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Abstract: TiO2 was placed in heat-treatment at the temperature of 400–500 ◦C under flow of hydrogen
gas in order to introduce some titania surface defects. It was observed that hole centers in TiO2

were created during its heat treatment up to 450 ◦C, whereas at 500 ◦C some Ti3+ electron surface
defects appeared. The type of titania surface defects had a great impact on the mechanism of
acetaldehyde decomposition under irradiation of artificial visible light. Formation of O•− defects
improved both acetaldehyde decomposition and mineralization due to the increased oxidation of
adsorbed acetaldehyde molecules by holes. Contrary to that, the presence of electron traps and
oxygen vacancies in titania (Ti3+ centers) was detrimental for its photocatalytic properties towards
acetaldehyde decomposition. It was proved that transformation of acetaldehyde on the TiO2 with Ti3+

defects proceeded through formation of butene complexes, similar as on rutile-type TiO2. Formed
acetic acid, upon further oxidation of butene complexes, was strongly bound with the titania surface
and showed high stability under photocatalytic process. Therefore, titania sample heat-treated with
H2 at 500 ◦C showed much lower photocatalytic activity than that prepared at 450 ◦C. This study
indicated the great impact of titania surface defects (hole traps) in the oxidation of acetaldehyde
and opposed one in the case of defects in the form of Ti3+ and oxygen vacancies. Oxidation abilities
of TiO2 seem to be important in the photocatalytic decomposition of volatile organic compounds
(VOCs) such as acetaldehyde.

Keywords: TiO2; oxygen surface defects; FTIR; thermal desorption; acetaldehyde decomposition

1. Introduction

The photocatalytic purification of air from volatile organic compounds (VOCs) has
been an interesting subject of study for many research groups [1–3]. One of the targets is
improvement of the quality of indoor air by reducing the amount of VOCs, which can be
responsible for symptoms called “sick building syndrome” [4].

The most explored material which is used in indoor air purification is TiO2. The
research group of Prof. A. Fujishima published many papers related to the photocatalytic
properties of TiO2 towards environmental cleanup [5–7]. They proposed the mechanism of
acetaldehyde decomposition, which involved radical-initiated chain reactions with oxygen
consumption [5]. They noticed that adsorbed molecules could react with photogenerated
holes and contribute in the suppressing of recombination of free charges. They reported
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that formed holes (h+) mediated in the reaction of carbonyl radicals formation, according
to the reaction [8]:

3 CH3CHO + O2 + h+ → 2 CH3COOH + CH3CO• + H+

Carbonyl radicals (CH3CO•) take part in the reactions of acetaldehyde oxidation [8].
Acetic acid is the main intermediate product during acetaldehyde oxidation. Hole scaveng-
ing by organic adsorbates on the TiO2 surface was also discussed by other researchers [9].
Formation of carbonyl radicals and their share in photooxidation reactions can increase the
yield of the photocatalytic process. Therefore, adsorption of acetaldehyde on the titania
surface seems to be a crucial step in photocatalytic reactions. Adsorption of acetaldehyde
on TiO2 depends on its specific surface area, hydroxylation state, and dominant crystal
face [10–12]. Anatase-type TiO2 of high surface area and low quantity of hydroxyl groups
usually exhibits high adsorption and photocatalytic activity towards acetaldehyde de-
composition. Moreover, the titania sample with a dominant anatase face (001) showed
higher adsorption and photocatalytic conversion of acetaldehyde than these, which had
dominant faces of anatase (101) and (010) [12]. It was also reported that acetaldehyde
was adsorbed to a higher extent on the reduced anatase and rutile than on their oxidized
forms [13,14]. The mechanism of acetaldehyde adsorption and its further transformation
on TiO2 differs between its reduced and oxidized structure. It has been found that ac-
etaldehyde molecules undergo adsorption preferentially via oxygen vacancies sites in the
reduced titania, followed by formation of butene complex. Contrarily, on the oxidized
TiO2, acetaldehyde forms oxygen complexes and then is oxidized to acetate [13,14]. Many
experimental studies have shown that adsorbed acetaldehyde on the titania surface was
followed by an aldol condensation to form 3-hydroxybutanal and crotonaldehyde, but
partly was oxidized to acetate [15,16]. Crotonaldehyde can be photocatalytically converted
to acetate and formate species. The formed formate species can be further oxidized to
formic acid and CO2 [15,16]. Physically adsorbed acetaldehyde on the titania surface is
undergoing reversible desorption, whereas that which is chemisorbed follows further
transformation [10,11]. Therefore, high adsorption of acetaldehyde on the titania surface
does not guarantee its high photocatalytic conversion [10]. Recently, the group of Prof.
A. Fujishima reported that TiO2 modified through a solution plasma process exhibited
high photocatalytic activity towards acetaldehyde decomposition [8]. The solution plasma
process caused transformation of anatase to brookite and formation of some surface defects.
Most likely, these structural changes were responsible for enhanced activity of TiO2. Such
modification caused formation of oxygen vacancies and adsorption of hydroxyl groups
from the atmosphere (confirmed by XPS measurements). The authors explained that,
when oxygen vacancies were created on the TiO2 surface, oxygen adatoms attached to
these sites and formed hydroxyl groups through O2

