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Photodegradation of organic pollutants on TiO, P25: in situ IR spectroscopy

Photodegradation of organic pollutants on TiO, P25
surfaces investigated by transmission FTIR spectroscopy
under in situ UV-Vis irradiation
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2INRIM, National Institute of Metrological Research, Strada delle Cacce 91, Turin, Italy

Received; accepted

Abstract:

A new transmission FTIR set-up has been developed to investigate photocatalytic reactions under in situ UV-
Vis illumination and in controlled atmosphere. This system was employed to study the evolution of the surface
species during the photodegradation of phenol and oxalic acid on TiO, P25. As far as phenol is concerned,
dosage from the gas phase on the activated oxide surface resulted in dissociative adsorption for coverages
below the monolayer and in physisorption beyond this limit. Experiments under UV irradiation showed no
relevant photocatalytic activity in absence of O,, the only spectroscopic consequence being the increase of a
monotonic IR absorption, covering nearly the whole MIR range, related to UV-generated free conduction elec-
trons. Only the contemporary addition of O, and H,O to the TiO,/phenol system allowed us to observe an effi-
cient photodegradation reaction and to highlight the IR manifestations of some of the photodegradation prod-
ucts which are formed. In particular, oxalic acid appeared to be the main intermediate product adsorbed at the
oxide surface during phenol photodegradation. For this reason the photoreactivity of pure oxalic acid on TiO,
under UV irradiation was also investigated.

“Correspondence author (e-mail: lorenzo.mino@unito.it)
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Introduction

Titanium dioxide has been widely studied for its widespread application in photocatalysis and in dye-sensitized
solar cells [1]. Concerning water remediation, several investigations have been performed focusing the atten-
tion on reactions in aqueous suspensions containing the TiO, photocatalyst and the organic substrate which has
to be mineralized. Usually, the standard procedure to investigate the reaction intermediates relies on chromato-
graphic separation techniques of the species present in solution and their analysis by coupled mass spectrome-
try (HPLC/GC-MS). It is however a matter of the facts that the most interesting reactions initiating the degra-
dative cycle can be thought to occur at the catalyst surface and one could therefore expect that, to better under-
stand the reaction mechanism, it would be crucial to directly investigate the surface species present during the
photodegradation.

In this respect, infrared spectroscopy is particularly appealing owing to its ability to identify specific functional
groups and its sensitivity to adsorbed surface species. Indeed, total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) has already been employed to follow the evolution of the surface intermediates during
the photodegradation of organic substrates [2-4]. However, the ATR acquisition mode shows some issues in
terms of sensitivity, spectral quality and full control of the sample conditions with respect to transmission FTIR
spectroscopy. Therefore we decided to develop a different set-up to irradiate in situ the sample with an intense
UV-Vis beam while acquiring transmission FTIR spectra in controlled atmosphere. This approach was adopted
to study the photodegradation of phenol and oxalic acid adsorbed from the gas phase on the surface of TiO,
P25. The phenol reaction has been already studied by FTIR transmission spectroscopy using ex situ UV irra-
diation [5]: our in situ set-up allows to follow the time evolution of the photodegradation reaction in a more
detailed way and helps the identification of the intermediates. Our approach could also be useful to investigate
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the influence of well-defined coverages of adsorbates (e.g. water and oxygen) on the photodegradation kinet-
ics.

Materials and methods

The photocatalyst used in this work is Degussa (Evonik) TiO, P25, which is widely used for its high photocata-
lytic activity. The fumed TiO, nanoparticles of P25 are obtained by flame pyrolysis of TiCl,. The synthesis
leads to a mixture of ca. 80% anatase and 20% rutile with a specific surface area (BET) of 60 m?/g [6]. As it
has been established by FTIR spectroscopy of adsorbed CO and HRTEM, this material consists of particles
having a complex polyhedral shape, mainly exposing (101) anatase surfaces [7-9].

