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bstract

Mesoporous films of TiO2 were prepared by a sol–gel procedure using a Pluronic® block copolymer and the dip-coating technique. The
lm thickness was controlled by changing the film withdrawal rate and by repetitive coatings. The amount of dye molecules adsorbed onto the
esoporous film depends on the dye properties, with thionine and methylene blue being more strongly adsorbed than rhodamine B, methyl orange

nd methyl red. The photocatalytic efficiency of the degradation of these dyes strongly depends on their respective degradation mechanism. It was

ound that the optimum efficiency is achieved when the target molecule is adsorbed only to some extent thus enabling its decomposition directly
y the attack of holes. On the other hand, secondary oxidizing species such as O2

•− and HO2
• but most likely even OH• play a crucial role in the

xidation mechanism, which is particularly evident in the case of methylene red. Higher concentrations of adsorbed species to be degraded may
ven be detrimental as found when thionine was employed as the model compound.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Due to a number of excellent properties, such as transparency,
niform and organized mesoporosity, complete accessibility of
he large inner surface area and a suitable morphology in compar-
son with powdered materials, ordered mesoporous films of TiO2
re promising candidates for applications in, e.g., photocatalysis,
olar cells, sensors and displays. In recent years, a generalized
ol–gel procedure for the preparation of large-pore mesoporous
etal oxide films has been developed, based on a mechanism

hat combines evaporation-induced self-assembly (EISA) of a

lock copolymer with complexation of molecular inorganic
pecies enabling the preparation of mesoporous films with good
echanical, optical and transport properties [1,2]. Due to the
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degradation

emoval of the structure-directing polymer by thermal treatment
r extraction, the organic–inorganic mesophase is transformed
nto a mesoporous solid with controlled porosity. The origi-
al EISA method has been improved by precise control of film
reparation conditions, variation of the composition of the reac-
ion mixture, introduction of different types of molecular metal
xide precursors and of different polymer templates [3–11].

Generally, research on the metal oxide films with controlled
esoporosity mostly concentrates on the preparative aspects,
hile the functional properties of these materials have been at

he most only partially explored and understood. Recently, sev-
ral reports have been published dealing with photocatalytic
roperties of mesoporous films of TiO2. In the liquid phase
he photocatalytic decomposition of methylene blue [12–14],
ethyl orange [15], 4-chlorophenol [16], in the solid phase of

tearic [16] and lauric acids [14] and of methyl stearate [17],
nd in the gas phase of toluene [18] and acetone [19] have
een tested. Highly crystalline mesoporous TiO2 films have been

hown to be active also in water photolysis [20]. Finally, meso-
orous films partially covered with platinum nanoparticles have
een found effective in the destruction of Micrococcus lylae
ells [21].
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Scheme 1. Chemical formulas showin

Up to now, however, no comparative study into the pho-
ocatalytic performance of such mesoporous films of TiO2
as been performed, encompassing a series of different model
ompounds, the degradation mechanisms of which differ sub-
tantially. Therefore, it is the main aim of the present study to
nalyse the activity of mesoporous films of TiO2 for the photo-
atalytic decomposition of such a series of selected compounds
hat are known to be degraded following significantly different

echanisms. Such an analysis should enable to reveal strong and
eak features of this type of photocatalyst and should suggest

he most suitable fields of its application.

. Experimental

.1. Preparation and characterization of mesoporous
itania films

Mesoporous titania films were prepared according to the
rocedure given in Ref. [22], which yields films with a cubic
esostructure. In particular, 16.8 g of titanium (IV) tetraethox-

de were dissolved in 12.8 g of concentrated HCl at room
emperature under vigorous stirring. After 5 min, a solution of
g of Pluronic P123 (BASF) in 48 g of ethanol was added.
he resulting solution was subsequently aged at 8 ◦C for
0 min under stirring before the films were dip-coated onto
lass slides at a withdrawal rate of 0.5 or 1 mm/s (designa-
ion of the films T0.5 and T1, respectively). Then the films
ere aged at 8 ◦C overnight, calcined at 400 ◦C (achieved at
rate of 1 K/min) for 4 h to remove the block copolymer

