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Abstract: The effect of HyO and O, on the adsorption and degradation of gaseous acetaldehyde on the
anatase TiO; surface has been studied, in the dark and upon UV illumination, at ambient temperatures.
The processes occurring at the surface have been elucidated by means of in situ ATR-FTIR (Attenuated
Total Reflection—Fourier Transform Infrared) spectroscopy, while gas detectors allowed the analysis
of the adducts and products in the gas phase. In the dark and under dry conditions acetaldehyde
reacts independently of the atmosphere, upon aldol condensation to crotonaldehyde. However, under
humid conditions, this reaction was prevented due to the replacement of the adsorbed acetaldehyde
molecules, by water molecules. Upon UV illumination under oxygenic conditions, acetaldehyde was
decomposed to acetate and formate. Under an N, atmosphere, the formation of acetate and formate
was observed during the first hour of illumination, until all adsorbed oxygen had been consumed.
In the absence of molecular oxygen acetate, methane, and CO;, were detected, the formation of which
most likely involved the participation of the bridging O atoms, within the TiO; lattice.
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1. Introduction

Nowadays, the demand for clean and fresh indoor air is a public health issue. Herein, one major
indoor air pollutant is acetaldehyde, which is a potential human carcinogen [1], whose maximum
occupational exposure levels are set in Europe, and in the USA [2,3]. In this context, photocatalysis
might be a sustainable and environmentally friendly solution to decrease the concentration of
acetaldehyde. Upon UV(A) illumination, TiO, is able to catalyze the decomposition of organic
compounds, yielding CO,, H>O, and traces of mineral acids as reaction products [4]. The photocatalytic
efficiency of this process can be further improved, provided that the reaction mechanism and the
limitations are known.

In situ ATR-FTIR (Attenuated Total Reflection-Fourier Transform Infrared) spectroscopy is an
established technique that provides a deeper understanding of the interfacial processes occurring at
the semiconductor/water interface. This technique allows the monitoring of the molecule adsorption
from gaseous and from liquid phase on solid surfaces, as well as the detection of intermediates and
products of photocatalytic processes [5,6].

Employing FTIR spectroscopy it has been reported that under dry conditions in the dark an aldol
condensation of two acetaldehyde molecules occurs on the TiO, surface resulting in the formation
of crotonaldehyde [7]. Subsequently, 3-Hydroxybutanal has also been identified as a short-lived
intermediate [8,9]. Batault et al. [10] investigated the adsorption of acetaldehyde on the TiO, surface

Catalysts 2018, 8, 417; doi:10.3390/ catal8100417 www.mdpi.com/journal/catalysts


http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
http://www.mdpi.com/2073-4344/8/10/417?type=check_update&version=1
http://dx.doi.org/10.3390/catal8100417
http://www.mdpi.com/journal/catalysts

Catalysts 2018, 8, 417 20f12

under dry and humid conditions. These authors reported that under dry conditions acetaldehyde is
mostly irreversibly adsorbed on the TiO; surface, while under 50% relative humidity (RH) acetaldehyde
adsorption only occurs as a reversible physical adsorption. The effect of humidity on the formation of
crotonaldehyde was not discussed.

Ohko et al. [11] and Muggli et al. [12] investigated the photocatalytic degradation of acetaldehyde
over TiOy, under weak UV illumination, in the presence of O,. These authors proposed the reaction
mechanism shown in Figure 1. According to this mechanism, acetaldehyde is first oxidized to acetic
acid, followed by the decarboxylation of acetic acid, yielding CO,. The remaining methyl radical is
transformed into formaldehyde which can be further oxidized to formic acid and eventually to CO,.

Co, Co,
CH,CHO —> CH,COOH DA CH,0 —» HCOOH

Figure 1. The proposed reaction mechanism for the photocatalytic degradation of acetaldehyde by TiO,,
under weak UV illumination. First, acetaldehyde is oxidized to acetic acid, which can be transformed
into CO; and formaldehyde. Formaldehyde is then oxidized to formic acid and eventually to CO,.

