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thin films with high
photocatalytic activity for indoor air purification†

Jekaterina Sydorenko, *a Arvo Mere, a Malle Krunks, a Marina Krichevskaya *b

and Ilona Oja Acik *a

The development of low-material-quantity, transparent, anatase TiO2 nanoparticle free thin films as

photocatalytic materials together with a profound understanding of their photocatalytic activity under

ultraviolet (UV-A) and visible (VIS) light is crucial for environmentally friendly indoor air photocatalytic

coatings. In this work, a TiO2 thin film modified by an increased amount of acetylacetone in the

precursor solution with a material quantity of 0.2 mg cm−2 was successfully deposited on a borosilicate

glass substrate by ultrasonic spray pyrolysis. VOC degradation as a single model pollutant and in mixtures

under different operating conditions was studied in a multi-section continuous flow reactor. Under UV-A

the reaction rate constants for heptane and toluene oxidation as individual pollutants were 1.7 and

0.9 ppm s−1, respectively. In 9 ppm VOC mixtures of acetaldehyde, acetone, heptane and toluene all the

compounds were completely oxidized in a reaction time of less than 50 s. The TiO2 film showed

moderately high photocatalytic activity under VIS light. The conversions of acetaldehyde, acetone,

heptane and toluene in 9 ppm VOC mixtures under VIS light reached 100, 100, 78 and 31%, respectively.

The synthesized TiO2 film shows promising ability in indoor air purification from VOCs. The results of this

study give an extensive estimation of the thin film's photocatalytic efficiency and provide valuable data

for future applications in environmental remediation.
1. Introduction

People used to spend most of their time indoors. The COVID-19
pandemic forced people to stay in their homes for months and
to take more care about disinfection and cleaning. Detergents
and antiseptics release volatile organic compounds (VOCs) into
the air, which are the primary source of poor indoor air quality
and sick building syndrome.1,2 Such syndromes as allergies,
rhinitis, asthma and conjunctivitis could appear.3 Not all tech-
nologies are suitable for indoor air purication at home. Pho-
tocatalytic oxidation is an ideal technology for air treatment that
mimics nature's photochemical process, which is capable of
completely mineralizing almost all types of organic pollutant
while being both energy and cost-efficient.1,4,5

TiO2 is considered the most widely used photocatalyst.
However, it must be mentioned that 99% of the TiO2 studies
(according to the Web of Science database only 285 papers were
found with the keywords ‘transparent lm’ out of 30 910 entries
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the Royal Society of Chemistry
with the keywords ‘TiO2 photocatalysis’) focus on pre-fabricated
nanopowders such as P25, PC500, and UV100. Nanopowder-
based coatings with a thickness of several micrometres have
a milky non-transparent surface.6 Despite this, several studies
have been conducted on TiO2 thin lms and coatings,3–13 and
still higher photocatalytic activity has been achieved using thick
coatings prepared from TiO2 nanopowders.7–9 In particular, Zou
and co-authors obtained 55% conversion of 100 ppm of toluene
aer 60 min of ultraviolet (UV-A) irradiation on a 7 mm-thick
TiO2 coating prepared from P25 powder.9 However, the thin
lms with a thickness less than 1 mm needed up to 30 hours for
the degradation of a couple of ppm of the same pollutant.10,11

In the case of any photocatalytic application, special care
should be taken over the material design so as not to be the
source of extra pollution. The use of powders is not amenable
since it leads to serious drawbacks related to the recovery and
recycling of the photocatalyst. These are extremely signicant
issues, considering the risk of the release of nanosized particles
of the material into the environment.12 Thus, the deposition of
well-adhered photocatalysts in the form of thick or thin lms
onto a substrate, such as glass or stainless steel depending on
its destined application, is the most viable strategy for the
technological application of photocatalytic nanomaterials in
any eld, and especially in the environmental sector.12,13 Poly-
crystalline TiO2 thin lms synthesized from a Ti-alkoxide
precursor solution deposited by sol–gel spin/dip coating or
RSC Adv., 2022, 12, 35531–35542 | 35531
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spray pyrolysis methods is an old established route14 and it
prots from lower quantities of materials (<1 mg cm−2), good
adhesion properties and optical transparency in the visible
range.10,13,15 Photocatalysts in the form of thin or thick lms
possess another advantage over nanopowders, making them
applicable as multifunctional surfaces for photocatalytic VOC
degradation: antimicrobial and self-cleaning properties.13 Thus,
they are also applicable in medicine, e.g. to deactivate viruses.1

However, there is still a technological gap in the develop-
ment of thin transparent lms with high photocatalytic activity
under both UV-A and VIS light, which can be applied as
a windowpane coating for indoor air treatment.13,16 The loss in
photocatalytic performance in the case of thin lms compared
to nanopowders can be effectively compensated for by using
a convenient deposition technique, selecting suitable
substrates and properly tuning preparative conditions.12 In
order to increase the VIS light activity of a TiO2 photocatalyst,
several strategies, such as doping with vanadium,17 silver,18

nitrogen19 or composite materials such as TiO2/ZrO2
20 and

TiO2/carbon,21–23 have been applied. It has been found that with
modication of TiO2 the conversion of toluene under VIS light
was in the range 35–80%, while for pure TiO2 the conversion
was below 10%.17–24 The incorporation of doping components
into the TiO2 lattice results in the formation of new mid-gap
energy states, promoting the absorption of VIS light.17–22

Moreover, when designing the photocatalyst, it must be
taken into account that indoor air is a challenging source of
pollution, as air in total could contain a wide range of VOCs in
small concentrations (ppb). Many VOCs have similar structures,
which makes it difficult to distinguish them in a gas mixture.
Therefore, it is important to have a non-selective photocatalyst
and to study the synergetic effects of VOC photocatalytic
oxidation in the mixtures. There are only a few studies where
photocatalytic oxidation of VOC mixtures in air was investi-
gated, and most of these studies still consider nanopowders or
nanopowder-based coatings.7,8,11,17,18,25 The use of transparent
thin lms is rather limited due to their lower activity. It should
be highlighted that in this paper the term ‘thin lm’ means
a transparent layer of TiO2 less than 500 nm thick synthesized
from chemicals, while ‘coating’ refers to a TiO2 layer prepared
from pre-fabricated nanopowders. Peerakiatkhajorn et al.
studied the oxidation of a 25 ppm VOC mixture (toluene,
benzene, ethylbenzene, xylene) on Ag-doped TiO2 lm with
a thickness of 87 nm in a batch reactor under VIS light.18 Aer
300 min of irradiation they achieved ca. 80% VOC degrada-
tion.18 Pham and Lee studied the oxidation of hexane and butyl
acetate individually and in a mixture in a continuous ow
reactor on an Ag/V-co-doped TiO2 photocatalyst immobilized on
polyurethane. They found that in the mixture stream, oxidation
of butyl acetate was higher because of the higher polarity of the
compound.17 Most studies are carried out in laboratory-scale
batch reactors, which do not have the potential for practical
application.7,18,25 However, the main problem in a continuous
ow device design is the low contact time between the photo-
catalyst surface and pollutants.9,26 Therefore, in this paper we
used a continuous ow multi-section reactor that allowed us to
increase the reaction time by increasing the photocatalytic
35532 | RSC Adv., 2022, 12, 35531–35542
surface area. The area coated by photocatalytic thin lm was
increased ve times, from 120 to 600 cm2, to follow the effects of
reaction time and specic surface area. Additional sections of
the reactor can be easily added to amplify the air purication.
The specic construction of the reactor gives an opportunity to
estimate the effectiveness of the performance of the obtained
lms in a real application to indoor air purication.