pecies. In order to obtain thicker films the dip-coating pro-
ess was repeated at withdrawal rates of 0.5 or 1 mm/s for
everal times. Between individual dip-coating steps the films
ere either calcined or just dried at ambient temperature (des-

gnation T2 × 1c and T2 × 1d for a film coated twice at a rate of
mm/s with and without intervening calcination steps, respec-

ively).
Morphological parameters of the films were obtained by

ombining several experimental techniques. The details of the

urface texture were provided by high-resolution scanning elec-
ron microscopy using a JEM-6700F Jeol apparatus. The film
hickness was measured by profilometry using a Sloan Dektak
030ST. Texture parameters of the films were determined from

f
c
h
c

tructures of the tested dye molecules.

dsorption isotherms of Kr at 77 K obtained using an ASAP
010 apparatus (Micromeritics).

The optical properties of the mesoporous TiO2 films were
etermined from UV–vis absorption spectra obtained employing
Perkin-Elmer Lambda 19 spectrometer. Interference patterns

uperimposed on the absorption spectra provided an independent
ethod for the assessment of the film thickness.

.2. Selection of test substances

Major attention was devoted to the selection of suitable test
ompounds. In the liquid phase, the degradation of different
yes was studied, while the decomposition of methyl stearate
as analyzed in the solid phase.
Three different types of organic dyes with different water sol-

bility were selected: methylene blue (MB) and thionine (TH)
s typical heteropolyaromatic compounds; methyl red (MR) and
ethyl orange (MO) as azo-compounds; and rhodamine B (RB)

s a fluorescent pigment (Scheme 1). The photocatalytic decom-
osition of methylene blue has been reported to be an oxidative
rocess [23–26]. At first, the adsorbed molecules of this dye react
ith photogenerated holes, h+, to form the dye radical cation
B•+, which by the action of O2 is converted to MBOO•+.

he latter peroxy radical further reacts to thionine and finally,
n a series of photocatalytic reaction steps, via the intermedi-
tes aniline, 4-nitroaniline and acetic acid to water, inorganic
cids and CO2. Indeed, thionine is often detected as an early
ntermediate during the photocatalytic degradation of methy-
ene blue. For both, methylene blue and thionine, holes, h+,
re directly involved as the active oxidizing species as these
yes are strongly adsorbed onto the photocatalyst’s surface
see below).

As both azo-dyes, especially methyl orange, as well as rho-
amine B are adsorbed at the TiO2 surface to a much smaller
xtent (see below), a direct transfer of holes is less likely. For
zo-dyes, the main oxidative species are proposed to be surface
ound hydroxyl radicals formed due to the oxidation of water
olecules by h+, but it can also be envisaged that the reductively
ormed superoxide radicals O2
•− or their protonated form HO2

•
ontribute to the overall decomposition of these molecules. It
as been suggested that the adsorbed dye molecules are initially
leaved in the vicinity of the azo-bond, while the resulting frag-
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ents are further oxidized yielding compounds of progressively
ower molecular weight and, eventually, CO2 and inorganic ions
26].

In aqueous solution rhodamine B undergoes a photolytic
-de-ethylation accompanied by acetaldehyde formation. This
hotochemical reaction takes place mainly by direct light
bsorption of the adsorbed dye molecules and to a lesser extent
y the intermediate photoexcitation of the photocatalyst. How-
ver, light absorption of dissolved dye molecules practically
oes not occur. Therefore a sufficient amount of adsorbed dye
s needed, which renders mesoporous films of TiO2 with large
nd perfectly accessible surface area promising photocatalysts
or rhodamine B degradation [27].

For stearic acid, zero-order kinetics for the decomposition
eaction providing CO2 and water have been reported and are
sually attributed to the complete coverage of the titania photo-
atalytic active sites by stearic acid molecules [28]. The overall
hotocatalytic degradation process has been summarized as fol-
ows:

17H35COOH + 26O2
TiO2,hν−→ 18CO2 + 18H2O.

