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With industrial growth, air pollution has also increased. Air pollution is accountable for several diseases and
numerous deaths. Volatile organic compounds (VOCs) are one of the most common classes of air
pollutants and are mostly caused by anthropogenic activities. These VOCs have adverse effects on
human health as well as on the environment. Photocatalytic oxidation is one of the most common
methods available to get rid of VOCs. Photocatalytic oxidation (PCO) is usually performed under UV
light, but various photocatalysts, which can work under the visible region of light (white light), have also
been reported lately. Recently, PFOTES—CV-based visible light activated-superhydrophobic TiO, paints
have been reported to have bactericidal activity according to the literature. In this study, we have used
these TiO,-based paints to study their photocatalytic efficiency against VOCs. The effects of multiple
parameters including the input concentration of VOCs (2-5 ppm), amount of PFOTES (1-5%), light
power source (8, 24 W), and humidity (60-70%) have been studied. Substantial photocatalytic efficiency
was observed against toluene, p-xylene, and acetaldehyde. ~92% against toluene, ~99% against p-
xylene, and considerable removal efficiency against acetaldehyde were found with the paint made with
3% PFOTES. Characterization of the photocatalysts was carried out by XPS, FTIR, and DRS. The PCO
reactor under visible light was used for the photocatalytic decomposition reaction and the gas analysis
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rsc.li/esadvances was performed by GC/MS.

Environmental significance

VOCs are one of the major air pollutant groups. They are harmful for human health as well as our environment and exposure to them is inevitable. Due to these
reasons, VOC removal is the need of time. This article studied the photocatalytic oxidation performance of superhydrophobic-visible light-activated PFOTES-CV-
based TiO, paints against VOCs. These photocatalytic TiO, paints are reported to have bactericidal activity under visible light in the literature. We have
investigated their photocatalytic performance against toluene, p-xylene, and acetaldehyde under visible light. Various parameters such as the input concen-
tration of toluene, amount of PFOTES, light power, and humidity were also examined. These paints successfully decomposed VOCs such as toluene, p-xylene,
and acetaldehyde. These paints have high potential for commercialization.

Introduction

Air pollution has increased greatly since the start of the indus-
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pollutant groups. The indoor concentration of VOCs can be 10
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times higher than that found outdoors.” VOCs can easily pollute
the environment due to their wide use in everyday life and their
ability to evaporate at room temperature.®* Exposure to VOCs is
inevitable. Most of the VOCs present in air come from anthro-
pogenic activities. The burning of fuel and the use of paints,
glues, cleaning agents, aerosol sprays, etc. are all some of the
most common ways for VOCs to spread as indoor air pollutants.
Modern modes of transportation and chemical industries such
as gas and oil fields are among the largest sources of VOCs
present in ambient air.* The effect of VOCs on human health
varies substantially.”> However, some VOCs can be found as
carcinogens, while others can have little to unknown effects.
Headaches, dizziness, nausea, skin, and eye irritation are re-
ported to be some of the short-term effects of VOCs, whereas
organ damage (e.g. liver, nervous system, kidney), asthma,
cancer, leukemia, and other deadly diseases are known as long-
term effects of VOCs on human health.>* The presence of VOCs
in the atmosphere is also dangerous to the environment. VOCs
can give rise to global warming as most of them absorb the
radiation in the infrared region. VOCs are also responsible for
indirect global warming by the generation of tropospheric
oxidants such as ozone, degradation of ozone in the strato-
sphere, climate change, etc.*” The sources and effects of VOCs
studied in this article are listed in Table 1.

Numerous methods for the removal of VOCs have been re-
ported in previous literature.*® Photo-thermal catalytic
combustion,® plasma catalytic process,” and catalytic oxida-
tion'>"* are a few of the recently studied methods for the
decomposition of VOCs. Several non-destructive methods have
also been used for VOC removal such as absorption, adsorp-
tion,**** and condensation.* Photocatalysis is one of the envi-
ronmentally friendly techniques for the decomposition of
various pollutants, including VOCs. Carbon dioxide and water
are formed as a result of the photocatalytic decomposition of
VOCs. Until now, vast research has been done on this topic,
resulting in various publications including multiple review
articles. Titanium oxide (TiO,) is a widely used catalyst for
photocatalytic degradation of VOCs." The reaction mechanism
of the photocatalyst has also been widely studied and reported
in numerous studies.”™* TiO, can produce highly reactive
radicals such as "OH, 'O,  and hydrogen peroxide (H,O,) but
only under ultraviolet (UV) light due to the high bandgap.*® The
requirement of UV light hinders its wider and practical appli-
cation for many reasons. Studies have mentioned that only 5%
of solar light consists of light within the UV region in