•− radicals [8]. They also mentioned
that the optical structure of such solution plasma-modified TiO2 is quite different than
that formed through nitrogen modification. In their experiments, the oxygen vacancies
were located below the conduction band as surface state and did not show any shift of
the optical band edge but instead featured enhanced absorbance in the tail part of the
visible-light region [8]. Moreover, they reported that both ESR and XPS analyses showed
that the solution plasma-treated TiO2 contained no Ti3+ centers. In our previous studies,
we have proved that the presence of both oxygen vacancies and Ti3+ centers formed in
TiO2 upon ammonia modification were detrimental for acetaldehyde decomposition [17].
However, other researchers reported that Ti3+ defects, which were formed upon doping of
carbon quantum dots to TiO2, could improve separation of free charges and enhance pho-
tocatalytic decomposition of acetaldehyde [18]. However, an observed effect of enhanced
photocatalytic activity was caused by the increased yield in formation of superoxide radi-
cals rather than the quantity of Ti3+ species [18]. The impact of type and quantity of surface
defects in TiO2 on its photocatalytic properties towards acetaldehyde decomposition is
still under scientific debate. From the other side, formation of brookite phase could also
improve charge separation in titania material. The composition of anatase and brookite
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was found to be beneficial for the photocatalytic oxidation of acetaldehyde, because of
possible photoinduced transfer of electrons between anatase and brookite and suppression
of recombination reaction for electron/hole pairs [19,20]. The group of Prof. A. Fujishima
has also reported that visible-light absorbance of TiO2 treated by solution plasma process
could be influenced by brookite/anatase heterostructure formation [8].

The other problem which is still unsolved relates to the different states of TiO2, namely,
oxidized and reduced. Some researchers observed high reactivity of the reduced anatase
with dominant (001) face for the acetaldehyde adsorption [14]. They noticed formation
of 2-butanone and butene through the adsorption of paired CH3CHO molecules at the
reduced defect sites via oxygen [14]. However, thermal desorption of 2-butanone and
butene caused leaving the oxygen at the titania vacancy sites, so within the time the oxygen
vacancies were saturated with oxygen, they could be formed again after annealing of TiO2
at 850 ◦C [14]. Formation of butene complexes was also noted on the reduced rutile [13]. On
the oxidized rutile, some of the oxygen-acetaldehyde surface complexes were formed. One
of these complexes was found to undergo an easy and non-reversible transformation to a
highly stable surface acetate, which was desorbed from the surface at high temperature [13].
Although high adsorption of acetaldehyde was noted on the reduced titania in comparison
with its oxidized form, there is a lack of information on the impact of such a structure on
the yield of photocatalytic oxidation.

The role of titania defects in TiO2 depends on their quantity and localization. The
research studies performed by Di Valentin et al. [21] showed that the presence of Ti3+ centers
in TiO2 could form different electronic states in its structure. They differentiated four types
of Ti3+ centers, 6-fold coordinated, associated with H-doping, undercoordinated, associated
with oxygen vacancies and interstitial Ti3+ species [21]. Based on DFT calculations, it was
proved that various types of Ti3+ defects form different localized electron states densities
in TiO2, the interstitial ones are localized at the nearest valence band, but the 6-fold
coordinated type are very close to the bottom of the conductive band [21].

Formation of titania defects depends on the preparation method and the modifi-
cation agent. Higher reduction of TiO2 can be obtained at higher temperature of heat-
treatment [21]. Introducing the reduction agent during TiO2 preparation can accelerate
formation of titania surface defects. The aim of this study was focused on the prepara-
tion of TiO2 with different surface defects and investigation of their role in the photo-
catalytic decomposition of acetaldehyde. Preparation of TiO2 under hydrogen treatment
was performed. EPR measurements were applied for detection of titania surface de-
fects. The mechanism of acetaldehyde decomposition was elaborated based on FTIR and
TPD measurements.

2. Results

The results obtained from XRD and BET measurements are shown in Table 1. In
Figure 1, there are the results from XRD measurements.

Table 1. The phase composition, average anatase crystallites size, and BET surface area of the prepared and commercial
titania samples.

Sample Name HTT (◦C) BET Surface Area (m2/g)
Phase Composition

(Anatase: Rutile)
Average Crystallites
Size of Anatase (nm)

TiO2-A-150 150 215 95:5 15.2
TiO2-400-H2 400 155 97:3 15.1
TiO2-450-H2 450 130 96:4 16.3
TiO2-500-H2 500 81 96:4 24.3
TiO2-400-Ar 400 167 97:3 15.0
TiO2-450-Ar 450 139 95:5 15.5
TiO2-500-Ar 500 123 96:4 16.8
TiO2-600-Ar 600 68 96:4 25.5
Nanorutile - 122 97:3 5.3

KronoClean®7050 - 322 100:0 6.9
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contrary to others, had brownish color, which probably resulted from the reduction of 
titania. Hydrogenation of TiO2 has been widely described in the literature [22–24]. Black 
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UV and vacuum annealing at 300 °C [23], hydrogenation under atmospheric pressure at 

Figure 1. XRD patterns of: (a) samples heat treated under argon in 400–600 ◦C, (b) samples heat treated under hydrogen in
400–500 ◦C, (c) commercial samples.

