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Abstract

Well-crystallized anatase thin films were prepared through direct oxidation of metallic titanium with 30 mass% hydrogen peroxide
solution at 80◦C for 5 h, followed by soaking in distilled water at 80◦C for 3 days. The photodegradation of a dye solution, rhodamine
B (RB), assisted by such deposited anatase films was studied. It was found that the well-crystallized anatase thin films induced complete
degradation of RB in water with an initial concentration of less than 0.02 mM after 4–5 h of illumination under a 450 W high-pressure
mercury lamp. The RB decayed directly to colorless end products of water and mineral acids. However, when the photocatalytic activity
of the anatase films decreased after several repeated uses, anN-de-ethylation process producing rhodamine as an intermediate was evident
during the photocatalytic degradation of RB.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis to eliminate pollutants, es-
pecially organic compounds, in water and air has attracted
much attention in recent years[1–8]. This process involves
the use of solid semiconductor (powders or films), oxygen
as the electron scavenger and ultraviolet light. Due to its
low-cost, non-toxic and high chemical stability, titania (ti-
tanium dioxide, TiO2) in anatase crystalline structure is an
ideal n-type semiconductor serving as photocatalysts. The
basic principle of the photodegradation of organic com-
pounds in water by titania can be depicted as follows: once
excited by light with energy larger than the band gap energy
of titania (3.2 eV for anatase), pairs of holes (h+) and elec-
trons (e−) generate and migrate to the surface to react with
adsorbed reactants. The holes, together with other oxidiz-
ing species such as hydroxyl radicals resulting from certain
photochemical reactions, oxidize the organic pollutants to
carbon dioxide, water and some simple mineral acids[1].
Although the photocatalytic activity is reduced a little for
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the titania films compared to the suspended titania powders,
the former is considered to be more applicable in practice
[2–5]. This is because the reclamation of the powder sus-
pensions from the reaction mixture is a nuisance.

Except for the approaches to hinder the wasteful recom-
bination of the hole and electron pairs[6,7], increasing the
surface area of the titania film is another promising way
to improve the photocatalytic property because almost all
of the involved chemical reactions take place on the sur-
face. Therefore, low-temperature synthesis of titania films
has been the focus of many studies[8–12]. However, crys-
talline titania films obtained by all these methods are either
a little complicated or susceptible to contaminations of or-
ganic or inorganic species, which would affect adversely the
photocatalytic properties.

Dye pollutants from the textile industry are main sources
of environmental contamination. Their annoying characters
such as toxic, non-biodegradable and resistant to destruc-
tion by physico-chemical treatments greatly challenge the
researchers[13]. The titania-assisted photodegradation of
rhodamine B (RB, C28H31N2O3Cl), one of the most impor-
tant xanthene dyes, has been well studied[4,5,14–16]. In
this paper, a novel low-temperature procedure suitable for
mass production of contamination-free titania films was de-
veloped. The photodegradation of RB assisted by such films
was studied.
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2. Experimental details

2.1. Preparation of titania thin films

Titanium sheets with sizes of 50 mm× 50 mm were cut
from a commercially available pure titanium plate with
thickness of 0.1 mm, supplied by Iron & Steel Research In-
stitute, Shanghai, China. They were pickled with 10 mass%
HF acidic solution, rinsed ultrasonically in ethanol and
distilled water, subsequently. Each piece of the Ti samples
was soaked in 50 ml of the 30 mass% H2O2 solution, kept
in an oven at 80◦C for 5 h, followed by soaking in distilled
water at 80◦C for 3 days.

The X-ray diffraction (XRD) tests were performed using a
RAD IIA powder diffractometer. The samples were scanned
at a (1/3)◦ min−1 scanning rate using Cu K� radiation (λ =
0.15405 nm) at 40 kV and 25 mA.

