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Chapter 7

Phosphorous-Based Titania Nanoparticles
for the Photocatalytic Abatement of VOCs

Melodj Dosa, Marco Piumetti, Samir Bensaid, and Nunzio Russo

7.1 Introduction

A compound can be classified as Volatile Organic Compound (VOC) when it has a
vapor pressure greater than 0.01 kPa at 20 °C [1]. The VOCs can evaporate at room
temperature and they are carbon-based substances [2—4]. There are several com-
pounds that are classified as VOCs, with specific physico-chemical and thermody-
namics properties [5]. Alkanes, alcohols, halogenated hydrocarbons, aldehydes,
ketones, aromatics, paraffins, olefins, and sulfur-based compounds are proper
examples of VOCs [6-10].

As is known, VOC:s are listed as the major contributors to air pollution. They are
toxic substances for both environmental and human health. In the specific, they are
responsible of the stratospheric ozone depletion and precursors of ground level
smog [11-16].

The VOCs can be emitted by outdoor and indoor sources. Outdoor sources
include those produced from industries (chemical and textile) and automotive field.
On the other hand, household supplies (paints) and construction materials can be
classified as indoor emission sources [10, 17-20].

In order to reduce the VOCs emissions, several technologies were proposed [21—
23]. They can be divided into two groups: recovery or destruction. In the former
group can be listed absorption, adsorption, biofiltration, condensation or separation
by membrane. On the other hand, destruction technologies are characterized by
processes able to convert VOCs [5].

Among the latter techniques, the most promising is the photocatalytic decompo-
sition, namely the process in which a pollutant can be decomposed by a photocata-
lytic material (photocatalyst) in the presence of a light source [24-27].
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However, the photocatalytic phenomenon is characterized by a complex reaction
route. The following parameters are the most important during the photocatalytic
reaction: (1) photon absorption, (2) charge transport and trapping, (3) charge trans-
fer, (4) molecular absorption, (5) reaction mechanism, (6) poisons and promoters,
(7) surface and material structure [28].

1. Photon absorption. This phase is considered as a subsurface step. However,
there are two major reasons that can influence what happen on the photocatalyst
surface. If in the bulk there are lattice modification (i.e., truncations), on the
surface, there are unsaturation that can create different mechanisms of charge
transfer and, consequently, diverse process of photon absorption. As a second
reason, the surface proton absorption can be influenced by the particles’ dimen-
sions: the lower nominal particles radius, the higher surface exposed, the higher
optical absorption capacity.

2. Charge transport and trapping. The charge originated from the absorption in
the photocatalyst subsurface region must reach the surface and be stabilized.
Thus, the recombination phenomena with the electron/hole pair must be avoided.
This is possible only if the photocatalyst structure is optimized (no recombina-
tion phenomena and easy charge transfer from the subsurface to the surface).

3. Charge transfer. This step is the core of the photocatalytic reaction. It is an
interfacial charge exchange between the photocatalyst and the physi- or chemi-
sorbed molecule. In the specific, the photocatalyst is the donor while the mole-
cule on the surface is the acceptor. The charge transfer can be activated only by
a light source. In general, a photocatalyst needs energy to promote its electron
from the valence band (VB) to the conduction band (CB). During this electron
promotion, holes are originated in the valence band. In these holes, OH groups
or water molecules can react and originate OH' radicals able to oxidize mole-
cules in heterogeneous photocatalysis [29]. This mechanism can be activated by
wavelength lower than 380 nm and this is a limitation in the possible utilization
of UV-Visible light from the sun.

4. Molecular absorption. The photocatalytic phenomenon is influenced by the
absorption state of the molecule. This aspect can influence both redox properties
and electronic structure of the substance absorbate. Thus, as the molecule is
absorbed on the surface, it can be more or less easily converted depending on
how it is bonded with the photocatalyst surface.

5. Reaction mechanism. This step is complex, and it depends on the aspects ana-
lyzed into previous points.

6. Promoters and poisons. There are elements that can influence positively or
negatively the photocatalytic phenomenon. In the specific, they can modify the
reaction mechanism, block the sites, or change the energy (i.e., modification on
the band gap energy). For example, the promoters can change the photo-
absorption mechanism and they can also boost the charge transfer and the trap-
ping phenomenon. Among the promoter there are platinum, silver, gold,
palladium, copper, and rhodium. On the other hand, some elements create sur-
face modifications (in terms of physico-chemical properties) that decrease the
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reactivity during the photocatalytic reaction. In the latter case, they are consid-
ered as poisons.