In the present study, stearic acid methyl ester (in short:
ethylstearate) was employed as model compound being

resent in the solid state and exhibiting no light-absorbing prop-
rties. While the initial photocatalytic oxidation step for stearic
cid is known to be a Photo-Kolbe decarboxylation followed
y the subsequent oxidation of the remaining fatty acid chain,
he methyl stearate molecule is attacked by the photogenerated
oles in a more or less stochastic way. The latter mechanism
as the advantage that due to an unchanged volatility of the ini-
ial oxidation products the chances of volatilization phenomena

imicking the photocatalytic degradation will be rather limited.
Because of its importance for any photocatalytic reaction in

he liquid phase (but also for most reactions in the gas phase),
he degree of adsorption of the dissolved dye molecules onto
he surface of the mesoporous titania films was measured. The
mount of adsorbed dye was determined from its absorption
pectra measured before and after the adsorption process using
Cary 4000 UV–vis spectrophotometer (Varian).

.3. The photocatalytic tests

The photocatalytic decomposition tests of the dyes were
erformed as follows [29]. At first, each mesoporous tita-
ia film was rinsed with ethanol and afterwards with purified
ater, followed by drying at ambient temperature for 24 h.
fter cleaning the samples were irradiated with UV(A) light

λmax = 350 nm, 1 mW/cm2) for 24 h to decompose possibly
emaining organic contaminants by photocatalytic oxidation. A
ylindrically shaped glass cell with an inner diameter of 1.65 cm
nd a height of 4 cm with flat and smooth bottom was attached
o each mesoporous titania film using silicon glue. The concen-
rations of the dye adsorption and test solutions were 0.02 and

.01 mmol/L, respectively. Six milliliters of the dye adsorption
olution was poured into the test cell and the dye was adsorbed in
he dark for 12 h. If the remaining concentration of the dye in the
olution was larger than that of the test solution, the adsorption
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as considered to be complete. Otherwise, the procedure was
epeated for another 12 h employing fresh adsorption solution.
fter the adsorption process of the dye was complete, the adsorp-

ion solution was replaced by the test solution and the sample was
rradiated with 1 mW/cm2 UV(A) light (20 W UV tube, Euro-
ite, λmax = 350 nm). The decomposition rate of the dye under
he UV(A) light irradiation was determined by measuring its
bsorption spectrum using a Cary 4000 UV–vis spectropho-
ometer (Varian) at regular intervals (e.g., every 30 min). The
hotonic efficiency was calculated as the ratio of the decompo-
ition rate and the flux of incoming UV(A) photons (calculated
or the mean wavelength of 350 nm from the employed light
ntensity of 1 mW/cm2). As a blank sample, a mesoporous film
f SiO2 with comparable textural properties was used.

For the solid phase tests, a thin film of methyl stearate was
oated onto a surface area of the titania film being 4 cm × 2.5 cm
n size by evenly spreading 0.5 mL of a 5 mM solution of
ethyl stearate in n-hexane. After an illumination for 24 h

1.5 mW/cm2, λmax = 350 nm), the remaining methyl stearate
lm was washed from the surface employing 5 mL n-hexane.
he concentration of methyl stearate was measured by gas chro-
atography (Carlo Erba instruments HRGC 500, Column: MN
ermabond OV-1-DF-0.25, detector: FID).

. Results and discussion

.1. Characteristic properties of mesoporous films of TiO2

SEM images of the film T1 show a very smooth, uniform
orous film structure with the pores being less than 10 nm in
ize and a pore wall thickness of about 5 nm (Fig. 1). In the
ark-field TEM images some small crystals of TiO2 are clearly
ecognizable as bright spots (Fig. 2). The selected area electron
iffractogram exhibits diffuse rings with few spots evincing thus
he presence of very small TiO2 nanocrystals embedded within
n amorphous matrix.

The X-ray diffractograms of all films are almost identical
ith a broad reflection at ca 25◦ 2θ, which is indicative for the
resence of small particles of anatase, the particle diameters of
hich are determined to be 5–6 nm as calculated by the Scherrer

quation.
Fig. 3 shows the adsorption isotherms of Kr at 77 K for the

esoporous titania films T1 and T2, which have been syn-
hesized with dip-coating withdrawal rates of 1 and 2 mm/s,
espectively. The corresponding texture data are given in Table 1.
oth isotherms are of type IV characterized by a broad hysteresis

oop, which proves the presence of mesopores within the films.
he steep adsorption and desorption branches indicate that the
lms possess a narrow pore size distribution.