2.2. Photodegradation of RB

The photoreaction was carried out in a pyrex reactor sur-
rounded with a water-jacket to maintain the reaction tem-
perature at ambient temperature of near 20◦C. One hundred
milliliters of the RB solution with an initial concentration
c0 of 0.005–0.04 mM in the presence of the titania thin film
with 50 mm×50 mm×0.1 mm in size, was illuminated with
a 450 W high-pressure mercury lamp 10 cm high over the
solution. The solution was stirred continuously and exposed
to air during the photocatalytic reaction. Potassium ferriox-
alate actinometry was used to measure the near-UV inten-
sity entering the reactor[17]. The photon absorption rate in
the reactor was calculated to be 1.8 × 10−6 Einsteins/min.
The change of the RB concentration with the illumina-
tion time was monitored by determining the absorbance
at 555 nm[16], using a 752 UV-Vis spectrophotometer.
The molar extinction coefficientεmax was determined to
be 8.8× 104 (cm mol/l)−1. Three parallel experiments were
conducted to obtain a point in the related curves.

To detect the possible organic intermediates, 100 ml of the
RB aqueous solutions photodegraded to a final concentra-
tion of 36%(c0) and 3%(c0) (c0 = 0.01 mM) were extracted
by 10 ml diethyl ether and subjected to the gas chromatog-
raphy/mass spectrometry (GC/MS) analysis, which was car-
ried out in Trace 2000 GC/MS (Thermo Quest), equipped

with a DB-5MS capillary column (length= 30 m, i.d. =
0.25 mm, and film thickness= 0.25�m).

3. Results

3.1. Characterization of the titania films

Fig. 1 shows the XRD patterns of Ti soaked in the H2O2
solution at 80◦C for 5 h (pattern a), followed by soaking in
distilled water at 80◦C for 3 days (pattern b). Broad bands
around 25.3◦ and 48.1◦ in 2θ, which correspond to the two
main anatase peaks of (1 0 1) and (2 0 0), respectively, can be
found on the H2O2-oxidized Ti sheet. This suggests that the
titania formed on the Ti surface after 5 h of soaking in the
H2O2 solution was mainly amorphous, or consisted of poorly
crystallized anatase. Subsequent soaking in the hot water
resulted in well-crystallized anatase film on the Ti sheet.

According to the Scherrer formula,dh k l = kλ/(Bcos(2θ)),
where λ is the wavelength of the Cu K� radiation
(λ = 0.15405 nm),θ the Bragg’s diffraction angle,B the
full-width at half maximum (FWHM) intensity of the peak,
and k a constant (usually∼0.94) [18]; crystallite size of
anatase (d1 0 1) was estimated to be∼9.2 nm. The anatase
film thickness was estimated to be∼1�m according to
the cross-section examination under a scanning electron
microscope.

Fig. 2 indicates the adsorption curve of the anatase film
soaked in 100 ml RB in the dark (c0 = 0.01 mM). The RB
concentration decreased to 86%(c0) within 6 h and further
decreased gradually to reach a value of 78%(c0) with the
prolonged soaking time. Soaking in the dark for 12 h, about
4× 10−9 mol RB molecules were adsorbed on 1 cm2 of the
anatase film.

3.2. Photodegradation of the RB aqueous solution

Fig. 3ashows the photodegradation of RB with different
initial concentrations assisted by the anatase film used for
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Fig. 1. XRD patterns of the Ti sheet after soaking in 30 mass% H2O2

solution at 80◦C for 5 h (a), followed by ageing at 80◦C for 3 days in
distilled water (b).
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Fig. 2. The adsorption curve of the anatase film soaked in 100 ml 0.01 mM
rhodamine B aqueous solution in the dark.

the first time. Without any photocatalysts, RB decayed very
slowly. At the present experimental condition, 95% RB re-
mained in the solution after 8 h of the illumination. In the
presence of the anatase thin film, the rose-red RB with ini-
tial concentrations of 0.005–0.02 mM decayed to colorless
end products with concentrations of less than 10% of the
initial ones. The photodegradation rate decreased with the
increasing initial concentration. For the initial concentration
of 0.04 mM, 70% of the RB remained in the solution even
after 8 h of the illumination. It should be mentioned that, dur-
ing the irradiation, some RB molecules would be adsorbed
to the back side of the anatase film (the side opposite to the
light). However, they are minor compared to the photode-
graded RB, asFig. 2 indicates that only about 7%(c0) of the
RB was adsorbed after 6 h in casec0 = 0.01 mM.