This paper builds on our previous research on the develop-
ment of UV-A and VIS light active TiO2 thin lms by systemat-
ically changing the precursor's molar ratio in the solution. In
particular, experimental studies have shown that changing the
titanium(IV) isopropoxide (TTIP) and acetylacetone (AcacH)
molar ratio from 1 : 1 to 1 : 20 in the precursor solution results
in a higher amount of adsorbed carbon on the lm surface27

and enhanced photocatalytic activity of the obtained TiO2 lms
under UV-A and VIS light. For example, a ten-fold increase in the
degradation rate constant of stearic acid was observed with
a change of TTIP : AcacH molar ratio in the precursor solution
from 1 : 3 to 1 : 8.27 TiO2 lm with a molar ratio of 1 : 8 showed
twice-as much activity compared to a lm with a molar ratio of
1 : 5 in the gas-phase photodegradation of acetone and acetal-
dehyde under UV-A and VIS light.28 In the present study, TiO2

lms deposited from a solution with a TTIP and AcacH molar
ratio of 1 : 8 were further investigated by the photocatalytic
degradation of refractory VOCs—heptane and toluene and their
mixtures with relatively easily oxidized VOCs such as acetone
and acetaldehyde—under UV-A and VIS light. A multi-section
gas ow reactor was used to conduct VOC degradation. The
quantum efficiency, by-product formation and synergistic
effects of compounds with different polarities and hydropho-
bicities in a synthetic air mixture during photocatalytic oxida-
tion under different operating conditions, such as air ow rate,
humidity and light source, were studied and are discussed in
this study.

Our focus is to add substantial data on photocatalytic
oxidation, namely to examine a UV-A and VIS light active
transparent TiO2 thin lm fabricated in one step without any
additional doping agents. Moreover, a multi-section gas ow
reactor design allows mimicking of real indoor conditions and
tests the performance of the obtained lms. The results of this
study bring photocatalysis closer to real application.

2. Experimental data
2.1 TiO2 thin lm preparation

TiO2 thin lms were prepared by an ultrasonic spray pyrolysis
technique in ambient atmosphere (Fig. SI-1 in ESI†); more
detailed information of lm preparation has been published
elsewhere.27 Borosilicate glass heated up to 350 °C was used as
a substrate. Then, 0.2 M titanium(IV) isopropoxide (TTIP)
(C12H28O4Ti 98+%, Acros Organics) was used as a titanium
source for solution preparation, and acetylacetone (AcacH)
(C5H8O2 > 99%, Sigma-Aldrich) was added as a stabilizing agent.
A molar ratio of TTIP : AcacH of 1 : 8 was used for solution
preparation as it was found to be an optimal molar ratio to
obtain photocatalytically active lm.27,28 The as-deposited lms
were annealed at 500 °C for one hour in air atmosphere. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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lms possess good adhesion properties and cannot be washed
away by solvents e.g. water or ethanol.
2.2 Gas-phase photocatalytic activity measurements

A continuous multi-section plug ow photocatalytic reactor was
used to study the gas-phase oxidation of VOCs over TiO2 lm. A
detailed description of the set-up used for the experiments
(Fig. SI-2 in ESI†) was published elsewhere.8 The multi-section
reactor has ve sections connected in series with a volume of
130 mL each. The TiO2 catalyst in the form of a thin lm on the
glass substrate was located in each section of the reactor.
Simplication was undertaken—the photocatalytic surface is
the same as the glass substrate. The surface coated with pho-
tocatalytic thin lm in one section of the reactor was 120 cm2,
which gave 600 cm2 for all ve sections. However, the surface of
catalyst per reactor volume did not change during the experi-
ments and was 0.92 cm2 cm−3. Ultraviolet29 (UV Philips Actinic
BL 15 W, irradiance 3.5 mW cm−2 with reector integrated in
the range of 180–400 nm, with maximum emission at 365 nm,
UV-B/UV-A ratio < 0.2%) or visible30 (VIS Philips TL-D 15 W,
irradiance 3.3 mW cm−2 with reector integrated in the range of
180–700 nm, UV/UV-VIS ratio < 5%) lights were located over
each section of the reactor at a distance of 6 cm.

The photocatalytic oxidation of heptane (C7H16 $ 99%,
Honeywell) and toluene (C7H8 $ 99%, Sigma-Aldrich) in the
reactor was studied separately in conjunction with their oxida-
tion in a mixture with acetone (C3H6O$ 99.5%, Sigma-Aldrich)
and acetaldehyde (C5H8O2 $ 99.5%, Sigma-Aldrich). The inlet
concentrations of heptane and toluene in the polluted air varied
from 5 to 40 ppm, when their oxidation was studied separately.
The concentration in the polluted air mixtures was set to 9 ppm
(3 ppm acetone, 3 ppm acetaldehyde and 3 ppm heptane or
toluene). To simulate the air polluted with VOCs, a pre-
calculated amount of the pollutants was injected into the feed
tank under vacuum and aer the evaporation of compounds,
the tank was lled with compressed air. The temperature in the
reactor was measured using a temperature controller with
a thermocouple (Omega, CN9000A) and was 40 ± 2 °C. Two
mass ow controllers were used: one for regulation of the ow
rate of polluted air and one for that of diluent air. The gas ow
rates varied from 0.5 to 2.5 L min−1, which resulted in a change
in the reaction time in the reactor from 15.6 to 3.12 s. The
reaction time was calculated as the residence time for an ideal
plug ow reactor under steady-state conditions (not taking into
account the residence time distribution) and does not repro-
duce the real contact time between the pollutant and the cata-
lyst surface. Air was moving in the reactors in a laminar way;
however, due to it passing through narrow piping between
sections, the air ow was changed to turbulent and intensive
mixing took place before reaching the new section of the reactor
(Fig. SI and S2 in ESI†). Intensive mixing provided a uniform
concentration of the polluted air aer passing each section.
Relative humidities of the air of 6± 1% and 40± 5% (measured
at 20 °C) were used. In the experiments with toluene, ozone was
generated by a UV-C lamp (LSE Lighting, GPH287T5VH/4)
emitting at 254 and 185 nm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
An Interspec 200-X FTIR infrared spectrometer with an 8 m
gas cell (Specac Tornado) was used to measure the concentra-
tion of heptane and toluene; a 20 m gas cell (Specac Atmos) was
used to measure the concentration of VOCs in the mixtures. The
air spectra were collected in-line using an Interspec version 3.40
Pro and processed with Essential FTIR soware. For quantita-
tive analysis, the heptane bond was measured at the IR bands
3020–2790 cm−1, toluene at the IR bands 2975–2850 cm−1,
acetone at the IR bands 1250–1780 cm−1 and acetaldehyde at
the IR bands 1170–1060 cm−1. The concentration was calcu-
lated based on one typical FTIR band for each organic pollutant.
The limits of detection were 0.5 ppm and 0.2 ppm for Tornado
and Atmos gas cells, respectively. The limits of quantication
were 1 ppm and 0.4 ppm for the Tornado and Atmos gas cells,
respectively. Control experiments for photochemical degrada-
tion and adsorption were carried out. No degradation of
pollutants was detected in the presence of UV-A without a cata-
lyst. No adsorption of the pollutants on the catalyst was detec-
ted in the dark where the limit of detection was 0.5 ppm. All
spectra were recorded at least three times with a standard
deviation lower than 5%, indicating good reproducibility of the
results. The same TiO2 lm was used in all photocatalytic
experiments. The lm showed high stability and repeatability of
the results aer a short 30 min period of regeneration with UV-A
light.