The previously mentioned reaction pathway was proposed for the degradation of acetaldehyde
in the presence of O,. To the best of our knowledge, the degradation of gaseous acetaldehyde over
TiO; in the absence of molecular O, has not been reported yet. In photocatalysis O, usually plays an
important role preventing the charge carrier recombination by trapping the photogenerated electrons
upon formation of a superoxide radical O, ~ which can be further reduced leading to the formation of a
strong oxidant that is the hydroxyl radical. Furthermore, O; is involved in free radical chain reactions
occurring during the photocatalytic degradation of organic compounds [13].

In this study, the effect of water vapor on the adsorption of acetaldehyde and on the formation of
crotonaldehyde on the TiO, surface were investigated, in the dark. Furthermore, the photocatalytic
degradation of gaseous acetaldehyde over TiO, was investigated, upon UV illumination in the Np
atmosphere, in order to examine the photocatalytic degradation mechanism of acetaldehyde, in the
absence of O,. In situ ATR-FTIR spectra were recorded to elucidate the processes occurring on the TiOp
surface while adducts and evolved products in the gas phase, were analyzed by mass spectrometry
(MS) and GC.

2. Results and Discussion

2.1. Effect of HyO on the Acetaldehyde Adsorption

Figure 2 shows the change in the acetaldehyde concentration, over time, measured in the presence
of air, in dry and in humid conditions, in the dark. When a TiO, film was treated with 1000 ppb gaseous
acetaldehyde, under dry conditions, a decrease in the concentration of acetaldehyde, from 1000 ppb to
about 700 ppb was observed (Figure 2, left). Surprisingly, the reduced concentration remained constant
even after several hours of treatment (Figure S1). In contrast, the presence of humid air led to a short
lowering of the acetaldehyde concentration, indicating an adsorption on the anatase surface, until all
adsorption sites were occupied, and the initial concentration was reached again (Figure 2, right).

ATR-FTIR analysis of a TiO; film treated with acetaldehyde was performed to figure out the reason
behind the constant low amount of acetaldehyde detected at the reactor outlet, under dry conditions,
in the dark. Figure 3 shows the FTIR spectra in the wavenumber range between 1000 cm~! and
1800 cm ™!, which were recorded during the gaseous purging of acetaldehyde over a TiO, film, for two
hours, in the dark. Different bands appeared and increased in intensity, during the acetaldehyde
dosing. In Table 1, the positions of the bands are assigned to the specific molecular vibrations of
acetaldehyde and crotonaldehyde. These band assignments were in accordance to literature, where
an adsorption of acetaldehyde on TiO, had also been reported by the FTIR spectroscopy [9,14,15].
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The carbonyl group of acetaldehydes could form hydrogen bonds with the surface hydroxyl groups
of the TiO,. It could be stabilized on the TiO, surface, via an interaction between the oxygen lone
pair, with the Lewis surface sites of TiO; [14,16], the corresponding vibrational position was located at
v(C=0) 1699 cm~!. Additional characteristic bands of acetaldehyde, such as the p(CH3) and v(C-C)
were also detected and these can be seen in Table 1.
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Figure 2. The concentration of acetaldehyde as a function of time, under dry (Left) and humid (Right)
conditions, in air and in the dark. During the first 60 min, the gas flow was held constant, in bypass
mode. Afterward, it was directed over a TiO, film, for 2.5 h, in the dark, before it was turned back to
the bypass mode again.
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Figure 3. ATR-FTIR spectra recorded during the gaseous treatment of acetaldehyde in air over a TiO,
film, for 2 h, under dry conditions, in the dark.

Table 1. Vibrational frequencies and mode assignments of the observed FTIR bands (cm~!) during
purging of acetaldehyde in air, over a TiO, film in the dark.