From the comparison of the parameters of titania samples prepared under hydrogen
and argon atmospheres, it can be observed that reducing atmosphere of hydrogen accel-
erated crystallization of anatase. The rapid growth of anatase crystallites took place at
500 ◦C for titania heated under flow of hydrogen gas, whereas in Ar atmosphere, a similar
effect was observed at 600 ◦C. Hydrogen could be adsorbed on the surface defects of TiO2
and contributed to the desorption of surface hydroxyl groups. Therefore, amorphous and
hydroxylated titania heat-treated under hydrogen could undergo crystallization faster than
in argon atmosphere. The phase composition of samples was rather stable.

The optical properties of titania samples were investigated by UV-Vis/DR measure-
ments. The results are presented in Figure S1 (Supplementary Material).

Generally, there was no observed bandgap shift in the absorption edge; only sample
heated at 500 ◦C showed absorption of light in the visible range 400–650 nm. This sample,
contrary to others, had brownish color, which probably resulted from the reduction of
titania. Hydrogenation of TiO2 has been widely described in the literature [22–24]. Black
TiO2 can be obtained through various methods, such as the reduction of titania with
hydrogen under high pressure and low temperature such as 200 ◦C [22], reduction under
UV and vacuum annealing at 300 ◦C [23], hydrogenation under atmospheric pressure at
temperature of 500 ◦C and subsequent rapid cooling, hydrogenation plasma treatment, or
through reduction with various metals, such as aluminum, zinc, and magnesium [24].

Black color is caused by structural modifications of titania such as: presence of Ti3+

through self-doping, surface hydroxyl groups, oxygen vacancies, and Ti-H bonds [24].
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The color of sample depends on the reduction method. White TiO2 can be transformed
to gray, blue, brown, or black color, depending on the preparation conditions [22]. The
resulting color is ascribed to the formation of various amounts of Ti3+ and oxygen vacancies.
Increasing the “level” of reduction leads, in general, to a higher density of defects (e.g., Ti3+

and oxygen vacancies concentration) and consequently to “darker” TiO2 powders [22].
In Figure 2, the EPR spectra of titania samples heated under both hydrogen and argon

atmospheres were illustrated.
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Figure 2. EPR spectra of TiO2 samples heat-treated at 400–600 ◦C under hydrogen (left) and argon (right).

For samples reduced in hydrogen, there was one narrow signal at g = 2.012, which can
be assigned to the Ti4+O2−Ti4+O•− on anatase [25]. This signal was the most intensive in
sample heated at 500 ◦C. Additionally, for sample heated at 500 ◦C some other signals were
observed. However, they were very broad and exposed low intensity. Calculated g values
for these signals were around 1.988 and 1.971, resulted from the formation of surface Ti3+

in solid anatase and rutile phases, respectively [25]. Titania samples heated in argon at 450
and 600 ◦C showed also one high-intensity signal related to the O•− radicals in anatase. The
sample heated in argon at 500 ◦C did not show any structural defects. It is most likely that
at this temperature of heat treatment the whole crystallization of anatase crystals occurred,
but at 600 ◦C self-reduction of anatase took place. The commercial samples, nanorutile and
KRONOClean 7050, did not show any signals in the performed EPR spectra.

Formation of hydroxyl radicals on the surface of the titania samples under UV irradia-
tion was measured in an aqueous solution of terephthalic acid. The results related to the
formation of the reaction product, 2-hydroxyterephthalic acid, are shown in Figure 3.

In the case of titania samples heated in argon atmosphere, the speed of OH radical
formation was accelerated with increasing the temperature of heat treatment during their
preparation. This can be related to the increase in their crystallites size and improved
separation of free radicals. Impact of anatase crystallites size on the lifetime of free radicals
was reported elsewhere [26]. In the case of samples reduced under hydrogen, the highest
formation of hydroxyl radicals was noted on sample prepared at 450 ◦C, although that
prepared at 500 ◦C had higher crystallites size. The commercial samples such as nanorutile
and KRONOClean 7050 were also tested for OH radical formation under UV irradiation
(Figure 3c). The obtained results showed poor oxidation ability of nanorutile in comparison
to KRONOClean 7050, which has an anatase structure. Such low generation of hydroxyl
radicals on rutile was caused by its lower oxidation potential in comparison to anatase,
and higher reduction abilities [27].
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Figure 3. OH radical formation during irradiation of UV light on the prepared titania samples under
(a) argon, (b) hydrogen, and (c) commercial.

In the next step, photoluminescence measurements were performed for the prepared
and commercial titania samples. The emission spectra were recorded at the wavelength
range of 330 to 700 nm after excitation at 290 nm. The results are presented in Figure 4.
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Photoluminescence spectra give information about radiative recombination of free
radicals in TiO2 after its excitation. The recombination process is related to the physico-
chemical properties of titania samples, such as: crystallinity and surface defects, phase
composition, crystallites size, and the presence of amorphous TiO2 and some impurities.
It was already proved that, during heat-treatment of TiO2 up to 450 ◦C, the amorphous
part changed to crystalline structure and dehydrogenation of titania surface took place [28].
TiO2 samples consisting of high-crystallinity anatase such as KRONOClean 7050 and
TiO2-450-Ar showed the photoluminescence emission spectra of low intensity contrary
to nanorutile-type TiO2. Sample prepared at 450 ◦C under H2 treatment showed higher
photoluminescence intensity than that prepared in Ar atmosphere. The most probably
formed surface defects (hole traps) in TiO2-450-H2 sample increased recombination of free
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carriers. This fact could be explained by an increasing amount of OH groups on the TiO2
surface through the formed hole-traps defects. During irradiation of TiO2 at 290 nm, OH
radicals were formed by reaction of holes with adsorbed hydroxyl groups. However, they
could recombine with electrons in the absence of any organic compound.

