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Purification of air from the VOCs (Volatile Organic Compounds) by the photocatalytic process has been confirmed
to be very perspective. Although many various photocatalysts have been prepared and studied so far, TiO, is still
the most commonly used, because of its advantageous properties such as non-toxicity, relatively low cost and high
stability. Surface modifications of TiO, were extensively proceeded in order to increase photocatalytic activity of the
photocatalyst under both UV and visible light activations. High yield of VOCs decomposition can be achieved on
TiO2, depending on its structure and preparation method. The contact time of reactant with the active sites of TiO2
surface will determinate the efficiency of the photocatalytic process. Although VOCs decomposition can occur

under weak UV light, more intensive UV irradiation will guarante complete mineralisation process.

TiO2 photocatalyst Acetaldehyde removal Surface modification Nanoparticles preparation

Surface characterization UV and visible light photocatalysis Acetaldehyde adsorption on TiO2

| 1. Introduction

According to classification provided by companies to ECHA in REACH registrations acetaldehyde was identified as
a substance, which is suspected of causing cancer. Formaldehyde was also classified as a cancerogenic
substance and its concentration in wooden products is regulated under TSCA (Toxic Substances Control Act)
program in the United States. The concentration of VOCs in the indoor air is not high, however can be dangerous
for human’s health. Therefore, some of air cleaning processes can be utilized to solve this problem . Recently,

one of the mostly explored method of VOCs degradation is photocatalysis with application of TiO, as the
photocatalyst [2] [4][S][6][71[8][91[10][11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30]

The schematic diagram of processes occurring during photocatalytic oxidation of acetaldehyde on an illuminated
TiO, particle was proposed by Fujishima et al. (Figure 1) &1,
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Figure 1. Schematic diagram of processes occurring during photocatalytic oxidation of acetaldehyde on an

illuminated TiO- particle .

In general, the first oxidation product of acetaldehyde conversion is acetic acid, which can be mineralised to CO».
The remaining methyl radical is transformed into formaldehyde, which can be further oxidised to formic acid and
eventually to CO2. The scheme of the acetaldehyde transformation on the titania surface upon UV illumination has
been already reported elsewhere 4 Below in Figure 2 there is an outline of the path of acetaldehyde conversion

by TiO2 under weak UV illumination:
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Figure 2. The proposed reaction mechanism for the photocatalytic degradation of acetaldehyde by TiO, under

weak UV illumination

The photocatalytic conversion of acetaldehyde on TiO,-based materials depends on their structural parameters,

phase composition and a way of chemical bounding to the surface 2IEIZIE

2. Preparation of TiO, and Impact of Its Structural Properties
on Acetaldehyde Decomposition

For application of TiO» in air purification, the nanosized material with high specific surface area will be preferable.
For production of nanosized TiO; following methods were developed: hydrothermal, sol-gel, chemical vapor

deposition (CVD), solvothermal, flame spray pyrolysis, electrochemical, microemulsion, micelle and inverse micelle
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methods, sonochemical reactions and plasma evaporation. It was proved, that TiO, prepared by a sol-gel method,
which consisted of mixed phases anatase and brookite had enhanced photocatalytic activity towards acetaldehyde
decomposition 2!,

The solution plasma treatment of anatase can also lead to phase transformation of anatase to brookite 19,
Moreover, solution plasma treatment of TiO, resulted in formation of some oxygen surface defects (9. Both,
oxygen surface defects and mixture of anatase and brookite improved charge separation in the titania sample 29,
Prepared in such way TiO, showed high activity towards acetaldehyde decomposition under both, UV and visible
light. Visible light activity of this TiO, was even higher than that, prepared by nitrogen doping, as it was illustrating
in Figure 3 [0,

Figure 3. Quantitative comparison of CO, conversion rate (%) from the photocatalytic acetaldehyde degradation
experiments using different photocatalyst samples 19,

It was widely reported in the literature, that for the efficient acetaldehyde decomposition, anatase-type TiO, is more
active, than rutile 1. Anatase type TiO, with mesoporous structure and large surface area (117 m?/g ) appeared to
be the most active for acetaldehyde decomposition among the other prepared anatase samples 2. The other
titania structures can be also applied for air purification. The ordered titania nanotubes (TNT) revealed high activity
towards acetaldehyde decomposition. This activity was enhanced with increasing their length. Found optimum
length of TNT for acetaldehyde decomposition was around 17 um . These TNT were prepared by anodizing Ti foil
at 20 V in formamide-based electrolyte for 6 h. Titania nanorods such as titania nanowires or nanofibres can be
also applied for air purification, however their activity is more pronounced after modification with some species of
metals such as Au or Fe 134 Dependence of the exposed anatase crystal faces on the photocatalytic
decomposition of acetaldehyde was also reported &, Titania structures with a large fraction of exposed anatase