Position/cm 1 Assignment [8,17,18]
1072 p(CH3) Ti-O=CHCHj3
1100 p(CH3) Ti-O=CH(CH),CHj3;
1128 v(C-C) Ti-O=CHCHj3;
1166 v(C-C) Ti-O=CH(CH),CHj3
1346 5(CH3) Ti-O=CHCH3;
1374 5(CH) Ti-O=CHCHj3;
1437 5(CHj3) Ti-O=CH(CH),CHj;
1626 v(C=C) Ti-O=CH(CH),CHj3;
1650 v(C=0) Ti-O=CH(CH),CHj3;

1699 v(C=0) Ti-O=CHCHj,
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Besides acetaldehyde, bands characteristic for the molecular vibrations of crotonaldehyde were
observed. Singh et al. [8] showed by IR spectroscopy, that an aldol condensation of two acetaldehyde
molecules which then forms crotonaldehyde, takes place on the TiO; surface. Here, it is noteworthy to
mention, that the p(CH3), v(C-C), and v(C=0) showed a higher increase in intensity during the second
hour of treatment, as compared to the first hour (see pink and green curve). This could be explained by
the fact that for the formation of crotonaldehyde, two acetaldehyde molecules needed to be adsorbed
on the anatase surface, reacting via an aldol condensation. A higher amount of crotonaldehyde was
formed during the second hour of treatment, because a certain time was required to achieve a sufficient
adsorption of acetaldehyde on the TiO; surface. Taking into account the continuous small acetaldehyde
concentration of 700 ppb measured at the reactor exit (see Figure 2, left), it was proposed that the
evolved crotonaldehyde was continuously desorbed from the TiO, surface and replaced by the new
acetaldehyde molecules, which again reacted to the crotonaldehyde (see Figure 4).

adsorption
CHs desorption
\ X CH3
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Ho i T Ti T T
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Figure 4. Adsorption and reaction of acetaldehyde on the anatase surface, in the dark. Acetaldehyde

molecules were adsorbed on the TiO, surface and reacted, via an aldol condensation, to the
crotonaldehyde. Crotonaldehyde was desorbed from the surface and was replaced by new acetaldehyde
molecules, which further reacted with each other.

This assumption was confirmed by mass spectrometry (MS) analysis. Herein, 50 ppm of
acetaldehyde were directed over an anatase film and the gas at the outlet was continuously analyzed by
MS (Figure S2). The QMS (quadrupole mass spectrometer) signal of the mass of 41 m/z, corresponding
to the crotonaldehyde, steadily increased until it reached a stable value after 15 h. When the
acetaldehyde gas flow was turned off, the QMS signal decreased again. Accordingly, crotonaldehyde
was desorbed from the anatase surface and it could be detected in the gas phase. Similar results
were reported by Rekoske et al. [17]. The authors have investigated the competition between the
adsorption of acetaldehyde and of crotonaldehyde on rutile surfaces and figured out that the evolved
crotonaldehyde could be readily displaced through continuous exposure of acetaldehyde. However,
these authors claimed that crotonaldehyde cannot be formed on anatase surfaces.

For a better understanding of the processes occurring under dry and humid conditions,
the experiment shown in Figure 2 was repeated and a TiO, film was treated with a gas flow of
1000 ppb of acetaldehyde, under dry conditions. A constant low amount of 700 ppb acetaldehyde was
observed again (see Figure 5) evincing that acetaldehyde was adsorbed on the TiO, surface where it
reacted to the crotonaldehyde. Hence, crotonaldehyde and acetaldehyde were present on the surface.
When the gas flow was changed to the bypass mode, the concentration of acetaldehyde increased to the
initial value again. Water was subsequently added to a washing flask to generate a humidified gas flow
that was directed over the anatase film again. The concentration of acetaldehyde increased drastically
to 6 ppm (6000 ppb) indicating a favorable adsorption of water on the anatase surface which resulted
in a desorption of acetaldehyde molecules from the surface. After 2 h, the concentration decreased
again to the initial value of 1 ppm (1000 ppb). Hence, in the humid conditions, crotonaldehyde was
not generated due to the minor adsorption of acetaldehyde molecules, which were not able to react
with each other (see Figure 6).
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Figure 5. The concentration of acetaldehyde as a function of time obtained in the dark. Firstly,
an anatase film was treated with acetaldehyde, under dry conditions. A decrease in the concentration
of acetaldehyde was observed when the gas flow was directed into the reactor. Under humidified
conditions, the concentration of acetaldehyde detected at the gas outlet increased to 6 ppm, before it
decreased to the initial value of 1 ppm again.

