž .10 R.W. Mathews, J. Catal. 111 1988 264.
w x11 M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann,

Ž .Chem. Rev. 95 1995 69.
w x Ž .12 K. Hustert, D. Kotzias, F. Korte, Chemosphere 12 1983 55.
w x13 M. Barbeni, E. Pramauro, E. Pelizzetti, E. Borgarello, M.

Ž .Gratzel, N. Serpone, Nouv. J. Chim. 9 1984 547.
w x14 J.M. Herrmann, C. Guillard, P. Pichat, Catal. Today 17

Ž .1993 7.
w x15 B. O’Regan, J. Moser, M. Anderson, M. Gratzel, J. Phys.

Ž .Chem. 94 1990 8720.
w x Ž .16 L. Spanhel, M. Anderson, J. Am. Chem. Soc. 113 1991

2826.
ˇw x17 A. Blazkova, B. Mezeiova, V. Brezova, M. Ceppan, V.´ ´ ˇ ´

Ž .Jancovicova, J. Mol. Catal. A: Chem. 153 2000 129.ˇ ˇ ´
w x18 S. Das, M. Muneer, K.R. Gopidas, J. Photochem. Photobiol.,

Ž .A 77 1994 83.
w x19 E. Pramauro, A.B. Prevot, M. Vincenti, R. Gamberini,

Ž .Chemosphere 36 1998 1523.
w x20 C. Guillard, H. Delprat, C. Hoang-Van, P. Pichat, J. Atmos.

Ž .Chem. 16 1993 47.
w x21 J. Theurich, D.W. Bahnemann, R. Vogel, F.E. Ehamed, G.

Ž .Alhakimi, I. Rajab, Res. Chem. Intermed. 23 1997 247.
w x22 J.C. Ireland, B. Davila, H. Moreno, S.K. Fink, S. Tassos,

Ž .Chemosphere 30 1995 965.
w x23 M.A. Fox, C.C. Chen, J.N.N. Younathan, J. Org. Chem. 49

Ž .1984 1969.
w x24 C.A. Melendress, A. Narayanasamy, V.A. Maroni, R.W.

Ž .Siegel, J. Mater. Res. 4 1989 1246.
w x25 M. Muneer, S. Das, V.B. Manilal, A. Haridas, J. Photochem.

Ž .Photobiol., A 63 1992 107.
w x Ž .26 R.W. Mathews, J. Catal. 113 1988 549.