(001) facets exhibited higher activity towards acetaldehyde decomposition than these exposing predominantly
(101) 8IS,
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3. Adsorption of Acetaldehyde and Its Photocatalytic
Transformation on TiO,

In the photocatalytic gas-phase reactions contact of the organic molecules with the photocatalyst surface is crucial.
It was widely reported that acetaldehyde adsorbed on the anatase surface can undergo an aldol condensation to
produce crotonaldehyde BIBILSILT performed in situ FTIR experiments of acetaldehyde adsorption showed, that
acetaldehyde underwent both the aldol condensation and to a minor extent - oxidation 8. The aldol condensation
resulted in the formation of 3-hydroxybutanal and crotonaldehyde, while the oxidation processes led to formation of
bidentate acetate, which was bounded to the titania surface 1€, It was also revealed, that upon illumination of TiO,
with UV light, the initially formed species were converted into several other intermediates, such as: acetic acid,
formic acid, and formaldehyde [8l. Crotonaldehyde was photocatalytically converted to acetate and formate

species. The formed formate species could be further oxidized to formic acid and eventually to CO, 16,

Adsorption of acetaldehyde on the titania surface is essential, however, the way of acetaldehyde binding with the
surface seems to be crucial for its conversion by mean of photocatalytic reactions. It was reported that
acetaldehyde could be adsorbed either physically or chemically on the titania surface WBILA. Under the humid
conditions or on highly hydroxylated titania surface, acetaldehyde is mainly physisorbed with possible reversible
desorption BIRILA Contrary, the chemical binding of acetaldehyde on titania surface takes place on the low
hydroxylated surface and then its further conversion occurs 2. The stability of formed intermediates on the titania

surface influences the efficiency of the acetaldehyde degradation.

Acetaldehyde is more favorable adsorbed on anatase, and undergoes an aldol condensation in the dark, whereas
on rutile the oxidation of acetaldehyde to acetic and formate species takes place. Under illumination of a
fluorescent light, both, acetic and formic acids are deposited on rutile and slow down the process of acetaldehyde
decomposition. After photocatalytic process the amount of both, the acetic and formic acids adsorbed on titania
surface was higher on rutile than anatase type samples, the most probably they were poorly mineralized on rutile. It
can be concluded that rutile oxidizes acetaldehyde at the presence of oxygen easier than anatase. The products of
acetaldehyde oxidation are deposited on TiO, surface and slow down the process of its further decomposition. The
scheme illustrated transformation of acetaldehyde on anatase and rutile surfaces under dark conditions and after
illumination with weak UV light was shown in Figure 4. It was evidenced, that proceeding photocatalytic reactions

on anatase could mineralize acetic acid more efficiently than these occurring on rutile.
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Figure 4. Scheme of the acetaldehyde conversion on titania surface during adsorption in the dark and

photocatalytic decomposition under weak UV irradiation (a) anatase; (b) rutile.

I 4. The Role of Reactive Oxygen Radicals in the Photocatalytic Conversion of Acetaldehyde

Various potential pathways for the photocatalytic degradation by TiO2 have been proposed,
including action of reactive species such as: hydroxyl radicals, carbonyl radicals, superoxide
radicals, and hydrogen peroxide B,

Transformation of acetaldehyde to crotonaldehyde and its partial oxidation to acetic acid on anatase surface was
confirmed by many researchers [4][16] Impact of oxygen on the oxidation and decomposition of acetaldehyde was
also recognized and reported B4l The mechanism of acetaldehyde decomposition via radical-initiated chain
reactions consuming oxygen was also proposed B 1t was evidenced 8, that acetaldehyde adsorbed on rutile type
TiO2 significantly limited extent of hydroxyl radicals formation, but at the same time was recognized as neutral for
formation of oxygen superoxide species. In addition, a great role of superoxide radicals in the photocatalytic
decomposition of acetaldehyde on rutile was reported (61, Photogenerated electrons take part in the following

reaction:

e+0 - 0" (1)

whereas formed holes (h*) mediate in the reaction of carbonyl radicals formation:

3 CH3CHO + Oz + h* » 2 CH3COOH + CH3CO" + H* (2)
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The carbonyl radicals (CHzCO") are capable to react with O,, which mediates the chain reactions of acetaldehyde
oxidation. In these multiple reactions, acetic acid is the main intermediate in the transformation of acetaldehyde to

CO,, according to the reaction [10]:

CH3COOH + *OH - CO, + H,0 + CHy' 3)

Therefore, the improved separation of free radicals formed in TiO, can conduct to enhanced photocatalytic
conversion of acetaldehyde. Formation of both types of radicals, O," and "OH, is demanded for complete

decomposition of acetaldehyde.