Re-plottingFig. 3ain the ln(c0/c)–t coordinates (Fig. 3b),
it is clear that the photodegradation of RB follows roughly
the pseudo first-order reaction[4]

ln
(c0

c

)
= kt (1)

wherec/c0 is the normalized RB concentration andk the
apparent reaction rate in term of min−1. For the RB solution
with an initial concentration of 0.01 mM, the value ofk is
determined to be 0.01173 min−1.
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Fig. 3. (a) Photodegradation of rhodamine B with different initial concentrations assisted by the titania films used for the first time; (b) re-plot of (a) in
the ln(c0/c)–t coordinates, assuming that the photodegradation of RB follows the pseudo first-order reaction.

Fig. 4ashows the absorbance spectra of the RB solution
(c0 = 0.005 mM) in the presence of the anatase thin film
used for the first time during the irradiation, with wavelength
covering from 450 to 600 nm. With the increasing irradia-
tion time of up to 2 h, the intensity of the maximum peak
located near 555 nm decreased gradually to a value near 0.
No remarkable peak shift was observed. Unfortunately, the
repetitive photodegradation experiments, that is, an identi-
cal anatase film was used repetitively to assist the complete
photodegradation of the RB with the same initial concentra-
tion, showed that the photocatalytic activity of the present
anatase film decayed gradually. For the 10th cycle, the peak
absorbance decreased much slower compared to that of the
1st cycle. Meanwhile, the absorbance peak shifted to near
498 nm after 2 h of the illumination (Fig. 4b). This change
was more significant when the RB solution with an initial
concentration of 0.02 mM was used (Fig. 5). Fig. 5ashows
that only the decrease of the peak absorbance located near
555 nm can be discerned when the anatase film was used for
the first time. For the 5th cycle, the absorbance peak near
498 nm appeared after about 4 h of the illumination. This
shifted absorbance maximum also decreased with the pro-
longed irradiation time (Fig. 5b). However, doubled irradia-
tion time was needed to induce the complete photodegrada-
tion of the RB, compared to the 1st cycle. Watanabe et al.
[16] have ascribed the peak shift toN-de-ethylation of RB
to rhodamine. Therefore, the decreased photocatalytic ac-
tivity of the anatase film resulted in rhodamine as the most
remarkable intermediate.
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Fig. 4. Absorbance spectra of the 0.005 mM rhodamine B aqueous solution after irradiation for different durations, in the presence of the anatase film:
(a) the 1st cycle and (b) the 10th cycle.
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Fig. 5. Absorbance spectra of the 0.02 mM rhodamine B aqueous solution after irradiation for different durations, in the presence of the anatase film:
(a) the 1st cycle and (b) the 5th cycle.

Fig. 6shows the GC/MS spectra of the solution extracted
from the RB aqueous solution photodegraded to a final
concentration of 36%(c0) and 3%(c0) (c0 = 0.01 mM),
respectively, using diethyl ether as an extraction reagent.
Comparing the spectrum of the sample to the blank, the
peaks located at the retention times of 7.13, 16.79 and
18.74 min were evident forFig. 6a. These peaks were desig-
nated respectively to be cyclohexane, 1,3-dicyclohexylurea
and piperidine according to retention times of standards.
Although the exact photodegradation route is not clear at
present time,Fig. 6adoes suggest that some colorless com-
plex organic intermediates existed in the RB solution pho-
todegraded to 36%(c0). On the contrary, compared to the
blank, no extra peaks can be identified for the RB solution
photodegraded to 3%(c0), suggesting the complete degra-
dation of the RB to end products of water and some simple
mineral acids (Fig. 6b). The complete mineralization of
the RB subjected to the 5th cycle (c0 = 0.02 mM, Fig. 5b)
was also confirmed by the GC/MS analysis. Therefore, no
matter which path the RB underwent, thorough degradation
can be realized when assisted by the present anatase thin
film, providing that the irradiation time was long enough.

4. Discussion

Mass production of titania films with high photocat-
alytic activity is one of the main factors inhibiting the
wide use of the heterogeneous photocatalysis for removal
of contaminations from water or air. Here, we developed
a novel procedure to prepare contamination-free anatase
thin films, since the hydrogen peroxide was used as an
oxidant and hence brought no extra species to the reaction
system, which was unavoidable for the methods reported
till now. In an attempt to induce apatite deposition on Ti,
we have deposited anatase thin films on much smaller Ti
pieces with sizes of 10 mm× 10 mm× 1 mm, using the
similar procedure[19]. In this experiment, anatase thin
films with much larger area were prepared using some-
what different processing parameters. This suggests that
scaled-up production of the nanocrystalline anatase films
can be realized easily using the present low-temperature
approach. In addition, as the titania films came directly
from the oxidation of the titanium substrates, a high inter-
facial strength between the films and the substrates can be
anticipated.
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Fig. 6. The GC/MS spectra of the solution extracted from the rhodamine
B aqueous solution photodegraded to a final concentration of (a) 36%(c0)
and (b) 3%(c0) (c0 = 0.01 mM), using diethyl ether. The GC/MS spectrum
of the blank diethyl ether was shown below that of the sample.