.2. Variation of the film thickness

As the thickness of the films is expected to have a major

nfluence on their photocatalytic performance, several experi-

ental possibilities to obtain a well-determined film thickness
ariation have been studied. First, the film thickness depends on
he rate of film withdrawal from the coating solution. For New-
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Fig. 1. SEM images of the film T1 coated at a withdrawal rate of 1 mm/s in the dip-coating process.
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Fig. 2. Left: Dark-field TEM image of film T1, rig

on liquids the film thickness can be calculated according to the
andau–Levich equation:

= 0.94
(ην)2/3

γ
1/6
LV (ρg)1/2
here h is the film thickness, v the withdrawal rate, η the vis-
osity of the coating solution and γLV is the surface tension.
ig. 4 shows that the experimental values are slightly smaller in
omparison with those calculated employing the above formula,

ig. 3. Adsorption isotherms of Kr at 77 K for films T1 and T2 (compare Table 1).
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lected area electron diffraction pattern of film T1.

owever, the agreement between predicted and measured values
s reasonable. The smaller experimental thickness is clearly due
o the contraction of the films during the calcination process.

oreover, a perfect fulfillment of the model assumption cannot
e expected for mesoporous films as, e.g., the coating solution is
ikely to possess non-Newtonian properties due to the presence
f the templating block-co-polymer, etc.

Nevertheless, the results shown in Fig. 4 clearly demonstrate
hat the film thickness can indeed be controlled to a consid-
rable extent by changing the rate of the film withdrawal. As,
owever, the mechanical properties of thicker films drawn at

igh withdrawal rates are often not satisfactory, due to insuffi-
ient adhesion to the glass support, formation of cracks, etc.,
he repeated coating method also has been tested here. Two
lternative techniques were used, namely, repeated coating with

able 1
exture parameters of mesoporous films calculated from adsorption isotherms
f Kr at 77 K

ample Sspec (cm2 cm−2) Vlimit (×106 cm3 cm−2) Dave (nm)

1 87 9.7 6.4
2 136 10.5 4.9
0.5 33 6.5 7.9
2 × 0.5c 74 11.1 6.1
4 × 0.5c 125 16.8 5.4

spec, specific surface area/1 cm2 of the support, Vlimit, pore volume at
/P0 → 1/cm2 of the support; Dave, average pore size.
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ig. 4. Dependence of the film thickness on the withdrawal rate during the
ip-coating process.

ntervening drying at ambient temperature or intervening calci-
ation, respectively. Generally, it has been found that repeated
oating with drying at room temperature is of course much
impler and enables to form thicker films, however, no clear
ependence between the number of the coating cycles and the
lm thickness could be found. The repeated coating with inter-
ening calcination provides films, whose pore size distribution
f which is somewhat wider than that of one-step deposited
lms (compare Fig. 3), as indicated by less steep adsorption and
esorption branches in the Kr adsorption isotherms (Fig. 5).
owever, the thicknesses as well as the texture parameters,

uch as surface area and pore volume, of these multiple cal-
ined films depend practically linearly on the number of coating
ycles (Table 1). This technique is, unfortunately, much more
xperimentally demanding.

From the measured film thickness (Fig. 4) and the number

f interference fringes determined from the UV–vis absorption
pectra (Fig. 6), the index of refraction for the mesoporous
lms can be calculated according to Ref. [30]. For the film

ig. 5. Adsorption isotherms of Kr on films drawn at 0.5 mm/s once, twice, and
our times. Films were calcined between the individual coating steps.
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ig. 6. Transmission UV–vis spectra of the mesoporous films T1 and T0.5.

rawn at 1 mm/s, the refractive index was calculated to be
.09. As a mesoporous film consists of anatase pore walls and
oids filled with air, such an index of refraction is an effec-
ive value and should be given as a volume-weighted average

eff =
√

(n2
airf + n2

anatase(1 − f )) [30], where f is the porosity
nd n is the respective index of refraction. This formula provides
porosity of 37% for film T1, which is only slightly larger than

hat determined from the Kr adsorption experiment (30%).
In the UV–vis spectra of the films some shifts of the absorp-

ion edge in dependence on the film thickness are also worth to be
oted. While the initial inspection of the presented data suggests
slight but clearly discernible red shift of the absorption edge
ith increasing film thickness, this can simply be explained by

he higher absorptivity of the thicker film containing more TiO2
natase crystals. Thus, the spectral features are a consequence
f Beer’s law and not of any quantum-size effect caused by dif-
erently sized nanocrystals. As a matter of fact, it is well known
hat TiO2 nanocrystals only exhibit quantum-size effects leading
o spectral blue-shifts at particle diameters below 2.5 nm, i.e., in
size regime considerably smaller than that of the 5–6 nm parti-
les detected in the walls of the mesoporous films in the present
ork [31].

