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Abstract: Mesoporous TiO2 nanoparticles were synthesized at different temperatures (400–800 ◦C).
The resulting mesoporous anatase–rutile TiO2 mixtures between 27 and 82% were found to have
different structural properties (morphology, mesoporosity, crystallite phases, and sizes) affected
through the calcination process. They were tested for the photocatalytic degradation of the herbicides
imazapyr and phenol, compared with the nonporous TiO2 P-25. The present work is an extension
of a previously published study discussing the influence of the rutile content on the photocatalytic
performance of the nanocrystals, based on the modified first order kinetic model, where the degradation
rate is a function of the specific surface area of the material. The apparent degradation rate using
T-800 is 10-fold higher than in the case using TiO2 P-25. The material with the lowest anatase content
(T-800) exhibits the highest photocatalytic activity in terms of initial reaction rate per unit surface area.
It is considered that mixed-phase photocatalysts with rutile–anatase exhibit enhanced photoactivity
with the increase of the rutile proportion.
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1. Introduction

TiO2 photocatalyst, in its different forms and polymorphs, has attracted more attention in
the past decades owing to its applications to environmental purification of polluted water and air,
the development of self-cleaning super-hydrophilic surfaces, and the conversion and/or production of
energy [1–3]. The elementary steps, which occur during the photocatalytic process, can illustrate its
complexity. The analysis of these elementary reactions [4] as well as the kinetic relevance have been
recognized, in the former research on TiO2 photocatalysis, to reveal comprehensively the mechanism of
electron transfer to/from bulk or surface species [5]. Furthermore, TiO2 exists as two main polymorphs:
anatase, a metastable phase, and rutile, a thermodynamically stable phase, with band gaps of 3.2 and
3.0 eV, respectively [6,7]. Several studies dealing with titanium dioxide phases (i.e., anatase and rutile)
have been performed [8,9]. It has been reported that anatase is more photocatalytically active than
rutile, which is the stronger photoabsorber. In addition to that, mixed phase TiO2 (i.e., anatase and
rutile), such as TiO2 P-25, has been shown to be more effective than either pure anatase or rutile
phase TiO2 [6,10]. The improved performance of this mixed phase photocatalyst is attributed to a
synergistic charge transfer across the anatase–rutile interface, although the mechanism of electron
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transfer between the different phases (anatase and rutile) is still not clearly understood. This is due to
the long-established controversy concerning the energetic alignment of the band edges of the rutile
and anatase polymorphs [11]. However, the required proportions of these phases for the optimum
photocatalytic activity are still a matter of debate because of the different synthesis pathways [12–15],
crystallite sizes, and interactions between phases. Furthermore, insights into the influence of the
photocatalyst type, i.e., form and amorphous, and reactivity on the mechanisms of the photocatalytic
transformation are also based on the kinetic relevance. This has been done through the analysis of the
reaction rate as a function of several operational parameters. In addition to that, such analysis is often
a comparison of the reaction rate or quantum yield of various photocatalysts. Bahnemann et al. [16]
recently reported about good practical methods to do such comparisons. Additionally, several studies
correlated the photoactivity of TiO2 with morphological aspects, especially the mesoporous structures,
which showed the ability to enhance photocatalytic activity [17–22].

Recently, we have reported the synthesis, structural properties, and photocatalytic activities of
mesoporous TiO2 nanocrystals calcined at temperatures between 400 and 800 ◦C, resulting in a decrease
in the anatase/rutile ratio with increasing calcination temperature [23]. The authors claimed that
mesoporous TiO2 calcined at 500 ◦C had the highest volumetric degradation rate for both imazapyr
and phenol photocatalytic degradation. This was explained through the ordered mesoporous structure
and the morphology, both of which helped to accumulate a higher amount of ·OH radicals inside the
pores, and facilitate the transport and diffusion of the pollutants to the active site of the mesoporous
TiO2. However, it will be shown that the use of the volumetric degradation rate as a measure of
photocatalytic activity of a material might result in misguiding interpretations. In this contribution,
the photocatalytic activity was tested in the photodegradation of the herbicide imazapyr and phenol,
based on the modified first order kinetic model, where the degradation rate is a function of the specific
surface area of the material. The photocatalytic activity of the mesoporous materials was evaluated by
comparison with the commercially available TiO2 P-25. The latter is known to consist of 20% rutile and
80% anatase.