3. Results and discussion
3.1 TiO2 thin lm properties

TiO2 thin lm prepared by ultrasonic spray pyrolysis on
a borosilicate glass substrate from 0.2 M titanium(IV) isoprop-
oxide (TTIP) solution with the addition of acetylacetone (AcacH)
in a molar ratio TTIP : AcacH of 1 : 8 was used in this paper for
VOC degradation. The reaction between TTIP and AcacH has
been well studied in the literature.31–33 However, the effect of an
increased amount of AcacH in the precursor on the photo-
catalytic properties of the lm needs further investigation.27

The obtained TiO2 thin lm with a thickness ca. 370 nm and
a material quantity of ca. 0.2 mg cm−2 consists of crystalline
anatase TiO2 (Fig. 1a), with a mean crystallite size in the range
30–40 nm. Optical transparency in the visible spectral range is
ca. 80% and the bandgap is 3.4 eV (Fig. 1b). Surface morphology
was studied using scanning electron microscopy27 and atomic
force microscopy34 (Fig. SI-3 in ESI†). Studies showed that the
synthesized lm had a homogeneous, smooth non-porous
surface with a root mean square roughness of 1.4 nm.

It was found by XPS studies that an increased AcacH molar
ratio in the precursor solution promoted a larger number of
carbon species on the surface of the lm.21,27 Di Valentin et al.,35

in their study found the formation of localizedmidgap states for
carbon-modied TiO2, in agreement with the ndings of our
previous study.28 Moreover, surface photovoltage (SPV)
measurements showed that passivation of electron traps at the
surface takes place with an increase in organic additive, which
means preferential separation of photogenerated holes. The
SPV signal changed from negative to positive with an increase in
AcacH molar ratio, which allows us to control the charge
RSC Adv., 2022, 12, 35531–35542 | 35533
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Fig. 1 X-ray diffraction pattern (a) and total transmittance spectrum (b) of TiO2 thin film. The inset in the Fig. 1b shows the band gap value of TiO2

thin film.
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transfer toward the TiO2 surface during the synthesis of the
lm.36 The recombination of the electron–hole pairs is reduced
and more reactive oxygen species (ROS) are produced, which
enhance the photocatalytic activity.27,28,35,36 The generation of
ROS plays an essential role in photocatalytic reactions since
ROS can degrade a wide range of organic pollutants.37–39

The lm obtained in the current study shows super-
hydrophilic properties aer 15 min of UV-A irradiation;27 thus
a short ca. 30 min pre-treatment of the catalyst with UV-A was
used before the photocatalytic experiments to restore the
surface. The lm oxidized gas-phase pollutants such as acetone
and acetaldehyde with reaction rate constants of 2.3 and
2.4 ppm s−1, respectively. It was found that the lms show high
photocatalytic activity and stability. The same photocatalytic
lms were used for several months of study with no decrease in
efficiency. Repeatability tests showed that the difference
between the parallel series did not exceed 5%.28 More detailed
analysis of the material and its properties is given in the ref. 27
and 28.

In this paper we present a systematic study of the synthe-
sized TiO2 lm with an optimized TTIP : AcacH molar ratio
applied for the degradation of refractory compounds such as
heptane and toluene. In addition to their more complex struc-
tures, these pollutants are both nonpolar and hydrophobic
compounds compared to previously studied model pollutants
such as acetone and acetaldehyde. Moreover, to mimic real
indoor air pollution, the degradation of mixtures of VOCs with
different polarities and hydrophilicities on TiO2 thin lms was
monitored.

3.2 Photocatalytic oxidation of heptane

The photocatalytic oxidation of heptane at different initial
concentrations, air ow rates, relative humidity (RH) and irra-
diation on the TiO2 thin lm was studied.

First, in order to estimate the initial concentration effect on
heptane degradation on the TiO2 lm under ultraviolet (UV-A)
light, the photocatalytic oxidation of heptane at initial
concentrations of 5, 10 and 40 ppmwas studied (air ow rate 0.5
L min−1 and RH 6%) (Fig. 2a). At an initial concentration of
5 ppm complete oxidation of heptane occurred with a catalyst
surface of 240 cm2, but an additional section of the reactor
(catalyst surface of 360 cm2) was needed for the degradation of
10 ppm and a catalyst surface of 600 cm2 coped with the
35534 | RSC Adv., 2022, 12, 35531–35542
oxidation of 40 ppm of heptane (Fig. 2a). For comparison, in the
case of sprayed TiO2 lms from TTIP : AcacH 1 : 4 solution, only
20% conversion for 10 ppm of heptane was achieved at a cata-
lyst surface of 360 cm2 under the same experimental conditions,
indicating 5 times greater photocatalytic activity of TiO2 1 : 8
lm.40 The effect of an increase in initial concentration on
reaction performance was studied by calculating the quantum
efficiency (QE) at initial heptane concentrations of 5, 10 and
40 ppm at a catalyst surface of 120 cm2 (reaction time 15.6 s)
(eqn (1) and Fig. 2b).41

QE ¼ Number of degraded molecules

Number of incident photones
(1)

At a wavelength 365 nm in the case of UV-A, the measured
incident photon energy in one section of the reactor at 1 s
corresponded to 7.717 × 1017 J. The illuminated surface of the
lm in one section was 120 cm2 and in the calculations it was
assumed that all photons impinge on the catalyst surface (the
calculations are shown in ESI†).