Under the irradiation of the high-pressure mercury lamp,
which produces both ultraviolet light and visible light, as-
sisted by titania, the RB in water undergoes two possi-
ble pathways: photocatalytic and photosensitization[14].
The photocatalytic pathway can be summarized as follows
[1,5,14,20]: titania adsorbs ultraviolet photons and excites
electrons in the valence band to the conduction band, creat-
ing highly reactive electron and hole pairs (Eq. (2)). Some
of the pairs recombine while some migrate to the titania
surface to be involved in the photocatalytic reaction. The
photo-generated holes may be trapped by hydroxyl groups
attached on the surface to form hydroxyl radicals (Eq. (3)).
The electrons may be trapped by oxygen to form oxygen
species (Eq. (4)). The holes, together with hydroxyl radi-
cals and oxygen species, oxidize the RB in aqueous solu-
tion to carbon dioxide, water and some simple mineral acids
(Eq. (5)).

TiO2 + hν → TiO2(e
− + h+) (2)

h+ + OH− → •OH (3)

e− + O2 → •O2
− (4)

RB
h+,

•OH,
•O2

−
−−−−−−−→ CO2 + H2O + mineral acids (5)

The photosensitization pathway of RB under visible light
has been well characterized[5,14,16]: RB adsorbed to the
titania surface is excited by the visible light (Eq. (6)) and

injects electrons into the conduction band of titania parti-
cles to form RB cationic radicals (Eq. (7)). The electrons
in the conduction band of titania undergo the similar trans-
formation toEq. (4). Finally, RB is photodegraded to end
products (Eq. (8)). The N-de-ethylation process, mainly a
surface reaction, occurs when the ethyl groups of RB are
attacked by one of the active oxygen species such as•OH
[14]. This photosensitization process also functions under
the ultraviolet irradiation[5].

RB + hν → RB∗ (6)

RB∗ + TiO2 → RB+ + TiO2(e
−) (7)

RB+ h+,
•OH,

•O2
−

−−−−−−−→ CO2 + H2O + mineral acids (8)

In the present experiment, for the first cycle, RB de-
graded directly to colorless end products (Figs. 4a and 5a);
on the contrary, after several cycles, the existence of the
N-de-ethylated compound, rhodamine, was evident (Figs. 4b
and 5b). Since theN-de-ethylation process occurs mainly
on the titania surface, Ma and Yao[5] has attributed the ab-
sence of the process to the poor adsorption ability of the
Degussa P-25 coated films.Fig. 2 indicates that for over
night about 4× 10−9 mol RB molecules were adsorbed on
1 cm2 of the anatase film, about ten times as large as the
value of 4.2 × 10−10 mol on the anatase film prepared by
Ma and Yao[5] (calculated from the values provided, i.e.
4.2% RB adsorbed on 10 cm2 film, 10 ml of the RB solution
with initial concentration of 0.01 mM was used), which in-
duced theN-de-ethylation process under a 500 W mercury
high-pressure resonance lamp. The high adsorption ability of
the present anatase films can be ascribed to the high surface
area resulted from the low processing temperatures encoun-
tered. Therefore, the absence of rhodamine for the first cycle
does not necessarily mean the absence of theN-de-ethylation
process; otherwise one cannot explain the existence of rho-
damine after certain cycles. We would like to ascribe the ab-
sence of the rhodamine intermediate to the fast subsequent
destruction of the rhodamine, once it was produced, to other
organic intermediates (seeFig. 6a) or end products.