2. Results

The materials were characterized by means of several techniques as mentioned above (i.e.,
XRD, UV–vis, BET, Raman, and TEM) in previously publications [23]. The XRD patterns as well as
Raman spectra revealed that all synthesized materials were a mixed phase TiO2 (i.e., anatase/rutile).
Among others, the sample T-400 showed very low crystallinity due to the incomplete transition
from amorphous to anatase/rutile mixture. The low-temperature calcination step frequently results
in amorphous or poorly crystallized titania with a high surface area [24]. For the other samples,
the increase of the rutile content was found to be associated with the increase of the calcination
temperature, i.e., the rutile content varied from 27 to 82%, while the calcination temperature increased
from 500 to 800 ◦C, respectively. In contrast to that, Raman spectroscopy revealed the presence of
mixed phase anatase/rutile through the typical Raman active modes of both anatase and rutile phases.

Furthermore, the BET surface area of the prepared TiO2 nanocrystals ranged from 50 to 165 m2 g−1,
and the pore diameter ranged from 8.15 to 18.50 nm. For the T-800 sample, the results showed that
this sample was non-porous, whereas the agglomeration of the formed large (nano) particles could
be regarded as irregular voids between the particles. However, some mesoporosity was particularly
evident from the TEM images (Figure 1). More relevant details about the characterization of the
materials can be found elsewhere [23]. Table 1 summarizes the relevant data obtained from the
characterization of the materials.
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Figure 1. HRTEM images of the T-800 sample calcined at 800 ◦C.

The photocatalytic performance of the prepared mesoporous TiO2 nanocrystals calcined at
temperatures between 400 and 800 ◦C was evaluated using imazapyr and phenol as the probe
molecules, and was compared to that of the commercial P-25 (Figure 2). All the newly prepared
photocatalysts were found to be photocatalytically active. Both the photolytic degradation of an
aqueous solution of the probe molecule and the elimination of the pollutant through dark adsorption
on the photocatalyst surface, were performed as blank experiments [23]. The results indicate that the
decomposition by homogeneous photoreaction in the absence of a photocatalyst as well as the removal
by dark adsorption was negligible.

Assuming first-order kinetics, the rate constants of the degradation were calculated from the
slope of the corresponding linear plot to Equation (1), and subsequently used to calculate the apparent
degradation rate using the new expression Equation (5). The calculated apparent rate constants kapp for
imazapyr as well as phenol photodegradation are summarized in Table 1.

ln[C] = ln[C0] − kapp × t (1)

The kinetics of photocatalytic reactions at constant irradiance is usually described by a
Langmuir–Hinshelwood-type rate law:

rV =
kVKc

1 + Kc
(2)

with rV, kV, K, and c being the volumetric reaction rate, the maximum volumetric reaction rate,
a parameter reflecting the adsorption of the respective probe molecule at the photocatalyst surface,
and the molar concentration of the probe molecule, respectively. However, photocatalytic reactions are
assumed to be reactions of adsorbed molecules. Therefore, a comparison of photocatalysts having
different surface areas based on the volumetric reaction rate, i.e., the reaction rate per unit volume, will
result in misguiding interpretations. In such a case the comparison has to be made on the basis of
reaction rates per unit surface area.

In the case of a batch reactor,
VrV = ArA (3)

holds with the assumption that the whole photocatalyst surface area A being present in the whole
volume V of the suspension is the product of the BET surface area ABET (in area per unit mass of
photocatalyst), and the mass mc of the photocatalyst in the reacting suspension (in mass of photocatalyst
per unit volume of suspension) Equation (3) reads after insertion of Equation (2) and rearrangement

rA =
V

ABETmc
×

kVKc
1 + Kc

. (4)

In the case that Kc < 1 holds, Equation (4) simplifies into

rA =
V

ABETmc
kappc (5)
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with the apparent rate constant kapp = kVK.
Figure 3 summarizes the calculated apparent degradation rate of imazapyr and phenol using the

synthesized TiO2 nanoparticles compared to the commercial P-25. First, it is assumed that, despite
its high surface area, the low-temperature calcined sample T-400 contains amorphous or poorly
crystallized titania [24]. Therefore, the discussion will focus mainly on the samples calcined between
500 and 800 ◦C. For imazapyr removal (Figure 3a), the results revealed that the apparent degradation
rate increased in the order T-400 < T-500 < T-600 < T-700 < T-800, that is, in order of increase of the
calcination temperature.
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Figure 2. Change of the imazapyr (a) and phenol (b) concentration as a function of the illumination
time using P-25, T-500, T-700, and T-800 photocatalysts. Insets are the linear fitting of the first order
kinetics. Photocatalyst loading, 1 g L−1; (O2 saturated, pH = 3; T = 25 ± 1 ◦C); reaction volume 50 mL.
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Figure 3. Comparison of the apparent degradation rate in the presence of commercial P-25, T-400,
T-500, T-600, T-700, and T-800 photocatalysts for imazapyr (a) and for phenol (b). Photocatalyst loading,
1 g L−1; (O2 saturated, pH = 3; T = 25 ± 1 ◦C); reaction volume 50 mL.