Fig. 2b shows that under the studied conditions, QE
increased from 9.74 × 10−5 to 1.5 × 10−4 molecules per
photons when the concentration increased from 5 to 10 ppm.
The increase is not linear, indicating that at some initial
concentration the amount of ROS will start to limit the effi-
ciency of the process. In contrast, TiO2 lms deposited from
TTIP : AcacH 1 : 4 solution showed a decrease in QE from 1.73 ×

10−5 to 5.78 × 10−6 molecules per photons when the concen-
tration of heptane increased from 5 to 10 ppm under similar
experimental conditions.40 This demonstrates that the concen-
tration of ROS produced on the surface of TiO2 thin lm from
the TTIP : AcacH 1 : 8 solution used in the current study does
not limit oxidation under the studied conditions, unlike the
case of TiO2 lms deposited from 1 : 4 solution.

Gas-phase photocatalytic reactions take place primarily at
the interface between adsorbed molecules of pollutants and the
surface of the photocatalyst. Thus, both the adsorption and
activation of reactants play a signicant role in the process.38 To
determine the reaction rate constants of heptane oxidation on
TiO2 lm the reaction kinetics were studied. The Langmuir–
Hinshelwood kinetic model was assumed (eqn (2)).7

ro ¼ krKCo

1þ KCo

(2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The effect of initial concentration of heptane on photocatalytic oxidation for different photocatalyst surface areas (a) and quantum
efficiency (QE) of heptane degradation at different initial concentrations with a photocatalyst surface of 120 cm2 (b). The average values of
heptane conversion are shown. The standard deviation was <5%.
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The reaction rate constant (kr) and adsorption constant (K)
were found using the Langmuir–Hinshelwood kinetic plot 1/ro
versus 1/Co, which showed linear dependence (Fig. SI-4 in
ESI†).28 In Table 1, the kinetic constants of heptane oxidation
are compared to those of acetone, which were obtained in our
previous study for the same sprayed TiO2 lm (TTIP : AcacH
1 : 8).28

The reaction rate constant of heptane decreased by about
30% compared to acetone, when the same lm and operating
parameters of the reactor were used. This can be explained by
the more complex molecular structure of heptane, so it needs
more time for oxidation. At the same time, the adsorption
constant for heptane oxidation increased almost two times.
This could be because the molecular weight of heptane is
almost twice as high and the vapour pressure at 20 °C is almost
ve times lower than that of acetone. Moreover, the surface
affinity of the photocatalyst could play a certain role in the
adsorption process; pollutants prefer to interact with a photo-
catalyst of similar polarity. Carbon-species-containing TiO2 lm
was found to have a nonpolar structure.42 Acetone is a polar
compound, while heptane is nonpolar. Adsorption of the
pollutant molecules is an important step in the photocatalysis
process since the molecule should reach the surface for oxida-
tion. However, for a continuous ow reactor with a high surface
area a high amount of ROS is benecial for process efficiency. In
gas-phase photocatalytic reactions, species such as $OH and
$O2

− play a dominant role. Air contains enough molecular
oxygen and water, which can be converted to ROS on the surface
of photoinduced TiO2.38,39

Heptane degradation with initial concentrations of 4.15–
16.6 ppm in a 300 mL batch reactor was studied for TiO2
Table 1 Comparison of reaction rate and adsorption constants of TiO2

films for the degradation of heptane and acetone with initial
concentrations of 5–40 ppm studied at an air flow rate of 0.5 L min−1

and relative humidity 6% under UV-A light

Pollutant kr (ppm s−1) K (ppm−1) Ref.

Heptane 1.7 0.05 This study
Acetone 2.3 0.03 28

© 2022 The Author(s). Published by the Royal Society of Chemistry
powders prepared via sol–gel by Shang et al.7 At a TiO2 load of
0.1 g, they obtained a reaction rate constant of 0.005 ppm s−1.
Due to the high specic surface area of TiO2 particles, the
adsorption constant in their study was 0.3 ppm−1; nevertheless,
360 min of irradiation was needed to achieve 99.7% minerali-
zation.7 In the current study, 40 ppm of heptane was completely
oxidized on the transparent TiO2 lm with a material quantity
of 0.2 mg cm−2 in a time of less than 2 minutes (Fig. 2a). A
detailed comparison of the thin lm prepared in this study with
other thin lms to oxidize heptane is given in ESI Table SI-I.†
The construction of the reactor used in the present study allows
the pollutant to continuously meet fresh catalyst, slowing down
the deactivation. The results demonstrate that the effective
continuous purication of polluted air by the obtained thin lm
in a multi-section reactor is more practical than that with
powder in periodic mode reactors. Next, the effect of reaction
time and mass transfer on heptane oxidation under UV-A was
studied. The gas ow rate was changed from 0.5 to 2.5 L min−1,
while the concentration of heptane was set to 10 ppm and the
RH of the air was 6% (Fig. 3a).

An increase in air ow rate resulted in faster oxidation of
heptane (Fig. 3a and Table 2). As can be seen in the last row in
Table 2, complete oxidation of 10 ppm of heptane at an air ow
rate of 2 L min−1 occurred in twice as short a time interval
(reaction time between 15.6 and 19.5 s) compared to the air ow
rate of 0.5 L min−1 (reaction time between 31.2 and 46.8 s)
(Fig. 3a and Table 2). Although it should be taken into account
that the applied photocatalytic surface area is higher at an air
ow rate of 2.0 L min−1 and air passed more sections of the
reactors, which means more frequent mixing took place at the
same reaction time. A decrease in reaction timemeans less time
for adsorption and oxidation on the catalyst surface. However,
on the other hand, if the amount of ROS does not limit the
surface reaction, then increased mass transfer could promote
the photocatalytic oxidation.43 As mentioned above, heptane
degradation at an air ow rate of 0.5 L min−1 was not limited by
the concentration of ROS, which proves that a higher air ow
rate should enhance the overall reaction rate.

An increase in the air ow rate from 0.5 to 2.5 L min−1

decreased the reaction time of the pollutant in the reactor from
15.6 to 3.12 s (Table 2), while it intensied the mass transfer.
For the current reactor design, with an increase in air ow rate
RSC Adv., 2022, 12, 35531–35542 | 35535
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Fig. 3 The effect of air flow rate on photocatalytic oxidation of heptane at different photocatalyst surface areas of TiO2 thin film at RH 6% (a) and
the effect of increased relative humidity (RH 40%) on heptane oxidation at different photocatalyst surfaces. The average values of heptane
conversion are shown. The standard deviation was < 5%.
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from 0.5 to 2.5 L min−1 air was still owing in a laminar way: i.e.
air layers slide in parallel with no swirls or currents normal to
the catalyst surface (the Reynolds number changed from 19 to
97; calculations are shown in ESI†). Laminar air ow results in
non-optimal mass transfer of pollutants to the catalyst surface.
However, this represents a real indoor application in the form of
windowpanes, when air is moving in the room by natural
convection with periodic mixing by a fan, for example.