o
H3CJ\H
H,O
3 5 2 ) 0
o v & (13 he™ S
I HO OH
\ g
/\)?\ ‘;/»o _*HO | HO— L OH,
A & A y
HsC
3 H (o) % o o | AT
< OH o
OY H3C/\)I\H A ? J
%_ -H,0 o HiC” "H
N 2 H3CXH

Figure 6. On the left side, the adsorption of acetaldehyde and crotonaldehyde is shown under dry
conditions. Under humidified conditions, acetaldehyde was desorbed from the surface and was
replaced by H,O molecules. Crotonaldehyde was not formed anymore, because only a minor amount
of acetaldehyde was adsorbed.

For verification of the latter results, and to prove the desorption of acetaldehyde and
crotonaldehyde from the anatase surface in the presence of water vapor, ATR-FTIR spectra were
recorded of a TiO, layer. For this purpose, a TiO, film was purged with acetaldehyde, in air,
for 2 h, in the dark. Figure 7 shows the expected bands characteristic for acetaldehyde and
crotonaldehyde. After the adsorption of acetaldehyde and the formation of crotonaldehyde, water
was added to the washing flask to generate a humidified gas flow. The bands of acetaldehyde and
crotonaldehyde decreased rapidly within five minutes, indicating a fast desorption of acetaldehyde
and crotonaldehyde from the anatase surface. Hence, the adsorption of acetaldehyde on anatase
surfaces was reversible, because acetaldehyde and crotonaldehyde could be easily replaced by water
molecules. Batault et al. [10]. reported that acetaldehyde adsorption, under dry conditions, mostly
occurred irreversibly on the P25 surface. However, these authors heated their TiO, samples to 400 °C,
before each experiment, consequently, decreasing the number of surface hydroxyl groups. In this
study the TiO; film was prepared at ambient temperature, therefore, the number of surface hydroxyl
groups should be higher. Batault et al. [10] also reported that under 50% RH, the adsorption on
P25 only occurred as a reversible physical adsorption. The total surface hydroxylation prevented
acetaldehyde to adsorb, irreversibly, since a complete surface hydroxylation already occurred below a
RH of 10% [19]. With regards to the reaction mechanism for the crotonaldehyde formation proposed
by Singh et al. [8], the acetaldehyde molecules needed to be adsorbed through the carbonyl group C=0
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to the Ti atoms, in order to react with each other. However, when the surface was hydroxylated and
water was adsorbed, the carbonyl group C=0 of acetaldehyde molecules was not able to interact with
the Ti-atoms. El-Maazawi et al. [20] discovered the formation of mesityl oxide from acetone, both in
the presence and in the absence of H,O, in the dark. In the presence of H,O, a minor amount of mesityl
oxide was generated, which the authors explained by the fact that water was a product of the aldol
condensation, therefore its presence did not favor the formation of mesityl oxide.
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Figure 7. ATR-FTIR spectra recorded after purging an anatase film with acetaldehyde for 2 h, under
dry conditions (black). In the presence of humidity, the band’s characteristics for acetaldehyde and
crotonaldehyde decreased in intensity, within 5 min, indicating a desorption of both molecules (red).

The following adsorption and degradation experiments of acetaldehyde, over TiO,, in the
presence and absence of O,, were performed under dry conditions, because ATR-FTIR spectra of
acetaldehyde and crotonaldehyde could be recorded, while under humidity, bands of acetaldehyde
and crotonaldehyde did not appear.