Table 1 Sources and effects of the studied VOCs
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comparison to 45% visible light and 50% within the near-
infrared region, which makes this process less efficient.****"
Another drawback that was stated is the formation of various by-
products due to very high-energy photons. Thus, it is important
to decrease the bandgap in the TiO, photocatalyst so it can be
used under visible light. Several modifications have been re-
ported in this regard. Doping of elements (metals and non-
metals), inorganic acid treatment, constructing hetero-
junctions (with noble metals or other semiconductors), organic
dye sensitization, generating oxygen vacancies in titanium
dioxide (non-stoichiometric TiO,), and metal ion implantation
are among the widely studied methods to increase the photo-
catalytic activity of TiO, under the visible region of light.**'*

As mentioned previously, dye sensitization is one of the
extensively studied methods in the field of visible light-activated
photocatalysis. In this technique, an organic dye is adsorbed on
the surface of TiO, by weak van der Waals attraction. Subse-
quently, the electrons from the dye jump to the conduction
band of the photocatalyst due to excitation and generate radi-
cals under visible light."#'®'* Additionally, silane coupling
reagents can be used to protect the dye from desorption or
photobleaching.”® Recently, TiO,-based white light-activated,
superhydrophobic surfaces have been introduced by the addi-
tion of a water repellent silane group (1H,1H,2H,2H-per-
fluorooctyltriethoxysilane (PFOTES)) and organic dyes (crystal
violet (CV) and toluidine blue O (BTO)) to TiO, nanoparticles.*
Superhydrophobic materials are materials that have a water
droplet contact angle higher than 150°.>> The prepared photo-
catalysts have shown remarkable bactericidal activity against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli).
The study also hinted at the multiple applications of these
paints and suggested that these paints can be applied on
various surfaces such as paper, polymers, and glass. The
application of these photocatalytic paints has also been re-
ported. It was mentioned that these visible light (white light)
activated materials can be used as air filters to remove various
bioaerosols with ~99.98% inactivation rate and ~99.9% filtra-
tion efficiency,” which is higher than conventional filter-based
copper nanoparticles or copper-organic framework.***” Easy
preparation, and simple and fast surface treatment are among
the most notable advantages of these paints. Previous
studies®"** have also extensively studied the characterization of
PFOTES-CV-TiO, paints.

Therefore, our study focuses on another application of TiO,-
based superhydrophobic white light-activated paints. We have

Boiling point

Name (BP) °C Source Effect

Toluene 110.6 Fuel, paints Headache, dizziness, hearing/vision
loss, problems in pregnancy

Xylene 138.4 Fuel, paints Dizziness, stomach problems, loss
of memory, bone marrow damage

Acetaldehyde 20.2 Consumer products, building Skin/eye irritation, nausea,

materials, automobile exhausts
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headache, mucous membrane,
carcinogen
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studied the conversion of volatile organic compounds into
environmentally friendly by-products with the use of TiO,-based
paints. Toluene, p-xylene, and acetaldehyde were used as VOCs
to study the photocatalytic activity of the paints. These VOCs are
among the most common pollutants in indoor and outdoor air.
Their decomposition study will help future researchers to
understand the removal of other common VOCs of the same
groups such as hydrocarbons and aldehydes. The effect of the
input concentration, the amount of PFOTES, and the light
power are included in the studied parameters. Differential
reflectance spectroscopy (DRS), Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)
were used for the characterization of the photocatalysts. In the
future, this study will be helpful in the development of self-
cleaning paints with photocatalytic activity against chemical
aerosols such as VOCs. The photocatalytic efficiency was
studied by using a PCO reactor and GC/MS.

Materials and methods
Raw materials

The raw materials for the photocatalysts such as TiO, (Degussa
P25, anatase : rutile = 75:25), 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane (PFOTES), and crystal violet (CV) were
purchased from Sigma-Aldrich (USA). Toluene, p-xylene, and
acetaldehyde were used as volatile organic compounds (VOCs)
and were purchased from RIGAS Co. Ltd. (Korea) in the form of
50 ppm aerosol in nitrogen. Ethanol was used as the solvent for
the paint preparation and was purchased from Daejung (Korea).
White lights of power 8 W and 24 W were bought from Osram

(Italy).