7. Surface and material structure. The surface properties and structure of the
photocatalyst can influence the photocatalytic phenomenon. The optimization of
the synthesis procedure of the photocatalyst can arises the physico-chemical and
electronic properties of the material. Therefore, the photocatalytic reaction is
better performed.

A well-known photocatalyst used for the decomposition of VOCs under UV light
is TiO,. In the photocatalytic reaction, the electrons in the TiO, structure are pro-
moted to the anatase conduction band (CB) and the corresponding holes are created
in the valence band (VB). During this phenomenon, the *OH and "O*~ species are
produced, according to the following Eqs. (7.1)—(7.4) [23]:

TiO, +hv — h* (VB)+e™ (CB) (7.1)
H,0+h"(VB)—> OH +H" (7.2)
h*(VB)+OH — ¢OH (7.3)
0,+¢ (CB)— «O™ (7.4)

These radical species additionally react with VOC molecules.

In this work, we considered ethylene as a model molecule of VOCs. In the spe-
cific, the ethylene is decomposed following Egs. (7.5-7.8) to produce CO, and
water vapor:

*OH +C,H, — (C,H, )* (7.5)
(C,H,0H)*+e0, - CO,+H,0 (7.6)
Ti(IV)+e” — Ti(II) (7.7)
Ti(IlI)+ O, - Ti(IV)+0* (7.8)

During the last decades, it has been considered the possibility to introduce ele-
ments into the TiO, framework to improve whole activity with a special focus on the
band gap energy. In fact, it has been observed that the presence of some elements,
such as phosphorus, zirconium, nitrogen or iron [30-33], may render the TiO, active
in the visible region.

In the present work, a set of doped TiO, systems, having different P-contents
(0.6, 0.7, and 3 at.%), was studied. The samples were herein labeled as TiO,-Py,
TiO,-Py 7, and TiO,-P;. For comparison purposes, a pure titania sample, labeled as
“Ti0,” was synthesized.
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The physico-chemical properties of the samples were investigated by comple-
mentary technique, such as X-ray Diffraction (XRD), N, physisorption at =196 °C,
Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray
(EDX) analysis, X-ray Photoelectron Spectroscopy (XPS), and (DR)UV-Vis spec-
troscopy. Then, the catalysts were tested for the total oxidation of ethylene under
two different light sources (UVB and UVA radiations).

7.2 Experimental Part

7.2.1 Catalysts Preparation
7.2.1.1 Pure TiO,

The titania-based catalysts were prepared using the sol-gel method [34, 35] as
resumed in Fig. 7.1. Briefly, the pure titania sample, TiO,, was prepared as follows:

Sixty milliliters of acetic acid (20 vol%, Sigma-Aldrich) was dropwised into
10 g of titanium (IV) butoxide. They were stirred together at room temperature for
4 h. Meanwhile, 6 g of Pluronic 123 (Sigma-Aldrich) was soften into 40 mL of etha-
nol (Sigma-Aldrich). Then, they were stirred at room temperature for 4 h.

After that, the solution containing Pluronic and ethanol was added to the first one
(acetic acid and titanium butoxide) and stirred at room temperature for 24 h.

The obtained gel was placed in a Teflon autoclave and then heated in oven for
48 h at 85 °C. The solid was separated and dried at 80 °C. Finally, the dried powder
was calcined at 450 °C for 4 h (heating rate of 1.8 °C min™").

Acetic acid

Solution B

§E— E—

Stirred at r.t. for 24 h

Ageing for 48 h

Titanium (IV) butoxide Solution A Centrifugation
Stirred atrt.ford h and rinsed
Solution B
“"" Pluronic 123 added to )
ol x solution A Drying
Ethanol Solution B Calcination at 450 °C, 4 h

Stirred at r.t. for 4 h

Fig. 7.1 Scheme of the TiO, synthesis procedure
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7.2.1.2 Phosphorous-Doped TiO,

Three phosphorous-doped titania samples were synthesized using the procedure
described above (Sect. 7.2.1.1) slightly modified. In fact, during the preparation of
the solution with acetic acid and titanium butoxide, different amounts of H;PO,
(85 wt%, Sigma-Aldrich) were added in order to have the total phosphorus content
about 0.6, 0.7, and 3 at.%. The samples were labeled as TiO,-Pys, TiO,-Py;, and
TiO,-Ps.