Interactions between titanium and hydrogen peroxide re-
sulted in abundant superoxide and hydroxyl radicals in the
amorphous titania gel[21]. As this titania gel was only sub-
jected to a hot water treatment, we suppose that many of
the radicals would remain in the crystallized anatase films.
The role of the hydroxyl radical on the photocatalytic degra-
dation of organics has been stressed as it can adsorb a
photo-generated hole to form the highly oxidative•OH in
a simple step[20]. Superoxide radicals such as O2

− and
HO3

− also contribute positively to the photodegradation of
organics[14,22]. Except for the photo-separated electrons
(Eq. (2)), the excited RB molecules also inject electrons to
the conduction band of the titania (Eq. (7)). We suppose
this photosensitization process enhanced the beneficial ef-
fect of the superoxide species incorporated in the anatase
films. Thus, the abundance of the superoxide and hydroxyl
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radicals in the anatase films helped in the fast decomposi-
tion of both rhodamine and RB. TheN-de-ethylation process
failed to be detected by the UV-Vis spectrophotometer.

With repetitive cycles, the gradual loss of such beneficial
radicals can be discerned, which resulted in gradual decrease
in the photocatalytic activity. As suggested by Ma and Yao
[5], the N-de-ethylation process was significant due to the
high adsorption ability of the anatase films. The produced
intermediate rhodamine was photodegraded gradually with
prolonged irradiation, as shown inFig. 4b.

The decrease in the photodegradation rate with the in-
creasing RB initial concentration agreed well with Danesh-
var et al. [13]. The large amount of the adsorbed dye is
thought to affect negatively the reaction between the dye
molecules and the holes or the hydroxyl radials. The ad-
sorption or scattering of the light by the dyes in the solution
also decreased the photons reaching the titania surface, thus
decreasing the photodegradation rate of RB.

In the view of practical use, the photocatalytic activity is
another important point to be considered in addition to the
preparation procedure of the catalysts. Unfortunately, direct
comparison of the present anatase films to those known ti-
tania such as Degussa P-25 is difficult due to the fact that
the photocatalytic activity of titania is sensitive to the film
thickness as well as the amounts of the titania coated on
the substrates. However, a rough comparison can be made
based on Ma and Yao[4], who reported an apparent reaction
rate of 0.01255 min−1 when 10 ml of 0.01 mM RB aque-
ous solution was photocatalytically decomposed under the
illumination of a 500 W high-pressure mercury lamp, using
a 19 mm× 26 mm glass slide coated with the commercial
Degussa P-25.

Assuming that the photocatalytic reaction fits the pseudo
first-order expression, the photodegradation rate of RB
molecules dn/dt on 1 cm2 of titania films can be expressed as

dn

dt
= − 1

S
· d(cV)

dt
= kc0V

S
exp(−kt) (9)

wherek is the apparent reaction rate,c0 the initial concen-
tration of RB,V the solution volume, andS the surface area
of the titania films.

The value of dn/dt as a function of the illumination time
t for the present low-temperature prepared anatase film
(c0 = 0.01 mM, k = 0.01173 min−1, seeFig. 3b), the De-
gussa P-25 coated film (k = 0.01255 min−1) and the sol–gel
prepared film (at the initial stage,k = 0.01993 min−1) [4]
was illustrated inFig. 7. As the photodegradation conditions
for the two experiments were similar, for a rough estimate,
it is safe to say that the present anatase film exhibits higher
photocatalytic activity during the illumination time for
up to 4 h.

It is generally accepted that bleaching dyes is easy; whilst
complete mineralization of dyes is somewhat difficult. The
present prepared anatase films were able to induce thorough
photodegradation of RB in water, without any detectable or-
ganic species (Fig. 6b). This exhibits great potential for them
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Fig. 7. The photodegradation rate of RB molecules dn/dt on 1 cm2 of
titania films derived by different methods, as a function of the illumination
time t.

to be used widely for wastewater purification, especially for
treatments of the dye effluents.

5. Conclusions

A novel procedure suitable for scaled-up production, i.e.
oxidizing metallic titanium with 30 mass% hydrogen perox-
ide at 80◦C for 5 h followed by treatment in hot water at
80◦C for 3 days, was developed to prepare anatase films.
Assisted by such prepared anatase films, the rhodamine B in
water was photodegraded directly to end products due to the
high photocatalytic activity. After several cycles, the photo-
catalytic activity decreased, and hence the production and
further decomposition of the intermediate rhodamine was
evident during the complete mineralization process of the
rhodamine B in water.
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