Contrary to that, TiO2-500-H2 sample showed a lower recombination process. This
sample had both kinds of surface defects, hole and electron traps. The presence of electron
traps in this titania sample could increase adsorption of atmospheric oxygen on its surface
and induce formation of O2

•−. This could conduct to suppressing the recombination
process.

The prepared samples were tested for the photocatalytic decomposition of gaseous
acetaldehyde under irradiation of a fluorescent lamp. The results are presented in Figure 5.
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Around 30% of acetaldehyde was decomposed at the flowing rate of gas equal to
20 mL/min. The highest percent of acetaldehyde decomposition was noted on titania
prepared at 450 ◦C under hydrogen. Somewhat lower decomposition was observed on
TiO2 sample prepared at 500 ◦C in Ar. Generally, samples prepared at higher temperatures
showed lower photocatalytic activity. In the case of commercial samples, nanorutile showed
poor activity, whereas KRONOClean7050 decomposed acetaldehyde in the quantity of
around 30%, similar to the best active sample among all the prepared ones.

Photocatalytic decomposition of acetaldehyde on TiO2 depends on the interaction of
the acetaldehyde molecules with the titania surface and its transformation path upon the
photocatalytic process. Therefore, FTIR analysis of the titania surface for selected samples
was performed before acetaldehyde adsorption, after adsorption in the dark, and then after
the photocatalytic process.

In Figure 6, some FTIR spectra from performed measurements are presented, as orig-
inal, titania samples do not differ much from each other. However, in the commercial
samples were a higher intensity peak at the wavelength of around 3800–2500 cm−1, at-
tributed to the OH group. Additionally, TiO2 after reduction with H2 at 500 ◦C showed a
small intensity band at 1518 cm−1. This peak can be assigned to some -COO groups. The,
most probably, CO2 molecules were adsorbed on its surface due to the formed defected
structure after hydrogen treatment. Nanorutile also showed some bands at 1435 and
1318 cm−1, which can be assigned to δ CH3 vibrations [1].

FTIR spectra of the titania samples after acetaldehyde adsorption are presented in
Figures 7 and 8. For each sample, both kinds of spectra are presented: originally recorded
by spectrometer (Figure 7) and after subtracting the spectrum of pure sample (Figure 8).
Titania samples heat-treated in Ar at 500 and 600 ◦C, and that prepared in H2 at 450 ◦C,
showed some similarities with bands at the range of 1706–1770 cm−1, which are typical
to acetic acid and formate species and can be assigned to ν(C=O) vibrations [15,29,30].
Both samples Ar-500 and Ar-600 indicated the presence of acetate at the wavelengths of
1414 and 1418 cm−1 (CH3 species). However, only Ar-500 samples showed some band of
low intensity at 1292 cm−1, assigned to ν(C–O) vibration in the acetic acid. In the case of
sample H2-450 there were observed signals at 1556, 1514, and 1438 cm−1, which indicate the
vibration of νa(COO) in both acetate and formate species. In the original recorded spectrum
of TiO2-500-H2 sample, it was difficult to conduct accurate analyses, because observed
peaks exhibited very low intensity. However, after subtraction of spectrum recorded for
the pure sample, some bands could be clearly observed.
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Figure 6. FTIR spectra of the titania samples, (a) as prepared and (b) commercial.
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Figure 7. FTIR spectra of titania samples recorded after acetaldehyde adsorption: (a) prepared and
(b) commercial.
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Figure 8. FTIR spectra of titania samples after acetaldehyde adsorption—subtracted from these before adsorption.

The bands at 1769 and 1719 cm−1 can be ascribed as ν(C=O) vibrations in the formate.
Those at 1579 and 1295 cm−1 were νa(COO)aq and ν(C–O) vibrations, respectively, and
are characteristic to the presence of acetic acid. On the other hand, both bands at 1386
and 1458 cm−1 can be assigned to acetic acid δ(CH3) and acetate ν(COO) [29]. FTIR
spectrum of nanorutile showed high-intensity peaks at 1514, 1445, and 1259 cm−1, which
can be attributed to ν(COO) and CH3 vibrations in the acetate and ν(C-C) in acetone,
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respectively [1,29]. The band at 1421 cm−1 can be assigned to acetate vs(COO)ads. The
band at 1710 cm−1 can be assigned to ν(C=O) vibration in acetone. An additional small
intensity peak at 1762 cm−1 was observed, which can be assigned to ν(C=O) bound in
formate. This means that partial oxidation of acetaldehyde to formate species on nanorutile
could have occurred.

The commercial sample KRONOClean 7050 showed high-intensity bands at 1547
and 1429 cm−1, assigned to ν(COO) vibrations in the acetate. An additional band at
1335 cm−1, assigned to CH3 group in acetate, confirmed that acetaldehyde was oxidized to
acetate species on the surface of this sample. The band at 1718 cm−1 corresponded to C=O
vibration in formate species [1].

In the next step, FTIR measurements were performed for titania samples after the
photocatalytic process. The results are presented in Figure 9 for original and Figure 10
subtracted spectra.
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Figure 9. FTIR spectra of titania samples recorded after photocatalytic decomposition of acetaldehyde:
(a) prepared and (b) commercial.
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Figure 10. FTIR spectra of titania samples after photocatalytic decomposition of acetaldehyde—subtracted from these
before adsorption.