7.2.2 Catalysts Characterization Techniques

The powder X-ray diffraction patterns were collected on an X’Pert Philips PW3040
diffractometer using Cu Ka radiation (26 range = 10-70, step = 0.016, time per
step = 0.2 s). The diffraction peaks were indexed according to the Powder Data File
database (PDF-21999, International Centre of Diffraction Data). The crystallite size
was calculated by Scherrer’s equation (7.9):

D = KA
¢ BcosH

(7.9)

where K is a constant (= 0.9), 4 is the Cu Ka radiation (= 1.5405 A), p is the full
width at half maximum (FWHM) of the diffraction peak, and 0 is the position of
the peak.

The N, physisorption at =196 °C, performed using a Micromeritics Tristar II
3020 (v1.03, Micromeritics Instrument Corp.), was used to evaluate the total pore
volume (V,), the pore diameter (D,), and the specific surface area (Sger, calculated
using the Brunauer—-Emmett—Teller method) on samples previously outgassed at
200 °C for 4 h. The pore volume and pore diameter were estimated by the Barrett-
Joyner Halenda (BJH) method, during the desorption phase.

The morphology of the samples was investigated using a field emission scanning
electron microscopy (FESEM Zeiss MERLIN, Gemini-II column). Elemental anal-
ysis was carried out via energy dispersive X-ray (EDX) analysis (AZTec, Oxford
Instruments).

The surface composition of the samples was analyzed via X-ray photoelectron
spectroscopy (XPS), performed in a PHI Versa probe apparatus using a band-pass
energy of 187.85 eV, a 45° take-off angle, and 100 pm diameter X-ray spot size.

The powder samples were analyzed via the (DR)UV-Vis spectroscopy. A UV-Vis
double beam spectrophotometer (Varian Cary 500, Varian) was used. The spectra
were collected in 200450 nm regions, with a resolution of 2 nm.
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7.2.3 Photocatalytic Tests

About 0.5 g of catalyst powder was well-spread inside a Pyrex reactor. The reactor
was connected to mass flow controllers (Bronkhorst) that continuously feed, during
the reaction, a mixture of 500 ppmv of ethylene and 10 vol.% of O, (volume bal-
anced with N,). The outflow from the reactor was analyzed using a nondispersive
infrared analyzer (NDIR, Hartmann-Braun) and a gas chromatograph (GC, Varian
CP-3800, ShinCarbon ST column, FID). The light sources used have two different
wavelengths:

e UVB: wavelength = 312 nm, intensity = 12 W m=2, 230 V, 50 Hz, 0.17 A
MONTEPAONE SRL.

e UVA: wavelength = 365 nm, intensity = 8 W m=2, 230 V, 50 Hz, 0.17 A
MONTEPAONE SRL.

For each test, the corresponding lamp was located on the top of the reactor. A
dark phase was performed before the test, in order to saturate the solid. The lamp
was switched on when the system reached a steady-state condition (stable GC peak
intensity), and the test ran for a time-on-stream (TOS) of 160 min.

7.3 Results and Discussion

7.3.1 N, Physisorption at —196 °C and XRD

Table 7.1 summarizes the textural properties as derived from the N, physisorption at
—196 °C. All the synthesized samples were compared to P-25 (by Degussa), a com-
mercial titania.

Noteworthy, all the synthesized samples exhibit a higher surface area compared
to the commercial sample (P-25). Moreover, the doped samples show higher surface
areas (TiOy-Pys = 144 m? g=!; TiO,-Py; = 119 m? g7!; TiO,-P; = 168 m? g~!) and pore
volume (TiO,-Pys = 0.50 cm? g7!; TiO,-Py; = 0.29 cm? g7!; TiO,-P; = 0.58 cm?® g71)
than the pure TiO, (Sger = 91 m? g7'; V, = 0.21 cm® g7'). This suggests that the

Table 7.1 Results as derived from the N, physisorption at —196 °C and XRD analysis

Samples Sger* (m? g7") V> (em?® g7) D,” (nm) D¢ (nm)
P-25 50 0.19 13 30
TiO, 91 0.21 7 12
TiO,-Py 144 0.50 11 11
TiO,-Py; 119 0.29 7 10
TiO,-P; 168 0.58 12 8