2.2. Effect of O on the Adsorption and Degradation of Acetaldehyde

For investigations concerning the effect of O, on the adsorption of acetaldehyde, the concentration
of acetaldehyde as a function of time was monitored, after acetaldehyde had been directed over a
TiO, film, in the presence of O, (Figure S3, left) and its absence (Figure S3, right). We have calculated
that 5.8 x 10'®/cm? acetaldehyde molecules were adsorbed on the TiO; surface at the steady-state
conditions, in the dark. Furthermore, ATR-FTIR spectra were recorded during acetaldehyde treatment
of TiO; in O, (Figure 54, left) and in Ny (Figure S4, right) atmosphere. As expected O; did not have
an effect on the adsorption of acetaldehyde, ATR-FTIR spectra, as well as gaseous analysis revealed
similar curve progressions in the O, and the N, atmosphere.

After the gaseous acetaldehyde treatment in the dark, the samples were illuminated by UV light,
for 6 h, in the O, and in the N, atmosphere. The corresponding curves, showing the concentration of
acetaldehyde as a function of time are displayed in Figure § in the presence (left) and in the absence
of O, (right). In both, the O, and the N, atmosphere, the concentration of acetaldehyde decreased
from 700 ppb to 580 ppb, in the beginning, indicating a degradation of acetaldehyde by TiO,. In the
presence of Oy, the concentration remained at a constant low, during the UV illumination, thereby
evincing a steady decomposition of acetaldehyde, in the O, atmosphere. After 6 h of UV illumination,
the lamp was turned off and the acetaldehyde concentration increased again. In the N, atmosphere,
a different trend was observed. While in the beginning, the concentration of acetaldehyde was as
low as in the O, atmosphere, it increased with increasing illumination time. When the UV lamp was
turned off again, the concentration rose further.
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Figure 8. Acetaldehyde concentration as a function of time upon UV illumination in O, (left) and N,
(right) atmosphere.

ATR-FTIR spectra (Figure 9) of a TiO, film, treated with acetaldehyde, were recorded in the
presence (left) and in the absence (right) of O,, during 6 h of UV illumination, in order to understand the
different kinetic curves obtained for the acetaldehyde concentration in the O, and in the N atmosphere
(Figure 8). Both graphs show a decrease in the intensity of the bands characteristic for the acetaldehyde
and the crotonaldehyde, indicating a decomposition of these molecules. Simultaneously, new bands
appeared which increased in intensity, during the illumination time. In Table 2 the observed vibrational
frequencies are displayed and correlated with the mode assignments of the intermediates formed
during the decomposition of acetaldehyde. Both graphs show bands characteristic for the formate and
the acetate/acetic acid formation. The bands of the v5(COO) and v,5(COO) of acetate, as well as the
v(C=0) of acetic acid, show similar trends in intensity, in the O, and N; atmosphere. When comparing
the intensity of the vs(COO) and v,5(COO) bands of formate, a difference was observed in the O,
and the N, atmosphere. While during the first 30 min of illumination the bands were similar (black
to purple), afterward, they showed a higher increase in intensity in the O, atmosphere, than in
the N atmosphere, Therefore, under oxygenic conditions, a decomposition from the acetate/acetic
acid to formate occurred, while under Ny, the formation was suppressed and the acetate/acetic acid
accumulated on the surface. In the absence of O,, surface-adsorbed O, was consumed for the formation
of the acetate and the formate, in the first 30 min of illumination. When the adsorbed O, was consumed,
only a small amount of acetaldehyde was decomposed into the formate. In the presence of Oy, acetate
was decomposed into the formate, as indicated by an increase of the v5(COO) and v,s(COO) bands of
the formate, with the illumination time.
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Figure 9. ATR-FTIR spectra of a TiO; film recorded during gaseous treatment of acetaldehyde in O,
(left) and N (right) atmosphere, upon UV-illumination, for 6 h.
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Table 2. Vibrational frequencies and mode assignments of the observed FTIR bands (cm ') during the
acetaldehyde treatment of an anatase film, upon UV illumination.