As seen in Figure 3a, it is obvious that the T-800 significantly outperformed the T-500 despite having
around 8-fold less surface area (Table 1). The apparent degradation rate using T-800 was approximately
10-fold higher than in the case using Aeroxide TiO2 P-25, whereas the apparent degradation rates using
P-25 and T-500 were almost equal. These two samples had different surface area but approximately the
same anatase/rutile ratio, but differed in the porosity. It is concluded that the phase transformation,
in this case from anatase to rutile, and the morphology of the sample (i.e., crystallinity, particle size,
and porosity) resulting from the effect of calcination temperature were playing the major role in the
improvement of the photocatalytic activity of the prepared samples.

Table 1. Textural properties of mesoporous TiO2 calcined at 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C
and commercial P-25 and their photocatalytic performances.

Sample Anatase
(%)

Rutile
(%) ABET/m2g−1 kapp/min−1

(Imazapyr)
kapp/min−1

(Phenol)

rA,0/µmol
m−2 min−1

(Imazapyr)

rA,0/µmol
m−2 min−1

(Phenol)

T-400 54 46 165 0.0134 0.0136 0.40 1.03
T-500 73 27 120 0.0344 0.0199 1.25 2.21
T-600 52 48 70 0.024 0.0148 1.58 2.71
T-700 47 53 35 0.0313 0.0182 4.0 6.43
T-800 18 82 15 0.0335 0.0152 10 13.34
P-25 80 20 50 0.0136 0.0152 1.2 4.00
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Experimental conditions: C (imazapyr) = 0.080 mmol L−1, C (phenol) = 0.25 mmol L−1, mc = 1 g
L−1, V = 0.05 L, data for anatase and rutile content, as well as the BET surface area (and the apparent
rate constants for imazapyr and phenol degradation) were taken from [23].

For phenol (Figure 3b), the trend was nearly the same as for imazapyr. The highest apparent
degradation rate was observed for the T-800 sample. The increase of the calcination temperature from
500 to 800 ◦C resulted in increasing the apparent rate from 2.21 µmol m−2 min−1 to 13.34 µmol m−2

min−1, respectively. The same behavior was observed for the samples calcined at 400, 500, and 600 ◦C,
which had lower apparent reaction rates than P-25. This is notwithstanding the fact that they had
higher surface area than P-25. In contrast to that, the samples calcined at 700 and 800 ◦C had a
higher apparent reaction rate but lower surface area than P-25. These results are in accordance with
experimental results published by Pichat et al. [24,25]. The authors showed that for removal of phenol,
the decrease in the electron–hole recombination rate outweighed the decrease in surface area resulting
from the sintering temperature. This clearly indicated that surface area was not the factor mainly
determining the photocatalytic activity [24,26,27].

In contrast to that, all mesoporous samples had lower anatase content than P-25. The material with the
lowest anatase content (T-800) exhibited the highest photocatalytic activity in terms of initial reaction rate per
unit surface area, even though it is generally claimed that a higher amount of anatase content and a higher
surface area are necessary for a higher photocatalytic activity of the mixed phase photocatalyst. The data
presented in this work clearly indicated that these statements are not generalized. Here, the photocatalyst
T-800 with the lower surface area and the smaller amount of anatase was found to exhibit the highest
photocatalytic activity in terms of surface reaction rate. This was due to the high crystallinity of the sample
resulting from the high sintering temperature. Furthermore, the T-800 was highly photoactive because
of the presence of junctions among different polymorphic TiO2 phases that enhanced the separation of
the photogenerated electron–hole pairs [15]. Consequently, the electron–hole recombination rate also had
a substantial impact on the overall photocatalytic process. Mixed phase TiO2 photocatalysts have been
reported to have significantly higher activity than single phase TiO2, and this has been interpreted as due to
electronic interactions between the anatase and rutile phases, improved charge carrier separation, possibly
through the trapping of electrons in rutile, and the consequent reduction in electron–hole recombination,
and highly active sites formed at the phase interfaces [8,24]. Another important parameter that could
be responsible for this higher activity is the band alignment between rutile and anatase, which in turn
influences the charge transfer from/to rutile or anatase phases. Scanlon et al. [11] combined theory and
experiment for understanding the band alignment between rutile and anatase and demonstrated that the
electron affinity of anatase is higher than rutile, and that the photogenerated electrons flow from rutile to
anatase [11].