In the case of nanorutile sample, the FTIR spectrum after photocatalysis was quite
similar to that after acetaldehyde adsorption. Still, high intensity bands related to acetate
species were observed (at 1514, 1445, and 1028 cm−1). However, the peaks attributed to ace-
tone (at 1710, 1421, and 1259 cm−1) disappeared, and just a low-intensity peak at 1354 cm−1

assigned to ν(COO) vibrations in formate was observed. The, most probably, acetic acid
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adsorbed on the rutile surface was not decomposed after photocatalytic process. A similar
effect was observed by other researchers [29]. The anatase-type TiO2 KRONOClean 7050
showed insignificant changes in FTIR spectrum after photocatalysis. The same bands were
observed, just with lower intensity. A pronounced change in FTIR spectrum was noted
for TiO2-500-H2 sample, and peaks assigned to formate species (at 1769 and 1719 cm−1)
disappeared, but acetate species (at 1582 and 1444 cm−1) assigned to ν(COO) vibrations
remained [1,29]. TiO2 sample prepared in H2 at 450 ◦C showed insignificant changes
in FTIR spectrum after photocatalysis in comparison with the state before acetaldehyde
adsorption. Low intensity peaks at 1713, 1588, and 1444 cm−1 assigned to v(C=O), v(COO),
and v(CH3) vibrations in acetate were visible. Additionally, a small band at 1673 cm−1

assigned to v(C=O) vibrations in acetic acid was observed. In the case of sample prepared
at 500 ◦C in Ar, after photocatalysis a new band at 1562 cm−1 related to acetate species
appeared and that which was characteristic to acetic acid v(C-O) at 1292 cm−1 disappeared.

TPD measurements were performed in order to analyze formed products upon ac-
etaldehyde adsorption on TiO2 and its further photocatalytic transformation. The main
product analyzed during thermal desorption was an acetic acid. However, for treated
nanorutile and TiO2-500-H2 samples, acetone was also observed. High quantity of acetic
acid desorption was noted for samples TiO2-500-Ar and TiO2-450-H2 (Figure 11a). After
the photocatalytic process, a part of the acetic acid was still present on the surface of the
TiO2-500-Ar sample, whereas on the latter sample (TiO2-450-H2) it was in trace amounts
only, as shown in the TPD plot in Figure 11b. Titania sample heated at 600 ◦C in Ar did not
show any pronounced desorption peaks during thermal heating up to 250 ◦C (Figure 11a,b).
A certain similarity during analyses of thermal desorption peaks between nanorutile and
TiO2-500-H2 samples was found. These samples did not expose any desorption peaks
of an acetic acid, but instead of this, acetone species were identified (Figure 11c,d). The
commercial anatase sample KRONOClean 7050 did not show any desorption peaks at this
temperature program range.

Catalysts 2021, 11, x FOR PEER REVIEW 16 of 23 
 

 

product analyzed during thermal desorption was an acetic acid. However, for treated 
nanorutile and TiO2-500-H2 samples, acetone was also observed. High quantity of acetic 
acid desorption was noted for samples TiO2-500-Ar and TiO2-450-H2 (Figure 11a). After 
the photocatalytic process, a part of the acetic acid was still present on the surface of the 
TiO2-500-Ar sample, whereas on the latter sample (TiO2-450-H2) it was in trace amounts 
only, as shown in the TPD plot in Figure 11b. Titania sample heated at 600 °C in Ar did 
not show any pronounced desorption peaks during thermal heating up to 250 °C (Figure 
11 a,b). A certain similarity during analyses of thermal desorption peaks between nano-
rutile and TiO2-500-H2 samples was found. These samples did not expose any desorption 
peaks of an acetic acid, but instead of this, acetone species were identified (Figure 11c,d). 
The commercial anatase sample KRONOClean 7050 did not show any desorption peaks 
at this temperature program range. 

     
Figure 11. Cont.



Catalysts 2021, 11, 1281 17 of 23
Catalysts 2021, 11, x FOR PEER REVIEW 17 of 23 
 

 

  
Figure 11. Thermal desorption peaks from titania samples heated up to 250 °C: (a) after adsorption of acetaldehyde, (b) 
after photocatalytic decomposition of acetaldehyde, (c) nanorutile, and (d) TiO2-500-H2. 

3. Discussion 
These results showed difference in the interaction of the titania surface with acetal-

dehyde between samples. Nanorutile and TiO2 reduced under hydrogen treatment (TiO2-
500-H2) revealed high adsorption of acetate species on FTIR spectra, the products of acet-
aldehyde decomposition. However, these species did not desorb during thermal treat-
ment up to 250 °C and did not follow photocatalytic decomposition during illumination 
of a fluorescent lamp. These species were strongly bound to the titania surface. Similar 
observations were reported elsewhere for TiO2 of rutile structure [13,29]. It was also re-
ported that acetaldehyde formed butene complexes on rutile and reduced anatase through 
the coupling reaction of two paired acetaldehyde molecules adsorbed on the titania sur-
face [13,14]. Moreover, it was reported that these complexes had high thermal stability 
and could impede acetaldehyde decomposition. According to the literature, the butene 
complexes desorb at the temperature of 530 K [13]. During performed TPD analyses, bu-
tene complexes were not detected, probably because of low temperature of programmed 
desorption. However, it is suspected that butene complexes were present on the nano-
rutile and TiO2 reduced with H2 at 500 °C, and acetone was a product of their decomposi-
tion. 