Position/cm ™! Assignment [21-25]
1025 p(CH;3) CH3COO~
1051 v(C-C) CH3COO~
1340 vs(COO) HCOO™
1377 v(C-H) HCOO~

1411/1417 §(CH;) CH3COO~
1436/1444 vs(COO) CH3COO™
1558/1563 Vas(COO) CH3COO™
1594 Vas(COO) HCOO™
1646 §(H,0)
1699 v(C=0) CH3COOH

For a better understanding of the reaction mechanism for the photocatalytic degradation of
acetaldehyde in the absence of O,, the evolved gaseous products were detected by MS. For that
purpose, a TiO, film was treated with 50 ppm of acetaldehyde, upon UV illumination and the gas at
the outlet was constantly analyzed by MS. Figure S5 demonstrates the QMS signal, as a function of
time of the masses 44 m/z and 16 m/z, corresponding to CO, and CHy4. Both QMS signals increased
upon UV illumination and decreased again when the UV light was turned off.

A schematic illustration of the intermediates formed in the O, and the N, atmosphere was
presented in Figure 10. When correlating the ATR-FTIR results with the acetaldehyde concentration
vs. time curves, it was concluded that during the first 30 min of illumination the decomposition
of acetaldehyde was similar in the O, and in the N, atmosphere. Both showed a decrease in the
concentration of acetaldehyde and the formation of acetate and formate. In the N atmosphere, surface
adsorbed O, was consumed for the decomposition of acetaldehyde, to form acetate and formate,
while in the O, atmosphere there was an adequate amount of O, available from the gas phase for the
degradation of acetaldehyde. After 30 min, upon UV illumination in the presence of O,, a constant
low amount of acetaldehyde was observed. The ATR-FTIR spectra revealed a decomposition of
acetaldehyde forming both formate and acetic acid/acetate, because a sufficiently high amount of O,
was available for the decomposition of acetaldehyde. In contrast to that, after 30 min, a depletion of
O, occurred in the Ny atmosphere, because most of the surface adsorbed O, was consumed. As can be
seen from the ATR-FTIR spectra, at the beginning of the illumination time, the band at ~1560 cm ™!
showed a higher intensity than the band at ~1400 cm™!, because both acetate and formate were
generated. At longer illumination times, the intensities of the bands became equal, since acetate was
no longer decomposed into formate, due to the depletion of O,. Acetate was rather accumulated on
the surface and the degradation of acetaldehyde was suppressed. Therefore, the concentration of
acetaldehyde detected, after passing the TiO; film increased. However, acetate was also degraded to a
small extent, forming CH, and CO,, in the absence of O,.

In Figure 11, a reaction mechanism is proposed to explain the formation of acetate in the absence
of O,. Acetaldehyde was adsorbed on the TiO, surface through its oxygen lone pair to a Ti'V center.
Upon UV illumination, a proton in the x-position of acetaldehyde was abstracted by a bridging-oxygen,
resulting in the formation of a surface hydroxyl species. The neighboring bridging-oxygen (Figure 11,
red) atom of the Ti'V center was consumed for the formation of an acetate molecule.

In the future, isotopic studies on the degradation of acetaldehyde, using Ti'®O,, will be done. Here,
the evolved CO, should contain '80, in order to prove the assumption that lattice oxygen was involved
in the formation of acetate. El-Maazawi et al. [20] and Szanyi et al. [26] investigated the degradation
of acetone, in the presence and in the absence of O, and reported that under oxygenic conditions
acetone was completely degraded to CO,, while in the absence of O,, acetate and formate formation
proceeded only to a limited extent. Furthermore, when O, was depleted, acetate and formate were
accumulated on the TiO, surface, and there was not any (or very limited) complete decomposition,
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forming CO;. These authors proposed that lattice oxygen was involved in the mineralization of
acetone. Montoya et al. [27] investigated the photocatalytic degradation of benzene, under anaerobic
conditions, employing Ti'®0, as photocatalyst and they were able to show that the evolved CO,
contained lattice 80 atoms from Ti'80,.
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Figure 10. Schematic illustration of the different intermediates formed from acetaldehyde on the
anatase surface, and in the gas phase in the O, and the N, atmosphere, observed by ATR-FTIR and MS.
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Figure 11. Proposed reaction mechanism of the acetaldehyde reaction with bridging-oxygen atoms to
form acetate, in the absence of O;.