.3. Dye adsorption

The amount of dye molecules adsorbed onto the mesoporous
iO2 films strongly depends on the dye properties, provided

hat other conditions are kept identical (Fig. 7). The equilib-
ium amount adsorbed per unit surface area of the film T1 is
uch higher for TH and MB than for the other dyes, achiev-

ng 1.36 × 10−10 and 8.7 × 10−11 mol/cm2, respectively. The
dsorption coefficient K can be calculated by the following
quation:

= cadsorbed
ctotal

aking ctotal = 0.01 mM for TH an adsorption coefficient of
= 1.4 is calculated being considerably higher than K = 0.6 for
B. For the other three dyes the adsorption coefficients are by
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than that of the degradation of TH (Table 2). A reasonable expla-
nation of this phenomenon is that TH might be adsorbed at
photocatalytically relative inactive surface sites, while MB pos-
sessing additional methyl groups is less adsorbed at these sites

Table 2
Photonic efficiencies (light intensity I = 1 mW/cm2) of the photocatalytic decom-
position of different dye solutions (c = 0.01 mM) on TiO2 mesoporous films
coated at different rates

Sample ζMB (%) ζTH (%) ζMR (%) ζMO (%) ζRB (%)
ig. 7. Adsorption of different dyes on the film T1 (λmax = 664 nm,
= 0.01 mM).

t least one order of magnitude smaller, i.e., only 0.06 for MR,
.02 for RB and 0.005 for MO. A reasonable explanation for the
trong adsorption of TH and MB can be found in the presence of
ulfur-centered cations in the heterocycles of these dyes, which
trongly interact with the surface-bound OH groups of the TiO2
lms (in particular, when the latter are deprotonated and thus
egatively charged above the pHzpc). On the other hand, both
R and RB contain carboxylic groups, whose interaction with

he surface is apparently much weaker. This can also be readily
xplained by an electrostatic model. While the carboxyl groups
f the dyes are protonated at acidic pH-values, i.e., where the
iO2 surface is predominantly positively charged, they are nega-

ively charged in the alkaline pH regime where the TiO2 surface
s also negatively charged resulting in an overall repulsion of
he dye molecules. Moreover, the large molecular size of RB
eading to higher hydrophobicity further limits its adsorption
its solubility in water is only 0.0001 g/L at 25 ◦C). Finally, the
ractically negligible adsorption of MO is due to the absence of
uitable polar or charged groups in its molecular structure [32].

The equilibrium adsorption of MB on the film T1 corresponds
o 0.575 × 1014 mol/cm2. As the surface area occupied by a

olecule of MB was calculated to be about 0.615 nm2 [33], the
onolayer on an area of 1 cm2 consists of 1.63 × 1014 mol. Con-

equently, the limiting adsorption of MB corresponds to 35.4%
f monolayer coverage.

.4. Photocatalytic performance

The photonic efficiency � is defined as the ratio of the degra-
ation rate and the incident photon flux [34]. It is thus related
o the illuminated area and the volume of the employed test
olution:

= V	c

IAt

ith V being the volume, 	c the difference in concentration
f the degraded molecule before and after illumination, I the

ight intensity, A the illuminated area and t is the duration of the
llumination.