*Specific surface area calculated by the BET method
Pore volume and pore diameter estimated by the BJH method, during the desorption phase
“Crystallite size calculated by the Scherrer’s equation
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incorporation of P into the TiO, framework promotes the textural and structural
properties. The crystallite sizes of the samples follow the increasing order:

TiO, —P, (=8 nm) < TiO, - P,, < TiO, =P, (=11nm).
Then, it appears that particles with smaller D, have more surface defects (i.e.,
edges and corners) compared to those with higher D, values [36]. By a theoretical

point of view, this effect can be explained considering the volume and area for a
single particle. The volume can be expressed by the following equation (Eq. 7.10):

V:%nﬁ (7.10)

On the other hand, the particle area can be expressed as follows (Eq. 7.11):
A=4nr’ (7.11)

Then, the A-to-V ratio can be expressed by the following equation (Eq. 7.12):

(7.12)

<>
N W

Thus, if the particle radius decreases, the exposed surface area of the particles is
higher and, therefore, higher probability to have surface defects for a proper amount
(weight) of catalyst.

Since for smaller particles, there is a higher possibility to have more surface
defects, there are more unsaturation that are able to create affinity between catalyst
surface and the probe molecule (ethylene) [37].

Figure 7.2 shows the XRD diffractograms of the synthesized samples along with
P-25 (by Degussa). All the prepared samples provide evidence of the anatase phase.
In fact, the transition phase from anatase to rutile typically occurs at temperature
above 500 °C [38]. On the other hand, the P-25 also exhibits the presence of rutile
phase. The estimated ratio between the two TiO, phases for the latter sample is
70/30 (anatase/rutile) [39]. According to the literature, the anatase phase is photo-
catalytically more reactive than the rutile one due to the electron migration phenom-
enon that is faster compared to the same occurring in the rutile phase. In addition,
the anatase has better photocatalytic activity due to its Fermi level that is higher by
about 0.1 eV comparing with that of rutile [40]. Thanks to this better quality, the
electron-hole recombination rate is very low [41].

In this work, the purpose was to obtain samples with only anatase phase (con-
firmed by XRD results, as shown in Fig. 7.2).

However, as known by the literature, if rutile and anatase are in strict contact, a
synergistic effect may emerge. The electrons produced into rutile are promoted to
anatase covalent band and this phenomenon reduces the recombination rate into the
rutile phase [41—43]. In fact, the charge separation process can be achieved thanks
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Fig. 7.2 XRD patterns of the synthesized samples along with commercial P-25 (by Degussa)

to this electron transfer to the rutile/anatase interface that is at lower energy state.
The recombination phenomena decrease and electrons can easily move to TiO, con-
duction band [44]. As a whole, the presence of both anatase and rutile is beneficial
in terms of photocatalytic activity due to the following issues [40]:

1. With the presence of both rutile and anatase phases, it is possible to extend the
photocatalytic activity of titania at higher wavelength.

2. The charge separation from rutile to anatase is stabilized by the electron transfer
and avoids the recombination phenomena of electron/hole pairs.

3. Rutile particles are characterized by smaller crystallite size, compared to anatase
ones. This characteristic enhances the charge transfer because there are preferen-
tial points at the rutile/anatase interface (originated by the smaller rutile crystal-
lites in close contact with the anatase phase) in which the photocatalytic
phenomenon occurs.

7.3.2 FESEM and EDX Analysis

In Fig. 7.3 are reported the FESEM images for the prepared samples. As a whole, it
appears that the prepared photocatalysts exhibit smaller particle sizes compared to
the commercial material P-25.

To better investigate the particle sizes, the average diameters for each sample
were analyzed by the ImageJ software [45]. The particle size distributions are
reported in Fig. 7.4. The average diameter of the particles for the prepared samples
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Fig. 7.3 FESEM images of the prepared samples along with the commercial P-25 (by Degussa)

is lower than 15 nm. In particular, the TiO,-P,¢ sample exhibits the lowest average
particle diameter (about 9 nm) among the prepared photocatalysts. Moreover, these
results are in agreement with the crystallite size: the higher the P-content, the
smaller the crystallite, and the particle sizes.