3. Materials and Methods

3.1. Materials

The commercial TiO, photocatalyst Hombikat UV-100, containing 100% anatase (XRD pattern is
shown in Figure S6, BET surface 280 m?/g), was provided by Sachtleben Chemie GmbH (Duisburg,
Germany). Acetaldehyde gas, containing 251 ppm in N, was supplied by the Linde Gas AG
(Munich, Germany).

3.2. TiO, Film Preparation

For the ATR-FTIR measurement, a suspension of 5.75 g L1 UV-100, in deionized water,
was sonicated for 15 min, in an ultrasonic bath. Afterward, an aliquot of 400 puL was placed on a ZnSe
crystal and was distributed by gently balancing the crystal. The crystal had a size of 6.8 x 72 mm with
an area of 490 mm?. After evaporation of the water, a homogeneous film was obtained which had a
particle layer of 2.3 g m~2 and a thickness of 1.7 & 0.3 um, according to Hug and Sulzberger [28].

For the acetaldehyde degradation measurements, the powder was pressed into a poly(methyl
methacrylate) (PMMA) holder with an average size of 4.3 x 4.3 cm. The resulting pellet had a surface
size of 18.49 cm? and was pre-illuminated by UV light (365 nm, 1 mW/ cm?, Philips CLEO 100W-R),
for at least 24 h, in order to eliminate organic residues from the surface.

For the measurements using MS, an aliquot of 4 mL of a UV-100 suspension (5.75 g L™!) was
placed into a PMMA holder with a size of 4.3 x 9.2 cm. After evaporation of the H,O, a homogeneous
film was obtained.

3.3. ATR-FTIR Spectroscopy

ATR-FTIR spectra were recorded on a Bruker IFS 66 equipped, with a deuterated triglycine sulfate
(DTGS) detector, and an internal reflection element made of ZnSe, with an angle of incidence of 45°,
and 9 reflections on the upper face. The interferometer and the infrared light path in the spectrometer
were constantly purged with argon, in order to avoid H,O and CO, contamination. Each spectrum
was an average of 300 scans, with a resolution of 4 cm~!. Before each experiment, a sequence of spectra
taken, in the dark, for 2 h, and upon UV illumination, for 6 h, without acetaldehyde, were recorded.
These spectra were used as blank reference spectra. After the blank spectra had been monitored,
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spectra in the dark (2 h) and upon UV illumination (6 h), with acetaldehyde, were recorded. The final
spectra were obtained by subtraction of the blanks from the ones in the presence of the acetaldehyde.

For experiments under humidity (58%), O, was directed through a washing flask to generate a
humidified gas flow. An LED lamp (LED Fldchenstrahler, Omicron-Laserage, Rodgau-Dudenhofen,
Germany) was used as the UV illumination source, which had a maximum emission wavelength of
365 nm, and an intensity of I mW cm~2. The gas flow was set to 100 mL min~! and was controlled by
mass flow controllers (SIERRA®, Monterey, CA, USA). The acetaldehyde concentration was maintained
at 63 ppm. A closed compartment made of Plexi-Glass® (PMMA, Polymethylmethacrylate) was
built and attached to the upper part of the ZnSe crystal, in order to generate a continuous gas flow
(see Figure S7). The PMMA holder did not affect the photodegradation of acetaldehyde, because a
contact did not exist between the reactor and the TiO, film.

3.4. Acetaldehyde Degradation

The experimental set-up to monitor the concentration of acetaldehyde, as a function of time,
isillustrated in Figure S8. UV-100 was treated with 1 ppm acetaldehyde, in O, and in the N; atmosphere.
The gas flow was set to 1 L min~! and was controlled by mass flow controllers (Brooks Instruments,
Hatfield, PA, USA). For experiments under 50% humidity, air was directed through a washing flask.
After passing the reactor, which was made of PMMA, the gas was analyzed, every 5 min, by a gas
chromatograph equipped with a photoionization detector (GC/PID, SYNTECH Spectras GC 955,
Groningen, Netherlands). The concentration of acetaldehyde was monitored for 2.5 h, in the dark,
and for 6 h, upon UV illumination. The light source used was a Philips CLEO compact fluorescent

tube and had an emission wavelength of Amax = 365 nm and an intensity of 1 mW cm 2,