For transmission IR spectroscopy measurement a slurry of TiO, and water with a typical concentration of 450
g/l was prepared and deposited on Si wafers. This approach was adopted since the self-supported pellets which
are usually employed for transmission IR measurements are too thick (20-50 pm) to be completely penetrated
by the UV-Vis radiation which is strongly absorbed and/or scattered by the TiO, nanoparticles.

The infrared spectra were recorded on a Bruker IFS 28 FTIR spectrometer at 2 cm™ resolution using a MCT
cryogenic detector; 64 interferograms were typically averaged for each spectrum.

All the measurements were performed at the IR beam temperature in transmission mode. For this aim, the
sample was inserted in a cell with KBr windows and connected to a conventional vacuum line (residual pres-
sure of 5-10 mbar), allowing the adsorption—desorption experiments to be carried out in situ and in controlled
atmosphere.

Before the IR measurements, the TiO, samples were outgassed at 773 K for 2 hours. Subsequently, 25 mbar of
O, were sent twice, maintaining constant the temperature for 20 minutes in order to burn accurately all the
eventual hydrocarbons present at the surface and in the cell and to restore the full stoichiometry of the oxide.
Then, the samples were cooled down to 373 K in O, atmosphere and further cooled down to room temperature
under outgassing. At the end of the procedure, the sample, which will be named activated P25 in the following,
was white in color, as expected for stoichiometric (fully oxidized) TiO,.

The in situ photodegradation experiments were performed using a Newport 500 W Hg (Xe) arc lamp as source
of UV-Vis radiation. The use of a water filter and a liquid light guide allowed to completely cut out the heating
effects of the IR emission of the lamp. The radiation emitted by the UV-Vis lamp was transferred to the sample
by means of a large core (3 mm) Newport liquid light guide.

Results and discussion

The IR spectrum of the phenol/TiO, system

Figure 1 shows the FTIR spectra of increasing doses of phenol from the gas phase on a highly dehydroxylated
TiO, P25 sample. On the basis of previous literature results [5, 10], we can assign the main bands in the spec-
trum at lower phenol coverages (grey curves in Figure 1) as follows:
- the peak growing at 3618 cm™ is due to the stretching mode of the free OH groups, while the broad
band in the 3600-3200 cm™ range is ascribed to hydrogen bonding:
- the bands at 3064, 3032 and 3016 cm™ are related to the aromatic C-H bond stretching;
- the peaks at 1591, 1491 and 1481 cm™ are due to the v(C=C) modes of the aromatic ring;
- a doubletldue to the v(C-O) mode (slightly coupled with ring vibrations) can be found at 1290 and
1274 cm™;
- the bands due to the p(CH) in-plane bending modes are observed at 1163 and 1151 cm™.
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Figure 1. FTIR spectra of phenol adsorbed via vapour phase at progressively increasing coverages (grey and black curves)
on TiO, P25 previously outgassed at 773 K and subsequent outgassing for 1 hour at beam temperature (red curve). The
spectrum of the activated material has been subtracted from all spectra.

When the coverage is increased, additional manifestations, typical of the solid phase, appear at 1606, 1370 and
1221 cm™. Of particular interest is the peak at 1370 cm™, which is due to the combination of the 5(O-H) and a
ring mode and is therefore typical of non-dissociated (not deprotonated) phenol molecules: its absence in the
spectra at lower coverages suggests that the activated TiO, surface readily dissociates the slightly acidic phenol
molecule on acid/base Ti-O centres to form OH groups and adsorbed Ti-phenolates. This hypothesis is further
confirmed by the growth of the broad absorption in the 3600-3200 cm™ range, which can be attributed to the
formation of the new families of hydroxyls. In this respect it is also noticeable that when a large amount of
phenol is dosed (black curve in Figure 1) the peak at 1370 cm™ is clearly visible, suggesting that a surface
multilayer of undissociated phenol is formed. Upon outgassing at room temperature (red curve in Figure 1),
this phenol excess can be easily removed, while the dissociated monolayer is irreversibly adsorbed.
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Figure 2. FTIR spectra at increasing irradiation time (up to 30 min, red curve) of activated TiO, P25 with a low coverage of
adsorbed phenol. The black curve refers to the TiO,/phenol system before starting UV irradiation. The spectrum of the
activated material has been subtracted from all spectra.
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Figure 2 illustrates the effect of the UV irradiation of the photocatalyst in presence of a low coverage of ad-
sorbed phenol in vacuum. As can be seen, after 30 minutes of UV irradiation (red curve in figure 2) the phenol
bands do not decrease in intensity, i.e. no relevant photocatalytic activity is observed, but we can notice a con-
tinuous increase of the absorbance, which starts at ca. 4000 cm™ and increases exponentially toward 1000 cm™
(where the spectral cutoff, due to bulk Ti—O vibrations, appears). This spectral feature, which is reversible
when the UV lamp is switched off, has been ascribed to the absorption of IR radiation by the UV-generated
free conduction band electrons [11].