Moreover, the design of the multi-section reactor used in the
current study allows us to obtain the same reaction time of 15.6
seconds by increasing the air ow rate by 0.5 L min−1 and the
surface of the catalyst by 120 cm2 simultaneously (adding one
more section to the reactor) (Table 2). This means that the
reaction time of a pollutant molecule per unit of catalyst, i.e. the
specic reaction time (Table 2), decreases, while the reaction
time stays the same. In Fig. 3a it can be seen that at the same
reaction time of 15.6 seconds (the purple line in Fig. 3a) at
different air ow rates the conversion of 10 ppm of heptane was
about 70%. This suggests that a higher volume of air could be
puried by increasing the surface of the catalyst and by mass
transfer. Applying a higher catalyst surface helps to overcome
the challenge of the low contact time between the pollutants
and the catalyst surface in continuous ow reactors and gives
a good representation of TiO2 lm application in indoor air
purication.
Table 2 Residence time of pollutants in the reactor at different air flow
time needed for complete oxidation of 10 ppm of heptane at different a

Number of reactor sections
Surface of catalyst
(cm2)

Reac

0.5 L

1 120 15.6
2 240 31.2
3 360 46.8
4 480 62.4
5 600 78
Specic reaction time (s cm−2) 0.13
Reaction time for complete degradation
of 10 ppm of heptane (s)

31.2–

35536 | RSC Adv., 2022, 12, 35531–35542
The effect of water vapour was studied by increasing the
relative humidity (RH) of air from 6 to 40% at an initial heptane
concentration of 10 ppm at air ow rates of 0.5 and 1 L min−1

under UV-A (Fig. 3b). Fig. 3 implies that an increase in water
vapour content in air from 6 (Fig. 3a) to 40% (Fig. 3b) inhibited
the oxidation of heptane. The initial QE of heptane decreased by
35 and 57% at air ow rates of 0.5 and 1 L min−1, respectively,
with an RH increase from 6 to 40%. The negative impact of an
RH increase was intensied 1.6 times with an air ow rate
increase from 0.5 to 1 L min−1; thus the oxidation of heptane by
active sites of the photocatalyst is limited because of the
adsorption of water molecules. A similar tendency of a negative
water vapour effect on heptane photooxidation due to compet-
itive adsorption on the surface was observed in other studies.7,40

The obtained TiO2 lm showed promising performance in
heptane photocatalytic oxidation under different operating
conditions under UV-A light. However, for real applications in
indoor conditions, oxidation under visible (VIS) light is more
essential. To study TiO2 lm activity under VIS light, heptane
oxidation at concentrations of 5 and 10 ppm at an air ow rate
0.5 L min−1 and RH 6% was studied (Fig. 4).

Fig. 4 shows that TiO2 lm could completely oxidize 5 ppm of
heptane at a catalyst surface of 480 cm2 (reaction time 62.4 s)
under VIS light. An increase in heptane initial concentration
from 5 to 10 ppm led to 45% conversion of the pollutant at
rates with different numbers of applied reactor sections and residence
ir flow rates at RH 6%

tion time of pollutant (s) at different air ow rates

min−1 1 L min−1 1.5 L min−1 2 L min−1 2.5 L min−1

7.8 5.2 3.9 3.12
15.6 10.4 7.8 6.24
23.4 15.6 11.7 9.36
31.2 20.8 15.6 12.48
39 26 19.5 15.6
0.065 0.043 0.033 0.026

46.8 23.4–31.2 20.8–26 15.6–19.5 Not achieved

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The effect of initial concentration on photocatalytic oxidation
of heptane under visible light at different photocatalyst surfaces. The
average values of heptane conversion are shown The standard devi-
ation was <5%.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
9:

28
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a catalyst surface of 600 cm2 (reaction time 78 s), which means
oxidation of ca. 4.5 ppm of heptane (Fig. 4). These results
indicate that the prepared TiO2 lm is active under VIS light.
The VIS light photocatalytic activity of the TiO2 lm could be
explained by a synergistic effect between carbon species and
TiO2. That is, carbon absorbs VIS light and generates electrons,
which are then transferred to the valence band of TiO2.20–22

As expected, the activity under VIS was lower than that under
UV-A. QE for 5 ppm of heptane were 9.74 × 10−5 and 3.44 ×

10−5 molecules per photons under UV-A and VIS light, respec-
tively. At a concentration of 10 ppm under UV-A, QE increased to
1.50 × 10−4 molecules per photons, while under VIS light it
decreased to 1.60 × 10−5 molecules per photons. If in the case
of UV-A the oxidation process was not limited by the concen-
tration of ROS, then under VIS light not enough ROS are
produced and thus, the process is surface reaction limited.
However, the results demonstrate that the lm completely
oxidized heptane at an initial concentration of 5 ppm under VIS
light, which makes its application suitable for indoor air treat-
ment for VOCs.

According to the literature, the formation of propanal,
butanal, 3-heptanone, 4-heptanone and CO could follow the
oxidation of heptane by TiO2.7 However, in the current study no
gaseous by-products except CO2 and H2O were detected on the
FTIR spectra of puried air during the performed experiments.
Moreover, long-term experiments with 40 ppm of heptane at
a catalyst surface of 120 cm2 (air ow rate 0.5 L min−1, RH 6%,
UV-A) were performed to study the deactivation of the photo-
catalyst. The conversion of heptane was ca. 43% and did not
change during 180 min of continuous use. This means that at
a residence time of 15.6 s and catalyst surface of 120 cm2, TiO2

lm can continuously oxidize 17 ppm of heptane out of 40 ppm
with no deactivation during the experimental run time up to
180 min.

To summarise this section, TiO2 lm synthesized in the
current study can continuously oxidize such model pollutants
as heptane under both UV-A and VIS light under different
experimental conditions without forming any toxic by-
products.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3 Photocatalytic oxidation of toluene

The photocatalytic oxidation of toluene at different initial
concentrations and RH and with the addition of ozone on the
TiO2 thin lm was studied. Similar to heptane oxidation, no by-
products except CO2 and H2O were detected on the FTIR spectra
of puried air during the experiments with toluene.