The emission spectrum of the illumination light source
Osram Eversun) and the absorption spectra of the different dyes

P
T
T
T

ig. 8. Absorption spectra showing the absorbance of the different dyes and
mission spectrum of the illumination light source (Osram Eversun).

re shown in Fig. 8. The maximum irradiation peak of the lamp
s in the range of 320–380 nm. Only MO can adsorb UV-light in
his area, all other dyes show no UV-screening effect. Also for
ethyl stearate there is no shielding effect, because there is no

bsorbance even in the UV-range.
The photonic efficiencies determined for the photocatalytic

ecomposition of the different dyes differ drastically, ranging
rom very low values especially for TH to quite reasonable val-
es for MR (Table 2). The photodegradation of methylene blue,
hich is often used as a reference compound for standard activ-

ty tests, on mesoporous films was compared with that measured
n the commercial glass Pilkington ActiveTM. The efficiency
arkedly depends on the thickness of the films, with the thicker
2 film achieving practically the same value as the Pilkington
ctiveTM glass.
The different rate of degradation of MB and TH, both of

hich are adsorbed on the film surface to a similar extent, can
e explained by the degradation mechanism itself. MB is first
egraded to TH and subsequently via the intermediates aniline
nd 4-nitroaniline to acetic acid. Assuming that the photocat-
lytic degradation of MB to TH is fast and that the subsequent
egradation of TH is much slower, this second step will be
ate-determining for the overall degradation of MB. For the
etermination of the photonic efficiency of the degradation of
B, however, only the rate of the first step was measured and

ot the subsequent decomposition of TH (Fig. 9). Therefore,
he photonic efficiency of the degradation of MB is much higher
ilkington ActiveTM 0.0236
0.5 0.0093 0.0006 0.0311 0.0169 0.0097
1 0.0190 0.0001 0.0343 0.0214 0.0140
2 0.0239 0.0012 0.0739 0.0222 0.0360
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Fig. 9. Absorption spectra showing the photocatalytic degradation of MB
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Table 3
Photonic efficiencies of the photocatalytic decomposition of MB and MR on
sample T1 measured repetitively (I = 1 mW/cm2, c = 0.01 mM)

Reaction time ζMB (%) ζMR (%)

Run 1 for 6 h 0.0248 0.0321
Run 2 for 6 h 0.0188 0.0179
Run 3 for 6 h 0.0123 0.0145
Run 4 for 6 h 0.0111 0.0183
Run 5 for 6 h 0.0092 0.0170
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absorption maximum at 664 nm) to TH (absorption maximum around 600 nm)
n mesoporous titania film T1. The inserted spectrum shows the photocatalytic
egradation of MB on Pilkington ActiveTM glass.

nd is adsorbed at or close to different, photocatalytically more
ctive surface centers. Within the mesoporous structure photo-
atalytically inactive sites might, for example, be formed during
he thermal film preparation step, e.g., by leaving thin carbon
ayers originating from the structure forming compounds, i.e.,
he block copolymer, on the surface of a fraction of the titania
articles within the pores. Such C-coated titania particles can
e considered as excellent adsorption sites while, however, any
lectron transfer reaction from the bulk to the surface adsorbed
pecies will be blocked efficiently leading to an almost com-
lete recombination of the photogenerated charge carriers. This
odel is further supported by the following observation. Appar-

ntly, the formation of TH as a very stable intermediate in the
hotocatalytic degradation of MB appears to be a special fea-
ure of mesoporous films exhibiting a large surface area. When,
or example, the same degradation experiments are carried out
mploying Pilkington ActiveTM glass no formation of TH is
bserved during the spectrophotometric analysis (see inset in
ig. 9). In the latter case, there are apparently no inactive sites
here the TH molecules could “hide away” and consequently

hey are further oxidized as they are formed with no measurable
ntermediate concentration building up.

The comparison with the other three dyes MR, MO and RB,
hich are adsorbed to a much lesser extent onto the film’s surface
hile they are photocatalytically degraded with a comparable
r even higher efficiency than that observed for MB or TH,
vinces that very high surface concentration of the compound
o be degraded may even be detrimental. On the one hand, the
fficient transfer of holes to molecules adsorbed in multilay-
rs may not be possible. Moreover, intermediates of the parent
ompound’s decomposition also adsorbed on the surfaces may
imit the rate of the photocatalytic reaction. Finally, the above
escribed “hide-away” mechanism assuming at least two differ-

nt classes of adsorption sites, i.e., those with and those without
hotocatalytic activity, provides a reasonable explanation for
uch an inverse relationship between adsorption and photonic
fficiency. Apparently, an optimum photocatalytic efficiency is

m
e
p
fi

un 6 for 6 h 0.0058 0.0142
un 7 for 6 h (after regeneration) 0.0190 0.0108

chieved when the dye is adsorbed to some extent thus enabling
ts decomposition directly through the transfer of holes, while,
n the other hand, the photocatalytic degradation process might
lso be initiated in the homogenous solution phase, e.g., as by
econdary species such as O2

•− and HO2
•.