Effect of water on pre-adsorbed phenol

The absence of photocatalytic activity for the TiO,/phenol system in vacuum (Figure 2) can be related to the
lack of reactive species (H,O = OH?e) and of trapping electron species (O,), which are essential ingredients for
the photocatalytic reactions [12, 13]. In order to confirm this hypothesis, we tried initially to dose H,O on pre-
adsorbed phenol. In Figure 3 the amount of molecular water can be monitored by the intensity of the bending
mode initially centered at 1620 cm™ and then progressively shifting till 1635 cm™ owing to hydrogen bond
interactions among the water molecules in the surface multilayer. In parallel a broad absorption related to the
v(OH) mode grows in the 3600-2900 cm™ range. Also the phenol vibrational modes are perturbed by the pres-
ence of water and the most intense v(C=C) mode is now shifted at the highest water coverage (black spectrum
in Figure 3) to 1484 cm™with a shoulder at 1493 cm™, while the v(C-O) doublet becomes broad and centered at
1265 cm™. Finally, the appearance of a weak band at ca. 1370 cm™, ascribed to a mode with 3(0-H) bending
character, shows that some phenate species are converted back to molecular phenol.
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Figure 3. FTIR spectra of increasing water pressures (up to 15 mbar, black curve) on phenol pre-adsorbed on activated
TiO, P25. The spectrum of the activated material has been subtracted from all spectra.

After UV irradiation of the TiO,/phenol/H,O system for increasing times up to 30 minutes (Figure 4), we can
see that again the phenol signals do not decrease significantly. We can also note that there is an increase of the
IR absorbance during the irradiation, but considerably smaller with respect to the case of the TiOy/phenol in
vacuum. This finding is in agreement with literature data which show that water chemisorption reduces the
concentration of conduction band electrons [14].
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Figure 4. FTIR spectra at increasing irradiation time (up to 30 min, red curve) of activated TiO, P25 with co-adsorbed
phenol and molecular water. The black curve refers to the TiO,/phenol/H,O system before starting UV irradiation. The
spectrum of the activated material has been subtracted from all spectra.

Photodegradation of phenol on TiO, P25 surfaces

Since also the TiO,/phenol/H,0O system without O, showed a negligible photocatalytic activity, we decided to
prepare a new model surface by adsorbing less than half monolayer of phenol on activated P25 and saturating
the surface by co-adsorbed water (see Figure 5a for a pictorial representation of the TiO, surface conditions),
then we added to the reaction cell 100 mbar of O,. From Figure 5b, we can see that the addition of an electron
scavenger (O,) dramatically improves the photocatalytic activity. In particular, the main phenol bands, i.e. the
v(C-H) at 3070 cm™, the v(C=C) at 1590 and 1484 cm™ and the v(C-O) at 1265 cm™, progressively disappear,
while new signals related to the products raise. Conversely, the v(O-H) band of hydrogen bonded water in the
3600-3100 cm™ spectral region and the signal at 1625 cm™, associated to the water bending mode, experience a
small increase. Meanwhile, new bands, highlighted by black arrows in Figure 5b, are formed around 1700 and
1400 cm™. The former can be likely ascribed to v(C=0) stretching modes of carboxylic acids [4], while the
latter to the formation of surface carbonates [15, 16].
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Figure 5. a) Pictorial representation of the initial TiO, surface conditions adopted for phenol photodegradation. Titanium,
carbon, hydrogen and surface oxygen atoms are represented in cyan, gray, light gray and red, respectively; while water and
phenol oxygen atoms are represented in dark red. b) Photodegradation of phenol adsorbed on activated P25 in presence of
co-adsorbed water and 100 mbar of O,. Red arrows highlight the phenol bands, which progressively decrease during the
photodegradation, while black arrows highlight the products signals.