The EDX analysis was performed over three different areas, in order to evaluate
the P-content into doped-titania samples. The results are reported in Table 7.2. For
all the samples, the average phosphorus content is close to the theoretical amount
used during the synthesis procedure.
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Fig. 7.4 Particles distribution analysis over (a) P-25, (b) TiO,, (¢) TiO,-Py, (d) TiO,-P,;, and (e)

TiO,-P,

7.3.3 XPS Analysis

Table 7.3 reports the XPS analysis of the prepared samples, as derived from the
deconvolution peaks. As a whole, the synthesized catalysts have similar Ti and O
contents (Ti/O ~ 1/3). This result is lower than the theoretical value of TiO, that is
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Table 7.2 EDX analysis over the doped-titania samples investigated over three different areas

Elements TiO,-Py g TiO,-P,; TiO,-P5
Ti 35.87 31.10 30.65
(0] 63.55 68.28 66.39
P 0.58 0.62 2.96
Tot. 100 100 100

Table 7.3 Elemental composition over the prepared samples derived from XPS analysis.

Catalysts Ti (at.%) O (at.%) P (at.%)
TiO, 26.8 73.2 -
TiO,-Py 26.9 71.6 1.5
TiO,-Py; 27.0 71.6 1.4
TiO,-Ps 22.7 73.2 4.1

about 1/2. As previously evidenced by the EDX analysis (see Table 7.2, Sect. 7.3.2),
the bulk compositions of the doped samples exhibit the Ti-to-O ratio near to the
theoretical value (1/2). On the other hand, according to the XPS analysis it appears
that such materials present the Ti-to-O ratio near to 1/3.

These findings confirm the doped samples have higher amount of oxygen species
on the surface rather than in the bulk.

The deconvoluted Ti 2p spectra are reported in Fig. 7.5. These spectra are char-
acterized by a 2p;, spin-orbit peak (average binding energy (B.E.) =458.8 eV) and
a low-intensity peak in the 2p;, region. In particular, in the 2p;, region, two peaks
appear: a signal at about 459 eV referred to Ti** and another component at about
457 eV assigned to Ti** [46]. The Ti** and Ti** abundancy was evaluated by the
deconvolution of 2ps, region and the values (at.%) are reported in Table 7.4. The
Ti**-to-Ti** ratio increases along with the P-content. Thus, the O-Ti-O bonding
exhibits a weakening generated by the cation substitution into the titania framework.

The O 1s spectra are reported in Fig. 7.6. All the samples exhibit two character-
istics peaks. One signal at lower B.E. (530 eV) related to bonded oxygens into the
titania structure (Ti-O). Another one to higher B.E. (532-530 eV) associated to sur-
face hydroxyl groups (O-H) [47-49]. For doped catalysts, an additional peak was
observed at about 533 eV, herein labeled as “no lattice oxygen” (NLO¥). According
to the literature, this additional peak can be attributed to chemisorbed oxygen spe-
cies on the catalysts surface [50, 51]. This NLO* peak is a characteristic only of the
doped samples, since they are the samples with smaller crystallite sizes and with the
higher probability to have more unsaturation on the catalyst’s surfaces (see Sect.
7.3.1). These surface defects are responsible of the hydroxyl groups chemisorp-
tion [36].

Table 7.5 summarizes the relative abundancy of oxygen species evaluated by the
deconvolution of O 1s XP spectra. As previously noticed by the O s spectra, only
the doped samples exhibit the NLO* oxygen species. The presence of such species
along with OH groups can promote the VOC abatement due to the formation of OH
radicals, which play a key role during the VOC oxidation [52].
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Table 7.4 Ti* and Ti’** species observed on the catalyst surfaces evaluated by the deconvolution

of Ti 2p XP spectra
Ti 2p
Catalysts Ti* (at.%) | Position (B.E.) Ti** (at.%) Position (B.E.) Ti*/Ti**
TiO, 97.4 458.6 2.6 457.0 2.7
TiO,-Pos 97.9 458.7 2.1 457.2 2.1
TiO,-Py; 97.8 458.8 2.2 457.2 2.2
TiO,-Ps 98.1 458.6 3.0 457.4 3.1

In Fig. 7.7 are reported the XP spectra for the P 2p core level to confirm the pres-

ence of P species on the catalyst surfaces. The position of the peaks occurs at about
134 eV corresponding to the P** species [46].