Furthermore, the role of the surface hydroxyl density has been often neglected even if the
concentration of OH per surface unit is considered to play a key role in the photocatalytic processes [28].
Sclafani et al. [29] attributed the high activities of the rutile phase photocatalyst 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 O2, the conduction band [29]. Another important effect is the
high crystallinity of the sample T-800. It has been reported that the improved titania crystallinity is
coupled with reduction of crystal defects acting as recombination centers [28]. In contrast to that,
low crystallinity is coupled with high specific surface area values and increased concentration of
surface defects [26]; the latter can act as hydroxyl group/water molecule adsorption sites. It is obvious
that the high crystallinity of the T-800 sample results in better charge carrier separation and reduced
electron–hole recombination. In general, despite having the same chemical composition, the differences
in the coordination environments, and hence chemical bonding, of rutile- and anatase- structured
TiO2 result in very different activities. The relationship between the electron chemical potentials
and crystal structure and size are here responsible for the high photoactivity of the material T-800.
Subsequently this reduces the electron–hole recombination and increases the formation of surface
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active centers. In addition to that, the morphology of the T-800 samples allows the facile transfer of the
target molecule to the former active centers where the oxidation is supposed to take place.

To explore the interest of mesoporous TiO2 and their potential, recycling of the prepared
mesoporous TiO2 calcinated at 800 ◦C was evaluated for photodegradation of imazapyr and phenol
over mesoporous TiO2 nanoparticles with repeated cycles up to five times (Figure 4). The results
displayed that the photocatalytic performance of the prepared mesoporous TiO2 was not affected and
it was quite stable with slight reduction after being recycled five times for 60 min illumination time,
suggesting an outstanding catalyst for potential applications. This clearly explains the significant
distinguishing of mesoporous TiO2 nanoparticles on the photodegradation efficiency, which can be
interpreted by its large porosity and accessible surface areas.
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TiO2 nanoparticles. Illumination time, 60 min; photocatalyst loading, 1 g L−1; pH = 3; T = 25 ± 1 ◦C;
reaction volume 50 mL.

3. Materials and Methods

Mesoporous TiO2 nanocrystals were prepared, as reported in detail [23], through a simple one
step sol–gel process. Tetrabutylorthotitanate (TBOT) and F127 were used as precursor and structure
directing agent, respectively. The obtained mesoporous TiO2 nanocrystals were denoted as T-400,
T-500, T-600, T-700, and T-800 related to the calcination temperatures.

The physical characterization of the newly prepared photocatalysts was carried out using X-ray
diffraction, transmission electron microscopy (TEM), N2 adsorption isotherms, Raman spectroscopy,
as well as diffuse reflectance spectroscopy (DRS). More details about the instruments and the methods
can be found elsewhere [23].

Imazapyr herbicide and phenol (Aldrich) were used as supplied. The experiments were carried
out by adding the required quantity of TiO2 (Ccat = 1 g L−1) into 50 ml Pyrex flasks containing 10 mM
KNO3. The mixture was sonicated before use. The stirred suspensions were illuminated by means
of a 1000 W Hg–Xe (Newport 6295NS) lamp equipped with a 10 cm water filter and dichroic beam
turning mirror (66232 Newport Technology). The initial concentrations of the aqueous solutions of
the organic pollutants was 0.08 mM for imazapyr and 0.27 mM for phenol. The pH of the solutions
was adjusted to 3 since this pH value turned out to be optimal for the degradation of both pollutants.
Control experiments were carried out in the absence of the photocatalyst (photolysis) as well as in
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the absence of light (adsorption). Samples were taken out at regular time intervals. The analysis of
concentration was carried out by means of high pressure liquid chromatography (HPLC).

4. Conclusions

The synthesized meso-structures were calcined at different temperatures to study their structural
influence on the photocatalytic properties. The mesoporous TiO2 photocatalysts are photocatalytically
active, and show a higher activity for the decomposition of both imazapyr and phenol, compared to
the commercially available Aeroxide TiO2 P-25. The highest apparent degradation rate is observed
for the T-800 sample. The increase of the calcinations temperature from 500 ◦C to 800 ◦C results
in increasing the apparent rate from 2.21 µmol m−2 min−1 to 13.34 µmol m−2 min−1, respectively.
The mesoporous structure, the morphology, the crystal growth, and the phase transformation of the
synthesized materials influence the photocatalytic activity. Therefore, it is concluded that the apparent
degradation rate constant in term of specific area is useful to compare different photocatalysts with
different surface areas. Additionally, evidence was found about the role of the rutile phase, which is
considered to be enhanced the photocatalytic activity of the material.
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