Phenol photodegradation intermediates: oxalic acid

As introduced in the previous section, the two bands around 1700 cm™, which are progressively formed during
phenol photodegradation and are clearly visible in the magnification of the low frequency region reported in
Figure 6a, could be ascribed to short chain carboxylic acids. The absence of the v(C-H) stretching modes in the
3000-2800 cm™ spectral region (see Figure 5b) suggests that the main carboxylic acid formed during the pho-
todegradation could be oxalic acid, which does not contain C-H bonds and it is often reported as a common
intermediate in literature [13]. To further confirm this assignment we adsorbed oxalic acid on the surface of
P25 in the same hydration conditions used for phenol photodegradation: considering the black curve in Figure
6b, we can see that the two main bands at 1718 and 1690 cm™, related to the v(C=0) mode of chemisorbed
oxalates, appear at the same frequency observed during phenol photodegradation.

The IR spectra at increasing UV irradiation times (grey curves in Figure 6b) show that the bands of oxalic acid
progressively disappear and no other evident signals are formed, suggesting that the final mineralization of the
organic compounds leads to the formation of H,O and CO,.
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Figure 6. a) Photodegradation of phenol (up to 280 minutes of UV irradiation, red curve) adsorbed on activated P25 in
presence of co-adsorbed water and 100 mbar of O,. The black curve refers to the TiO,/phenol/H,0/O, system before start-
ing UV irradiation. The spectrum of the activated material has been subtracted from all spectra. b) Photodegradation of
oxalic acid (up to 400 minutes of UV irradiation, red curve) adsorbed on P25 in presence of co-adsorbed water and 100
mbar of O,. The black curve refers to the TiO,/oxalic acid/H,0/O, system before starting UV irradiation.

Conclusions

The use of a new transmission FTIR set-up allowed us to study in controlled atmosphere the photodegradation
of phenol and oxalic acid, overcoming some of the limitations which are encountered with the ATR-FTIR
approach.

The study of the phenol mechanism of adsorption on TiO, P25 showed that the activated oxide surface is able
to dissociate the molecule forming an OH group and an adsorbed phenolate, while, at higher phenol doses, a
surface multilayer of undissociated phenol is present. The addition of molecular water to a low coverage of
adsorbed phenol converts back some phenate species to molecular phenol.

The UV irradiation of the TiO,/phenol system (with or without co-adsorbed molecular water) in absence of O,
showed no relevant photocatalytic activity, but the rise of a monotonic IR absorption, starting at ca. 4000 cm™
and increasing exponentially toward 1000 cm™, due to the IR absorption by the UV-generated free conduction
electrons.

The addition of both O, and H,O to the TiO,/phenol system allowed us to achieve an efficient photodegrada-
tion reaction. In parallel to the decrease of the phenol bands, we highlighted the formation of new bands as-
cribed to carboxylic acids and adsorbed carbonates. The study of the photodegradation of oxalic acid showed
that the two main bands, observed at 1718 and 1690 cm™ during phenol photodegradation, are due to chemi-
sorbed oxalates, which can be finally mineralized to H,O and CO, by UV irradiation. This finding confirmed
that oxalic acid is one of the most important intermediates in phenol photodegradation, in agreement with the
most common reaction mechanism proposed in literature.[13]
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