Commercial titania KRONOClean 7050 showed some acetate and formate ionic spe-
cies on the surface after interaction with acetaldehyde. However, these species were 
poorly analyzed during TPD analyses. It is most likely that they were binding with the 
anatase surface together with water molecules, because this sample had a highly hydrox-
ylic surface. Moreover, this sample was highly porous and, most probably, desorption of 
these species could occur at higher temperatures. The titania sample prepared at 450 °C 
under hydrogen showed the highest rate of acetaldehyde decomposition among the other 
prepared samples. High interaction of acetaldehyde molecules with the surface of this 
sample resulted in high conversion to acetic acid in the dark and then rapid decomposi-
tion of all the adsorbed species during illumination of with a fluorescent lamp. Titania 

3.1 3.2 3.3 3.4 3.5 3.6
In

te
ns

ity
 / 

a.
u.

 

Time / min

Adsorption

(d)

Figure 11. Thermal desorption peaks from titania samples heated up to 250 ◦C: (a) after adsorption of acetaldehyde, (b) after
photocatalytic decomposition of acetaldehyde, (c) nanorutile, and (d) TiO2-500-H2.

3. Discussion

These results showed difference in the interaction of the titania surface with ac-
etaldehyde between samples. Nanorutile and TiO2 reduced under hydrogen treatment
(TiO2-500-H2) revealed high adsorption of acetate species on FTIR spectra, the products
of acetaldehyde decomposition. However, these species did not desorb during thermal
treatment up to 250 ◦C and did not follow photocatalytic decomposition during illumi-
nation of a fluorescent lamp. These species were strongly bound to the titania surface.
Similar observations were reported elsewhere for TiO2 of rutile structure [13,29]. It was
also reported that acetaldehyde formed butene complexes on rutile and reduced anatase
through the coupling reaction of two paired acetaldehyde molecules adsorbed on the
titania surface [13,14]. Moreover, it was reported that these complexes had high thermal
stability and could impede acetaldehyde decomposition. According to the literature, the
butene complexes desorb at the temperature of 530 K [13]. During performed TPD analyses,
butene complexes were not detected, probably because of low temperature of programmed
desorption. However, it is suspected that butene complexes were present on the nanorutile
and TiO2 reduced with H2 at 500 ◦C, and acetone was a product of their decomposition.

Commercial titania KRONOClean 7050 showed some acetate and formate ionic species
on the surface after interaction with acetaldehyde. However, these species were poorly
analyzed during TPD analyses. It is most likely that they were binding with the anatase
surface together with water molecules, because this sample had a highly hydroxylic surface.
Moreover, this sample was highly porous and, most probably, desorption of these species
could occur at higher temperatures. The titania sample prepared at 450 ◦C under hydrogen
showed the highest rate of acetaldehyde decomposition among the other prepared samples.
High interaction of acetaldehyde molecules with the surface of this sample resulted in high
conversion to acetic acid in the dark and then rapid decomposition of all the adsorbed
species during illumination of with a fluorescent lamp. Titania surface defects (hole traps)
can increase adsorption and oxidation of acetaldehyde molecules. Formed upon oxidation,
carbonyl radicals can take part in the chain reactions of acetaldehyde decomposition [5,8].
The group of Prof. A. Fujishima reported high conversion of acetaldehyde to acetic acid
under weak UV irradiation of TiO2 with high quantum yield, which was estimated to
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be around 150%. Such high yield of acetic acid formation was a result of a radical-chain-
type process [31]. This mechanism of acetaldehyde decomposition is beneficial, because
occurring radical-chain reactions can conduce to efficient decomposition of acetaldehyde
under indoor light.

Commercial titania KRONOClean 7050 also showed a high decomposition rate of
acetaldehyde. However, after the photocatalytic process its surface was loaded with
products of acetaldehyde decomposition, so this photocatalyst could be deactivated with
the proceeding time of exploitation.

4. Materials and Methods
4.1. Preparation of Reduced TiO2

Titania pulp was used as a source of TiO2, which was received from the Chemical
factory “Police” S.A. Grupa Azoty (Poland). This material was a semi-product obtained
from titania white production and contained a few percent of sulfuric compounds. This
product was taken after hydrolysis of titania but before the calcination process, so it had
a mostly amorphous structure with a significant share of anatase crystallites, around
11%, and 3.5% of rutile nuclei, which are usually added before the calcination process to
accelerate transformation of anatase into rutile. The measured surface area of a dried titania
pulp was equal to 230 m2/g and the average size of anatase crystallites determined from
XRD measurements was equal to 7.6 nm. Preparation of the reduced TiO2 consisted of two
steps. In the first step, titania material underwent hydrothermal treatment at 150 ◦C in an
autoclave for 1 h under pressure of 7.4 bars. In the next step, titania was dried at 100 ◦C
overnight and then submitted to a heat-treatment process in a pipe furnace at temperatures
of 400–500 ◦C under flow of hydrogen gas (30 mL/h). For comparison, heat-treatment of
TiO2 under Ar gas was performed.