7.3.4 (DR)UV-Vis Spectroscopic Analysis

The (DR)UV-Vis spectra recorded for the synthesized catalysts are reported in
Fig. 7.8. In particular, it appears that the absorption in the range 200-350 nm
increases as a function of the P-content (Fig. 7.8 section a, TiO,-P; is the sample that
absorbs higher amount of light source in this range). The evaluation of the Band
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Table 7.5 Oxygen species on the catalyst surfaces as evaluated by the deconvolution of O 1s XP
spectra

Ols
Position O-H Position
Catalysts | Ti-O (at.%) | (B.E.) (at.%) | Position (B.E.) |NLO* (%) |(B.E.)
TiO, 73.3 529.8 26.7 530.9 - -
TiO,-Py 69.2 529.9 26.1 530.8 4.7 532.6
TiO-Py; 74.0 530.0 25.0 530.9 1.0 533.1
TiO,-P; 54.0 530.2 40.5 530.2 5.5 533.1

Gap energy was elaborated via the Tauc’s plot (Fig. 7.8 sections b, ¢). The Band Gap
Energies are reported in Table 7.6. Approximately, all the samples exhibit similar
Band Gap Energies, corresponding to about 3.2 eV. During the photocatalytic phe-
nomenon, this energy is required to promote the electrons from the valence band to
the conduction band. In the present case, the catalyst with the lowest Band Gap
Energy is the TiO,-Py; (3.13 eV). On the other hand, the highest Band Gap Energy
can be observed for the TiO,-P; sample (3.19 eV), along with TiO,-Py4 (3.18 eV),
thus suggesting higher absorption in the UV range [53].
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Fig. 7.7 P 2p X-ray photoelectron spectra of the doped samples

7.3.5 Catalytic Activity

The photocatalytic tests for the total oxidation of ethylene are reported in Fig. 7.9.

The ethylene conversion was studied for a TOS of 160 min. As a whole, the TiO,
sample exhibited lower ethylene conversion compared to P-containing samples. In
fact, as evidenced by our previous work [54] and other research studies [30, 55-61],
the presence of phosphorus inside TiO, structure can enhance the photocatalytic
activity as promoter element. This effect can be due to the possible modification of
the crystalline and electronic structure of TiO, and then to the enhancedphotoab-
sorption mechanism (see Sect. 7.1).

Noteworthy, all the photocatalysts are more reactive under the UVA source rather
than with the UVB range, although the lower intensity (namely, 8 and 12 W m~2,
respectively). This finding confirms that P-containing titania samples can be effec-
tive at higher wavelengths, in agreement with the literature [30, 55-61].
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Table 7.6 Band Gap Energies (eV) evaluated over
the studied catalysts.

Catalyst Band gap energy (eV)
TiO, 3.14
TiOy-Py6 3.18
TiO,-Py; 3.13
TiO,-P; 3.19

In order to better clarify the photocatalytic activity, the TOF was analyzed over
the samples at two different reaction times (40 and 160 min). The results are reported
in Fig. 7.10. The TOF values evaluated at 40 and 160 min show a positive trend as
a function of the P-contents for the samples tested under UVB. The higher the
P-content, the higher the reactivity. Thus, the best performing catalyst is the TiO,-Ps,
in agreement with the (DR)UV-Vis spectra. A similar trend, although less evident,
can be observed for the samples tested under UVA. Nevertheless, in the latter case,
it appears that samples with higher P-contents exhibited a lower reactivity at longer
TOS, likely due to partial surface coverage by the presence of carbon-like mole-
cules. Conversely, the optimum is reached with the TiO,-Pys sample
(21.3 pmol h=! g71).
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Fig. 7.9 Photocatalytic tests over the synthesized samples under two different sources: UVB and
UVA

7.4 Conclusions

In this study, a set of phosphorous-doped titania were synthesized, at different
P-contents, namely 0.6, 0.7, and 3 at.%. Pure TiO, was prepared for comparison
purposes. All the synthesized samples had the presence of pure anatase and it was
found that the incorporation of phosphorus into the solids renders the crystallite
smaller.

Similarly, better textural properties were obtained with P-containing samples
compared to pure TiO,. UV-Vis spectroscopy confirmed a more intense absorption
in the UV range for the P-containing samples. Catalytic results have shown a posi-
tive trend as a function of the P-contents for the samples tested under UVB. The
higher the P-content, the higher the reactivity. A similar trend, although less evident,
was for the samples tested under UVA. Nevertheless, in the latter case, it appears
that samples with higher P-contents exhibited lower reactivity at longer TOS, likely
due to the surface deposition of carbon-like molecules.
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