The photocatalytic oxidation of toluene at initial concentra-
tions of 5, 10, 20 and 40 ppm at an air ow rate of 0.5 L min−1

and RH 6% was studied under UV-A (Fig. 5). Fig. 5a reveals that
it was possible to partially oxidize toluene at initial concentra-
tions in the range 5–40 ppm on the TiO2 thin lm. 3.5 ppm out
of 5 ppm was converted aer 78 s in the reactor; 16.8 ppm was
oxidized at the same time when the initial concentration was
increased to 40 ppm (Fig. 5a). The maximum conversion of ca.
70% was achieved at a catalyst surface of 600 cm2 at an initial
toluene concentration of 20 ppm (Fig. 5a). Toluene photo-
catalytic oxidation is more complicated compared to straight-
chain compounds such as heptane. Moreover, the toluene
oxidation pathway contains intermediates, which can block the
active site of the photocatalyst and deactivate it.8,44 During
photocatalytic toluene decomposition, gas-phase oxidation by-
products are generated. Furthermore, during the toluene gas-
phase oxidation, solid-phase partial oxidation products can
form and adsorb on the surface of the photocatalyst causing its
deactivation. The by-products of toluene monitored in the gas
phase are benzaldehyde, methanol, acetaldehyde, acetone,
acetic acid, butyraldehyde, benzene. Benzoic acid, benzene,
acrylaldehyde, butyraldehyde and pentanal could adsorb on the
surface of TiO2 during the oxidation of toluene.44

The increase in conversion with an increase in the surface of
the catalyst (reaction time) was negligible (Fig. 5); most of the
toluene was converted aer the rst section of the reactor
(reaction time 15.6 s). At the highest initial concentration (40
ppm), the conversion at all sections of the reactor was almost
the same at ca. 40% (Fig. 5a). This could indicate that toluene
and its intermediate products are absorbed on the surface of
TiO2, blocking the active sites. Hence, no intermediate products
of toluene were detected in the FTIR spectra of treated air
during all the experimental runs, so it could be assumed that
the formation of mostly solid-phase partial oxidation products
takes place.

The QE at the rst section of the reactor increased with the
growth in the initial concentration (Fig. 5b). Thus, the lm is
capable of oxidizing some amount of toluene at a catalyst
surface of 120 cm2. Then ROS produced by additional surface of
the catalyst mostly compensate for the number of ROS which
were involved in the oxidation of toluene and blocked by solid
intermediate products in the previous section of the reactor.

The possible deactivation of a catalyst surface by toluene by-
products has been reported in the literature.8,20,45,46 For example
it was found byM. D. Hernández-Alonso et al. in the case of TiO2

lms deposited by the sol–gel method that the adsorption of
a toluene by-product benzoic acid decreased the initial reaction
rate from 0.14 to 0.01 ppm s−1 aer 180min of measurements.20

Several studies on powdered materials with high material
quantity have reported a color change of the photocatalyst and
RSC Adv., 2022, 12, 35531–35542 | 35537
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Fig. 5 The effect of initial concentration on the photocatalytic oxidation of toluene at different catalyst surfaces (a) and QE of toluene
degradation at different initial concentrations at a photocatalyst surface of 120 cm2 (b). The average values of toluene conversion are shown. The
standard deviation was <5%.

Fig. 6 The effect of an increase in RH and addition of ozone on the
photocatalytic oxidation of toluene at different photocatalyst surface
areas. The average values of toluene conversion are shown. The
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a decrease in toluene conversion.8,45,46 Kask et al., in their study
achieved complete degradation of 20 ppm of toluene at a cata-
lyst surface of 240 cm2 under similar experimental conditions to
those in the current study for 1 mmP25 TiO2-covered glass. They
observed the yellowish surface of the catalyst aer a 190 min
experimental run, which probably indicates the deactivation of
the catalyst by intermediates of toluene oxidation.8 Einaga et al.
observed a decrease in toluene conversion from 66 to 9% aer
120 min of continuous use with P25 powder applied to the wall
of a ow-type reactor. They suggested that deactivation takes
place due to the formation of less reactive intermediates, which
can be detected as carbon deposits on the surface of the
catalyst.45

In the current study, no changes in lm color were observed,
which could be due to the low material quantity and trans-
parency of the synthesized material. However, no decrease in
photocatalytic activity could mean that the intermediates of
toluene oxidation adsorbed on the lm surface are degradable.
The toluene oxidation rate was lower than that of heptane
(Section 3.2, Fig. 2). The reaction rate (k = 0.895 ppm s−1) and
adsorption (K= 0.028 ppm−1) constants of toluene decreased by
almost two times compared to heptane. However, this is still
higher than other kinetic constants reported in the literature for
toluene. For example, Sleiman et al. reported a reaction rate
constant of 3.55 ppb s−1 for toluene and an adsorption constant
of 0.0025 ppb−1 for an annular-ow-through reactor with PC500
TiO2 immobilized on ber paper.47 In another study by Garlisi
and Palmisano of TiO2 thin lm with a thickness of 20 nm, the
photocatalytic oxidation of toluene with an initial concentration
of 0.5 ppm obtained an initial reaction rate of 3.6 × 10−6 ppm
s−1.10 Ku and co-authors obtained 26% conversion of toluene
with an initial concentration of 41.13 ppm on P25 TiO2 powder
spin coated onto Pyrex glass with a material quantity of 1.3 mg
cm−2 at an air ow rate of 0.4 L min−1 (reaction time ca. 2 min)
and RH 5%.48 A detailed comparison of the thin lm prepared
in this study with other thin lms to oxidize toluene is pre-
sented in ESI Table SI-I.†

The lm synthesized in the current study has a material
quantity of about 0.2 mg cm−2, whereas the initial reaction rate
for 40 ppm of toluene oxidation is more than 10 times higher
35538 | RSC Adv., 2022, 12, 35531–35542
compared to the study by Ku and co-authors, who obtained an
initial reaction rate of 0.1 ppm s−1. This conrms that the
activity of the thin lm under study is competitive with coatings
prepared by powder immobilization.

It is generally known that toluene photocatalytic oxidation
could be limited due to the low reactivity of the aromatic ring
and deactivation of the catalyst by toluene intermediate
products.8,45–48 Several studies claim that water molecules could
help to protect the photocatalyst from deactivation since they
prevent the adsorption of intermediate products.44,47

To increase the efficiency of toluene degradation, initially
the RH of polluted air was increased from 6 to 40%; the study
was carried out with an initial toluene concentration of 10 ppm
and air ow rate of 0.5 L min−1 (Fig. 6).