4.2. Analytical Methods

The prepared samples were characterized by different analytical methods, such as:
X-ray diffraction (XRD), UV-Vis and FTIR spectroscopies, EPR, nitrogen adsorption at 77 K,
elemental analyses, zeta potential, and TPD (temperature-programmed desorption). The
ability of photocatalysts for hydroxyl radical formation under UV-Vis light was measured
in the aqueous solution by a fluorescence technique.

XRD measurements were performed in an Empyrean diffractometer from PANana-
lytical (Almelo, The Netherlands) with use of a Cu X-ray source, λ = 0.154439 nm. The
measurements were performed in the 2θ range of 20–80◦ with step 0.05. The applied
voltage was 35 KV and current 30 mA. The phase composition of TiO2 was calculated from
the equations:

XR =
IR

IR + 0.75IA
(1)

XA = 1− XR (2)

where:
XA, XR—molar fractions of anatase (A) and rutile (R),
IA, IR—intensities of reflexes of anatase (101) and rutile (110).
Coefficients used in Equation (1) were estimated on the bases of Reference Intensity

Ratio (RIR) values for the identified phases of TiO2 obtained from the database PDF4+.
The mean size of crystallites (D) was calculated from the Scherrer Equation (3):

d =
K·λ

(β− b)·cos θ
(3)

where:
K—shape factor (K = 0.93),
λ—the wavelength of Cu lamp [nm],
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β—the width of the peak at half the maximum intensity after subtraction of back-
ground [rad],

b—apparatus dilatation [rad],
θ—the diffraction angle [◦].
UV-Vis/DRS spectroscopy was applied to investigate the impact of the introduced

surface titania defects on the optical properties of titania samples. The measurements were
performed in a V-650 spectrometer from Jasco (Tokyo, Japan). The spectra were recorded
in the range of 200–800 nm with the scanning speed 1 nm/sec. As a reference, BaSO4 was
used. The obtained data were converted to the Kubelka–Munk function and then energies
of the band gap were determined.

FTIR spectroscopy was performed for powdered titania samples as prepared, after
adsorption of acetaldehyde and after the photocatalytic process. The measurements were
performed in an FTIR 4200 spectrometer from Jasco by use of the reflection technique.

Spectra were recorded with a resolution of 4 cm−1 and a scanning speed of 1 nm/sec.
The background was subtracted in each measurement spectrum.

Magnetic resonance experimentation was performed using a conventional X–band
Bruker ELEXSYS E 500 CW–spectrometer operating at 9.5 GHz with 100 kHz magnetic
fields modulation. The first derivative of the absorption spectra was recorded as a function
of the applied magnetic field within a 0–1.4 T range. Temperature dependences of the
spectra were recorded using the Oxford Instrument ESP, nitrogen-flow cryostat in a range
of 77–300 K.

The sulfur content in TiO2 was determined by EDXRFS (energy-dispersive X-ray fluo-
rescence spectroscopy). For that purpose, the spectrometer Epsilon3 from PANanalytical
was used, and the method of internal pattern was applied.

The BET surface area of samples was determined from the measurements of nitrogen
adsorption at the temperature of 77 K in a QUADRASORB Si analyzer from Quantachrome
(USA). Before adsorption, the samples were outgassing under vacuum at 150 ◦C for 12 h.
For calculation of the specific surface area, BJH method was used.

The electrokinetic potential of titania samples was measured in a Zetasizer Nano ZS
analyzer of Malvern Company. For measurements, the titania samples were dispersed in
an aqueous solution and stirred by a magnetic stirrer.

Photoluminescence spectra were recorded in a fluorescence spectrometer Hitachi
F-2500 using a low-temperature sample compartment accessory. The measurements were
performed at the temperature of liquid nitrogen, at an excitation wavelength of 290 nm.
The emission spectra were recorded in the range of 330–700 nm.

For TD (Thermal Desorption) experiments followed by GC-MS, the equipment used
for the analysis was a gas chromatograph (Agilent Technologies 6890 N) in splitless mode
with a cis4+(PTV) Gerstel injector and a horizontal Thermal Desorption System Gerstel
TDS-2 coupled to a mass spectrometer (Agilent 5973 N) as a selective detector. An The
Agilent 5973 N mass spectrometer based on an electron impact ionization (EI) source and a
quadrupole analyzer. The equipment allows comparison of the problem spectrum with a
collection of spectra stored in memory (Wiley 275 Mass Spectral Data Library, included
with the MSD ChemStation software of the 6890 Agilent GC System).

The GC-MS system was fitted with the Agilent J&W Scientific DB-624 column (6%
Cyanopropylphenyl/94% Dimethylpolysiloxane, inner diameter: 0.25 mm, length: 30 m,
film: 1.4 mm, whose temperature working range is −20–260 ◦C).

An aliquot of sample was introduced in an empty TD Gerstel glass tube (Supelco,
Bellefonte, PA USA). This tube was placed in the Thermal Desorption System at 40 ◦C,
held for 0.5 min. The thermal desorption program consisted of a temperature ramp from
40 to 250 ◦C at a 60 ◦C/min rate, and the holding time at the maximum temperature was
6 min. The carrier gas was helium (100 mL/min) and the transfer line temperature was
300 ◦C. The desorbed compounds were cryofocused in the cooled injection (PTV injector
cooled to −150 ◦C with liquid nitrogen) until the end of the desorption procedure. Then,
the temperature was rapidly increased from −150 to 250 ◦C at a speed of 10 ◦C/s for 3 min,
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transferring the compounds to the GC column by operating in solvent vent mode using a
purge flow to split bent of 40 mL/min He for 2 min. The GC temperature program featured
the following conditions: isothermal hold at 30 ◦C for 5 min, and; temperature ramp of
10 ◦C/min up to 250 ◦C, held for 5 min. The carrier gas was helium (1.4 mL/min). The MS
system was operated in the solvent vent mode, under the following conditions: mass range,
30–350 u; ionization potential, 70 eV; source temperature, 230◦ C, and; MS quadrupole
temperature, 150 ◦C.