3.5. Mass Spectrometry

The experimental set-up for the detection of gaseous products is illustrated in Figure S9. Herein,
a UV-100 film, placed in a reactor made of PMMA, was treated with 50 ppm of acetaldehyde
in Np, for 2 h, in the dark, and for 6 h, upon UV illumination. The gas flow was set to
75 mL min~—! (STERRA®, Monterey, CA, USA) and was constantly analyzed by a mass spectrometer
at the outlet (Hiden HPR-20, Warrington, United Kingdom). An LED lamp (Flachenstrahler,

-2

Omicron-Laserage, Rodgau-Dudenhofen, Germany) with an intensity of 1 mW cm™< was used as the

UV illumination source.

4. Conclusions

In this study, the effect of O, and H,O on the adsorption and the photocatalytic degradation
of acetaldehyde, in the presence of TiO,, were investigated at ambient temperatures. In the dark,
the adsorption of acetaldehyde and the formation of crotonaldehyde were detected, both in O,
and in the Nj atmosphere, by ATR-FTIR spectroscopy. On the anatase surface, crotonaldehyde
was formed by an aldol condensation of two acetaldehyde molecules. When using a continuous
acetaldehyde gas flow, the concentration of acetaldehyde was constantly lowered, after passing the
TiO; film, because the generated crotonaldehyde was desorbed from the surface and was replaced
by new acetaldehyde molecules reacting again with each other, to form crotonaldehyde. When using
a humidified acetaldehyde gas flow, such a constantly lowered concentration was not observed.
Under these conditions, the formation of crotonaldehyde was limited, because water was more
favorably adsorbed on the anatase surface, as compared to acetaldehyde. Therefore, the possibility
of the two acetaldehyde molecules reacting with each other to form crotonaldehyde on the anatase
surface was significantly decreased.

Upon UV illumination both, acetaldehyde and crotonaldehyde were degraded. At the beginning
of the illumination time, the results under the O, and the N, atmosphere showed similar trends.
Both acetate and formate were detected on the surface. It was proposed that adsorbed O, was consumed
for the decomposition of acetaldehyde to form acetate and formate, in the N, atmosphere. After 1 h
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of illumination, a depletion of O, occurred and the rate of formate formation decreased. Acetate
was not decomposed to formate, anymore, but accumulated on the TiO; surface, instead. Thus,
the concentration of acetaldehyde in the gas phase increased, because acetaldehyde was incompletely
degraded, in the absence of a sufficient amount of O;. It was proposed that the lattice oxygen atoms
from the TiO, matrix were consumed for the formation of acetate, in the presence of Np. In the
presence of O, the concentration of acetaldehyde was constantly low, since O, was present in high
concentrations, and therefore acetaldehyde was readily decomposed to acetate and formate, as was
detected by ATR-FTIR.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344 /8 /10/417/s1,
Figure S1: Acetaldehyde concentration as a function of time in the O, atmosphere in the dark. Figure S2: Time
evolution of the QMS signal of the mass 41 m/z corresponding to crotonaldehyde. Figure S3: Comparison between
the acetaldehyde concentration as a function of time in O, (left) and in N (right) atmosphere in the dark. Figure S4:
ATR-FTIR spectra recorded during gaseous treatment of acetaldehyde over an anatase film in O, (left) and N
(right) atmosphere for two hours in the dark. Figure S5: QMS signal as a function of the time of the masses 16 m/z
and 44 m/z corresponding to CHy and CO,. Figure S6: XRD pattern of UV-100. Figure S7: Experimental setup
for the ATR-FTIR measurement. Figure S8: Experimental set up to monitor the concentration of acetaldehyde
as a function of time. Figure S9: Experimental set up for the detection of gaseous products generated during
acetaldehyde treatment of a UV-100 film in the dark and upon UV illumination.
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