Fig. 6 shows that an increase in RH from 6 to 40% resulted in
slight changes in toluene conversion (not more than 15%). If in
the rst two sections of the reactor (reaction times 15.6 and 31.2
s) conversion was increased at RH 40%, then starting from
a reaction time of 46.8 s the conversion was higher in drier air. It
can be concluded that no signicant effect of an increase in
water vapour content in air on toluene oxidation was detected in
the current study. However, it was reported by Sleiman et al. that
for toluene with a high initial concentration (499 ppm) an
standard deviation was <5%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Quantum efficiencies of 9 ppm of a mixture of heptane,
acetone and acetaldehyde with different experimental parameters
after the first section of the reactor (catalyst surface of 120 cm2)
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increase in RH from 0 to 70% enhanced the decomposition
rate.47

Another common additive to promote photocatalytic toluene
degradation is a strong oxidant like ozone. The positive effect of
ozone on the photocatalytic degradation of toluene for a P25
TiO2 photocatalyst has been studied by several authors.8,26

Therefore, the ozone was generated by a UV-C lamp and mixed
with polluted air, giving an initial concentration of ozone in the
polluted air of ca. 50 ppm. The results showed that addition of
small amount of ozone as a strong oxidant in combination with
TiO2 photocatalysis increased the conversion of 10 ppm of
toluene from 51 to 94% at a catalyst surface of 600 cm2 (Fig. 6).
Applying only 50 ppm of ozone or ozone combined with UV-A
without a TiO2 photocatalyst did not result in toluene decom-
position. Thus, it could be concluded that the photocatalytic
oxidation of toluene by ROS on the TiO2 surface is the main
degradation mechanism. Ozone is depleted on the surface of
TiO2 lm and forms additional radicals (O$) to protect the
catalytic surface from fast deactivation. Probably ozone helps to
avoid rapid blocking of the active sites by toluene degradation
intermediates, thus enhancing the oxidation ability of the
catalyst. According to eqn (3) and (4) for toluene oxidation, 36
OH$ are needed, while the number of O$ molecules needed for
toluene oxidation is 18.

36OH$ + C7H8 / 7CO2 + 22H2O (3)

18O$ + C7H8 / 7CO2 + 4H2O (4)

Prepared by spray pyrolysis, the TiO2 thin lm used in the
current study is able to signicantly reduce the amount of
toluene in air with an initial concentration up to 40 ppm
without forming any detectable gas-phase intermediate prod-
ucts, which makes it a suitable candidate for indoor air
purication.
Operating parameters (air ow
rate, RH, irradiation source)

Quantum efficiency, × 10
molecules per photons

Heptane Acetone Acetaldehyde

0.5 L min−1, RH6, UV-A 4.282 5.170 5.560
1 L min−1, RH6, UV-A 12.46 14.01 14.01
0.5 L min−1, RH40, UV-A 1.683 1.703 2.568
0.5 L min−1, RH6, VIS 0.797 1.791 2.085
3.4 Photocatalytic oxidation of air mixtures

Indoor air could contain hundreds of different organic pollut-
ants in very small concentrations. To mimic the real conditions
of indoor air pollution, the degradation of two synthetic air
mixtures of 9 ppm of heptane–acetone–acetaldehyde (Fig. 7a)
Fig. 7 FTIR spectra of heptane–acetone–acetaldehyde (a) and toluene–
and through the reactors under UV-A irradiation on the TiO2 film.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and 9 ppm of toluene–acetone–acetaldehyde (Fig. 7b) were
studied. The multicomponent mixtures of synthetic air were
analysed to investigate how components interfere with each
other. Moreover, how compounds in amulticomponent mixture
with different polarities and hydrophilicities affect the photo-
catalytic performance was studied under different operating
conditions.

All pollutants in both studied mixtures were completely
oxidized at RH 6% and an air ow rate of 0.5 L min−1 under UV-
A, if three sections of the reactor were applied (catalyst surface
of 360 cm2) (Fig. 7 and ESI Tables SI-2 and SI-3†). Complete
oxidation of acetaldehyde had already been achieved aer the
polluted air had passed through the rst section of the reactor
(catalyst surface of 120 cm2), when it was in the mixture with
heptane, while the conversion of acetone and heptane were 93
and 77%, respectively (Fig. 7a and Table SI-2†). The conversions
of acetaldehyde, acetone and toluene in the mixture with
toluene at the same catalyst surface (120 cm2) were 78, 70 and
71%, respectively (Fig. 7b and Table SI-3†). The degradation rate
of compounds in the mixture with heptane followed the order:
acetaldehyde, acetone, heptane with QE of 5.6, 5.2, 4.3 × 10−5

molecules per photons, respectively (Table 3). Acetaldehyde and
acetone having simpler molecular structures are expected to be
oxidized faster in the mixture. However, the QE of acetone and
acetaldehyde degradation decreased 25 and 22%, respectively,
when these compounds were in the mixture with toluene
(Tables 3 and 4). The degradation of acetone and acetaldehyde
molecules in the mixture with toluene probably decreased due
acetone–acetaldehyde (b) mixtures passing through the by-pass line
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Table 4 Quantum efficiencies of 9 ppm of a mixture of toluene,
acetone and acetaldehyde with different experimental parameters
after the first section of the reactor (catalyst surface of 120 cm2)

Operating parameters (air ow
rate, RH, irradiation source)

Quantum efficiency, × 10−5

molecules per photons

Toluene Acetone Acetaldehyde

0.5 L min−1, RH6, UV-A 3.970 3.895 2.232
1 L min−1, RH6, UV-A 10.59 8.934 8.946
0.5 L min−1, RH40, UV-A 2.056 1.790 2.322
0.5 L min−1, RH6, VIS 1.514 1.318 1.077
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to competitive adsorption on the surface of the photocatalyst.
Toluene by-products oxidize more slowly than the initial
compound, so these could adsorb on the surface of the photo-
catalyst inhibiting the adsorption of acetone and acetaldehyde.

To study the synergetic effect of the VOC mixtures on pho-
tocatalytic oxidation in more detail, the decomposition of VOC
mixtures under different experimental conditions was studied.
The effects of air ow rate, water vapour and irradiation source
on the QE and conversions of VOCs in the mixtures are pre-
sented in Tables 3 and 4 and in ESI Tables SI-2 and SI-3.† In the
heptane–acetone–acetaldehyde mixture, the degradation reac-
tion rate under all operating conditions followed the order
(from the highest to lowest): acetaldehyde, acetone, heptane
(Tables 3 and SI-2†). In the toluene–acetone–acetaldehyde
mixture, toluene affected the degradation rates of acetone and
acetaldehyde and the values of the QE of the components were
very close (Tables 4 and SI-3†).