4.3. Photocatalytic Tests

The activity of titania samples towards OH radical formation was measured through
the photooxidation of the terephthalic acid in an aqueous solution. The formed reaction
product was 2-hydroxyterephthalic acid, a highly fluorescent compound, which was
analyzed in the fluorescence spectrometer. For illumination of titania, a UV-Vis solar
lamp was used from Philips (The Netherlands). The emission spectrum of this lamp was
measured using a USB4000 Fiber Optic Spectrometer (Ocean Optics). The results are
illustrated in Figure 12.
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Figure 12. The emission spectrum of the UV-Vis solar lamp (Philips).

The photocatalytic tests were performed for the synthesized samples and two commer-
cial ones, “nanorutile” produced by Sachtleben (Krefeld, Germany) and nanocrystalline
anatase KRONOClean 7050, produced by Kronos International Ltd. (Germany).

Photocatalytic decomposition of gaseous acetaldehyde was carried out in the pho-
tocatalytic quartz reactor, which was irradiated by the fluorescence lamps. The emission
spectrum of this lamp was also measured using a USB4000 Fiber Optic Spectrometer. See
Figure 13.
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Additionally, two sensors were applied (CM3 Kipp & Zonen Pyranometer and PD204AB
Cos Macam Photometrics Ltd., The Netherlands) to measure the radiation intensity in the
range of UV-Vis-NIR and UV-AB. These intensities were equal to 72.6 and 0.7 W/m2 for
UV-Vis-NIR and UV-AB ranges, respectively.

This photoreactor was mounted inside the thermostatic chamber. The process was
conducted at a temperature of 25 ◦C, and gaseous model pollutant was supplied to the
reactor from the bottle, which contained mixture of dry synthetic air and acetaldehyde
(300 ppm). The photocatalytic samples were coated on the glass plates with dimension
20 mm × 20 mm, then six plates were placed inside the reactor, so the total reactive surface
was equal to 24 cm2. At first, the gas was flowing through the reactor and acetaldehyde
was adsorbed on the titania surface. After stabilization of acetaldehyde concentration in
the space chamber, the lamps were switched on and then the photocatalytic process began.
The concentration of the acetaldehyde was measured in a gas chromatograph with an FID
detector. At the same time, concentration of CO2 was measured in the outlet stream by CO2
sensor. The scheme of the photocatalytic installation system was reported elsewhere [17].

5. Conclusions

This study showed high impact of O•− titania surface defects on the photocatalytic
oxidation of acetaldehyde. Formed hole traps upon hydrogenation of TiO2 at 450 ◦C
could increase oxidation of acetaldehyde, which was adsorbed on the titania surface. The
quantum yield of this reaction was over 100%, because of the chain-reaction mechanism
involved. Such defected structure can increase the amount of terminal OH groups, which
take part in the hydroxyl radical formation. These radicals can significantly improve the
mineralization process of the acetic acid. Hydrogenation of TiO2 at 500 ◦C conduced to
formation of Ti3+ defects and oxygen vacancies. Formed titania surface defects in these
conditions improved separation of free carriers. However, acetaldehyde molecules were
adsorbed at different active sites than in the case of sample prepared at 450 ◦C under
hydrogen. The most probably in TiO2 containing Ti3+ and oxygen vacancy, acetaldehyde
was adsorbed at the oxygen vacancy sites via aldehyde group and then from two adsorbed
acetaldehyde molecules, some oxygen-butene complexes were formed on titania surface,
which were followed oxidation to the acetic acid. Formed in this way, acetic acid was
strongly bound with the titania surface and did not follow vulnerable photocatalytic
decomposition. In fact, such defected titania structure impedes the total mineralization
of adsorbed acetaldehyde molecules. Prepared TiO2 under hydrogen treatment at 500 ◦C
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showed a similar mechanism of acetaldehyde decomposition as nanorutile, which has
lower oxidation properties than anatase. This means that formation of oxygen vacancies
and electron traps in TiO2 increase its reductive properties, which change the mechanism
of acetaldehyde decomposition. This study showed the high impact of carbonyl radicals
on acetaldehyde decomposition. These carbonyl radicals were formed upon oxidation
with hole traps. Such a mechanism of acetaldehyde decomposition was earlier reported
by the group of Prof. A. Fujishima [5,8,31]. This study showed that this mechanism is
the most favorable in rapid decomposition of acetaldehyde. The properties of titania
towards acetaldehyde decomposition can be improved via hydrogenation process at a low
temperature such as 450 ◦C, but at a higher temperature of TiO2 treatment Ti3+ centers are
formed, that make the mechanism of acetaldehyde decomposition less efficient.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111281/s1, Figure S1: UV-Vis/DR spectra of TiO2 samples heat-treated under (a)
hydrogen, and (b) argon.
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