The difference in the degradation mechanism between MB
nd MR can also be elucidated by the results obtained in long-run
xperiments. The photonic efficiency of the photodegradation
f MB and MR on the film T1 was measured in six subsequent
xperiments with an illumination time of 360 min each. Hence,
he total duration of the illumination was 36 h. In between the
ingle tests the films were stored overnight in the dark immersed
n the MB test solution. For the degradation of MB a decrease
n the photonic efficiency was observed from one experimental
un to the next (Table 3). After regeneration of the film by rins-
ng with distilled water the photocatalytic activity was increased
gain (Run 7 in Table 3). It is envisaged that due to the rinsing
he degradation products that are blocking parts of the active film
urface were removed. As described earlier, the oxidation mech-
nism of MB involves the splitting-off of CH3-groups to form
H. Since TH has a much lower solubility in water than MB

2.5 g/L versus 50.0 g/L) and is more strongly adsorbed to the
lm surface than MB (Fig. 9), this degradation product remains
n the film surface thus preventing the adsorption of new intact
B molecules to be degraded. On the contrary, the photonic

fficiency of MR decreases only after the first test but remains
elatively stable during the following ones, i.e., no systematic
eactivation trend is observed. Even after the regeneration no
ncrease in the photonic efficiency is detected. It can be con-
luded that the active sites on the surface were not blocked by
ny degradation products and, as already stated above, that a con-
iderable part of the photocatalytic degradation of MR occurs
n the homogenous phase most likely initiated by free radical
pecies such as O2

•− and HO2
•.

Finally, the efficiency of the mesoporous films for the pho-
ocatalytic degradation of methyl stearate in the solid phase
as measured. While the photonic efficiency slightly increases
ith increasing film thickness, being 0.0043 and 0.0059% for

he films T 0.5 and T1, respectively, it is found to be consid-
rably lower than that measured for the Pilkington ActiveTM

lass (0.011%). The photonic efficiencies for these solid phase

easurements are also considerably lower than the degradation

fficiencies of the dyes measured in solution. Apparently, the
orous structure of the films can be readily covered with a thin
lm of the fatty acid methyl stearate; hence, the large surface
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rea of the films cannot be used efficiently for the decomposi-
ion of solid pollutants. Once again, these results suggest that
he intermediacy of free radical species such as O2

•−, HO2
•

nd possibly even OH• plays a crucial role in the mode of action
f mesoporous photocatalyst films. If their surface is blocked,
.g., through the adsorption of a dye or a fatty acid molecule,
he photocatalytic generation of these radicals is hindered and
he efficiency decreases dramatically.

. Conclusions

Mesoporous films of TiO2 have been shown to be efficient
hotocatalysts, in particular, for the degradation of dyes, how-
ver, this class of materials appears to have both strong and
eak features. Their photocatalytic efficiency strongly depends
n the respective degradation mechanism. It was found that
he optimum efficiency is achieved when the target molecule
s adsorbed only to some extent thus enabling its decomposi-
ion to be initiated directly by the attack of holes. On the other
and, secondary oxidizing species such as O2

•− and HO2
• but

ost likely even OH• apparently play a crucial role in the oxi-
ation mechanism which is particularly evident in the case of
ethylene red. Higher concentrations of adsorbed species to be

egraded may even be detrimental as found when thionine was
mployed as model compound. A novel “hide-away” mecha-
ism is suggested involving two different sites for adsorption
ith only one of them being photocatalytically active. Conse-
uently, when attempting the degradation of a solid adsorbed
ayer, the advantageous properties of the mesoporous films can-
ot be exploited at all and their activity is found to be extremely
ow. It can, however, be expected that these mesoporous photo-
atalyst films may be highly effective to initiate photocatalytic
egradation processes in the gaseous phase, which is a topic of
ur current research activities.
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