It is assumed, that poor photocatalytic activity of rutile in comparison with anatase, could be caused by high
transformation of acetaldehyde to both acetic and formic acids, and by the high stability of the acetate species on
rutile surface. Contrary to that, adsorption of acetaldehyde on anatase TiO, was proceeded greatly through an
aldol condensation to crotonaldehyde. Under UV irradiation crotonaldehyde was either oxidized to acetate and
formate species or directly mineralized to CO,. Such pathway of acetaldehyde decomposition on anatase was

more efficient in formation of CO, than that on rutile.

5. The Impact of Light Wavelength Region on the Photocatalytic Decomposition of
Acetaldehyde

The studies conducted by different teams indicated, that acetaldehyde was successfully undergoing photocatalytic
decomposition on TiO, surface under light emitted by the fluorescent lamps. However, efficiency of this process
was lower than under UV-A light generated by a typical UV lamp 19, To increase utilization of solar light, a lot of
recent studies have been focused on the preparation and examination of visible-light active photocatalysts. One of
the first works on the activity of nitrogen- doped TiO, towards acetaldehyde decomposition under visible light was
reported by Asahi et al. in Science journal 18, They prepared TiO,., Ny films by sputtering the TiO, target in an N,
(40%)/Ar gas mixture followed by annealing at 550°C in N, gas. The obtained nitrogen - doped TiO, film showed
absorption of visible light of wavelength below 500 nm and the photocatalytic degradation of acetaldehyde for | =
435 nm. The activities of both TiO, films, doped with nitrogen and undoped, under UV light were comparable and

higher than under visible light irradiation. irradiation. The results were illustrated in Figure 5 (18],
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Figure 5. CO, evolution as a function of irradiation time (light on at zero) during the photodegradation of
acetaldehyde gas (with an initial concentration of 485 ppm) under UV and visible light irradiation; TiO,_N, - solid

circles, TiO, - open squares.

After publishing Asahi’s findings 18, numerous research works were targeted to obtain the visible
light active TiO, through doping of different anionic species, such as N, C, S, F as single doping or
codoped [220021][22] ' 5150 with some metallic species such as Au, Ag, Cu, Co, Pt, Mn, Fe, and
others [221[23]2411251[261[27] The composites of TiO, with other metal oxides such as WO3 or CeO, were
also prepared and showed photocatalytic activity under visible light irradiation towards acetaldehyde
decomposition 2811231 An activity of doped TiO, under visible light was mainly obtained due to either
the narrowing of the band gap in TiO, 181129l20121] or hy the introduction of an impurity level of dopant
inside the titania structure and formation of intra band gap energy levels 28, Formation of surface
defects in TiO, was also reported 19 as resulting in increasing the activity of titania under visible
light.

Different oxidation states of metals are responsible for charge trapping and improved charge
separation (22231241 Thermo-photocatalytic decomposition was observed for titania samples loaded
with platinum nanoparticles 2489 The extremely high rate of formic acid oxidation over Pt-TiO,_N,
was found to be due to a combined effect of both photocatalysis and thermal catalysis at room
temperature facilitated by nanosized(1-2 nm) Pt [&. The other researchers noted increased
decomposition rate of acetaldehyde by decreasing distance between photocatalyst (Pt-TiO,/SiO;)
and the source of light used in the process B9, They observed, that in the presence of platinum by-
products and coke precursors were easily burned. For that reason, the combination of the catalytic
properties of some metals with the photocatalytic activity of TiO, seems to be very interesting and
promising solution for the complete decomposition of VOCs compounds.
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Doping some of noble metals like Ag, Au, Pt or Pd to TiO, results in obtaining material revealing
enhanced photocatalytic activity under visible light. The observed enhancement is due to efficient
transport of electrons generated over the doped nanoparticles by local surface plasmon resonance
(LSPR), across the metal/semiconductor interface via the defect states of TiO, (22,
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