An increase in the air ow rate from 0.5 to 1 L min−1 resulted
in higher QE for all compounds in both mixtures (Tables 3
and 4). However, the increase in QE of heptane and toluene
degradation with increased mass transfer was higher than for
acetone and acetaldehyde. At an air ow rate of 1 L min−1, RH
6%, under UV-A, the QE of toluene was even higher than that of
acetone and acetaldehyde (Table 4). This indicates that for less
polar compounds, such as heptane and toluene, compared to
oxygen-containing compounds, the intensication of mass
transfer favors their oxidation. The same was found for indi-
vidual pollutants as RH increases from 6 to 40%: the QE of all
compounds in the mixtures decreased by about twice (Tables 3
and 4). This also conrms the competitive adsorption of
compounds on the surface of TiO2 with water vapor. The QE of
all compounds decreased drastically under VIS light (Tables 3
and 4), showing that the amount of ROS produced is limited
under VIS light. However, with increased residence time in the
reactor (catalyst surface of 600 cm2) the average conversion of
the pollutants in the mixture with heptane and toluene under
VIS light reached 92 and 45%, respectively (Tables SI-2 and SI-
3†). That is, 3 ppm of acetaldehyde, 3 ppm of acetone and
2.3 ppm of heptane were oxidized in the rst mixture at a cata-
lyst surface of 600 cm2 (air ow rate 0.5 L min−1, RH6%) (Table
SI-2†). In the second mixture, 1.6 ppm of acetaldehyde, 1.6 ppm
of acetone and 0.9 ppm of toluene were oxidized under the same
conditions (Table SI-3†).
35540 | RSC Adv., 2022, 12, 35531–35542
There are only a few studies, where photocatalytic oxidation
of VOCs in air mixtures is investigated and most use modied
TiO2 powders under UV-A.7,8,11,25 For, example, the photo-
catalytic oxidation of toluene, decane and trichloroethylene
separately and in mixtures was studied by Debono et al. in
a batch reactor with 100mg of P25 TiO2 powder load. In general,
the oxidation of pollutants in the mixture was up to twice as
slow as its degradation as a single compound. As in the current
study, they observed sequential degradation of VOCs, which
related to the competitive adsorption of different compounds
on the surface of the photocatalyst.25 Liang et al. studied the
degradation of 11 ppb of acetone, toluene and p-xylene in
a mixture and separately on sol–gel TiO2 lm. They found that
degradation of p-xylene and acetone occurred at lower rates in
the mixture, and the conversion of acetone and p-xylene
decreased more than 15% in the mixtures. The opposite trend
was observed for toluene, where the conversion increased by ca.
20%.8,11 Chen and Zhang studied the oxidation of a VOC
mixture, which consisted of 16 different compounds, in
a honeycomb reactor coated with a TiO2-based catalyst. The
oxidation efficiency for all components in the mixture was lower
compared to the single compounds. It was found that the
interference effect is obvious and the molecules with higher
affinity to the catalyst are more easily adsorbed on its active sites
and oxidize faster.26

The TiO2 thin lm prepared in this study degraded 9 ppm of
VOCs in the mixture at a reaction time of 46.8 s (catalyst surface
of 360 cm2, RH 6%, UV-A). A reaction time of 31.2 s was needed
to oxidize 10 ppm of acetone or acetaldehyde, when these
compounds were studied separately under the same experi-
mental conditions.28 A reaction time of 46.8 s was needed for
10 ppm of heptane oxidation as a separate compound (Section
3.2, Fig. 2a) and ca. 4 ppm of toluene (initial concentration
10 ppm, Section 3.3, Fig. 5a) was oxidized at a reaction time of
46.8 s. The results of the current study demonstrate that TiO2

lms could signicantly decrease or completely photocatalyti-
cally oxidize the variety of VOCs under different operating
conditions.

4 Conclusions

A sprayed TiO2 thin lm prepared from a solution with a TTIP :
AcacH molar ratio of 1 : 8 was thoroughly studied for its pho-
tocatalytic activity in the continuous ow gas-phase degradation
of heptane and toluene as single compounds and in mixtures
with acetone and acetaldehyde. Under UV-A light, heptane
degradation was not hindered by an increase in its initial
concentration up to 40 ppm and air ow rate up to 2.5 L min−1;
only an increased content of water molecules in the air
decreased the reaction rate. Under VIS light, 5 ppm of heptane
were completely oxidized at a reaction time of 62.4 s; however in
the case of 10 ppm, the photocatalytic oxidation was limited by
the number of ROS produced. In the case of toluene, 70% of its
5 ppm initial concentration was degraded at a reaction time of
78 s under UV-A light. Toluene oxidation was hindered by the
insufficient amount of ROS and the adsorption of less reactive
degradation intermediates on the catalyst surface. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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performance of the photocatalytic air treatment device could be
augmented by decreasing the reaction time with a simultaneous
increase in the surface area of the lm. Variations in relative
humidity from 6 to 40% were found not to have an effect on
toluene degradation. However, the addition of 50 ppm of ozone
increased the conversion of 10 ppm of toluene from 51 to 94%.

The degradation rate of compounds in mixtures with
heptane followed the order (from the highest to lowest): acet-
aldehyde, acetone, heptane. However, in a mixture with toluene,
the degradation of acetone and acetaldehyde was affected by
toluene. The presence of aromatic compounds in the VOC
mixture retards the degradation of otherwise easily degraded
aliphatic compounds. An increase in air ow rate promotes the
degradation of all compounds in both mixtures. The degrada-
tion rate of less polar poorly adsorbed VOCs could be enhanced
by intensifying the mass transfer in the reactor. Higher
humidity and visible light decreased the initial reaction rate of
all compounds in both mixtures. This indicates the formation
of a limiting amount of reactive species and competitive
adsorption between the pollutants and their intermediate
products on the surface of the catalyst.

Under UV-A (irradiance 3.5 mW cm−2), the synthesized TiO2

thin lm at catalyst surfaces of 120–600 cm2 degrades 9 ppm of
VOCs in the mixtures at a reaction time of 46.8 s. As individual
compounds 10 ppm of acetone and acetaldehyde degrade at
a reaction time of 31.2 s, 10 ppm of heptane at a reaction time of
46.8 s and ca. 4 ppm of toluene out of 10 ppm was oxidized at
a reaction time of 46.8 s. Under VIS light in a mixture with
heptane, 3 ppm of acetaldehyde, 3 ppm of acetone and 2.3 ppm
of heptane were oxidized at a reaction time of 78 s. In a mixture
with toluene under VIS light, oxidation of 1.6 ppm of acetalde-
hyde, 1.6 ppm of acetone and 0.9 ppm of toluene oxidation was
achieved. TiO2 lm prepared in the current study demonstrated
excellent capability for successful application for the treatment
of indoor air from low concentrations of VOC mixtures causing
sick building syndrome.

This study conrms that TiO2 thin lms obtained by
a simple and cost-effective method of chemical spray pyrolysis
are highly effective for indoor air purication from VOCs.
Transparent TiO2 lm with a material quantity of ca. 0.2 mg
cm−2 shows competitive photocatalytic activity compared with
a coating prepared from P25 powder and could continuously
oxidize 9 ppm of VOC mixture. The obtained lm can be widely
applied as an innovative air purifying material in buildings or
devices.
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B. Figueiredo, M. P. Seabra, A. S. Škapin, J. J. Calvino,
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