Preparation of the photocatalysts

1-5% PFOTES solutions were prepared by adding 1.0, 2.0, 3.0,
4.0, and 5.0 g of PFOTES into ethanol to make a total of 100 g of
each solution, and then the solutions were sonicated for 10 min.
For the preparation of the paints, 4 g of TiO, and 40 mg of
crystal violet were added to 40 mL PFOTES solution with
constant stirring. Then the resulting solution was vortexed and
sonicated for 5 min each. For the photocatalytic oxidation of
VOCs, 1 mL of the paint solution was applied on the glass slide
of 50 mm x 75 mm dimensions and dried for 3 h in the dark.
Deionized water was used to wash the dried samples to remove
the non-combined dye. The same preparation procedure was
repeated for all the PFOTES solutions of 1-5%. The paint
samples were named P-1, P-2, P-3, P-4, and P-5 in which the
numbers correspond to the percentage solution of PFOTES.

Experimental details

A stainless steel photocatalytic oxidation (PCO) reactor loaded
with the photocatalyst was used to study the photocatalytic
activity of the paints and a Shimadzu GC/MS (QP2020) was used
to analyze the input and output gas composition. Fig. 1 shows
the instrumental setup used for the study. The input concen-
tration was adjusted by the ratio between VOC and air. The total
flow rate of 50 mL min~" consisting of the VOC and air was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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introduced into the PCO reactor. The flow rate of the input gases
was controlled by mass flow controllers (MFC) made by Kofloc,
Kojima Instruments Inc. White lights of power 8 W and 24 W
were used to activate the photocatalytic paint. The effect of
humidity was studied between 60 and 70%. Gas peaks were
identified by the National Institute of Standards and Tech-
nology (NIST) MS library whereas peak areas were calculated by
using GCMS solution software. The following eqn (1) was used
to calculate the photocatalytic VOC removal efficiency of the
catalysts.

Conversion (%) = (1 — Agud/A4in) x 100 (1)

where A;,, and A, are the peak area of VOCs in the reactant gas
and the product gas respectively.

Results and discussion
Input concentration of toluene

The effect of the concentration of toluene on photocatalytic
decomposition is shown in Fig. 2. The photocatalytic activity of
the prepared paints was studied in the visible light region by
using a plate-type photocatalytic oxidation (PCO) reactor similar
to a previous study.”* 1 mL of the paint P-1 was spread on the
glass slide to provide the surface for the reaction. The white
light of 24 W power was used as a light source. The concen-
tration of toluene was controlled by changing the input flow rate
of toluene. The total flow rate (air + toluene) of the input gas was
set at 50 mL min . Various input concentrations of toluene
including 2, 3, 4, and 5 ppm were analyzed to study the pho-
tocatalytic ability of the prepared paints against VOCs. As shown
in Fig. 2, it was found that the photocatalytic activity decreased
with the increase in the input concentration. The highest
catalytic activity was obtained with a concentration of 2 ppm at
which up to 93% toluene was successfully converted to CO, via
photocatalytic oxidation. The conversion gradually decreased to
around 33% at a 5 ppm concentration. These results suggest
that TiO, paints made with PFOTES and CV have a photo-
catalytic ability to decompose VOCs to environmentally benign
molecules in addition to bactericidal activity as mentioned by
Hwang et al.”*

PFOTES amount

Silanes such as 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(PFOTES) are used to increase the hydrophobicity of materials,
which can help in the self-cleaning process.”® In another study,
it was suggested that PFOTES can help in CV deposition due to
interstitial spaces and electrostatic attraction.?® It was revealed
that PFOTES keeps the dye from leaching. The study also stated
that the bond between PFOTES and TiO, could also be covalent.
Additionally, scientists mentioned that TiO, was found to have
a covalent bond with another silane group, 3-methacrylox-
ypropyltrimethoxysilane (MPS).>* The hydrophobicity of TiO,
was increased due to Ti-O-Si bonds. In our study, PFOTES
solutions of various concentrations (1-5%) were used in the
preparation to study its effect on the photocatalytic activity of
the paint against toluene. Fig. 3 shows the photocatalytic

Environ. Sci.. Adv, 2023, 2, 69-77 | 71
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Fig. 1 Schematic diagram of the photocatalytic oxidation setup.
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Fig. 2 Photocatalytic activity of P-1 at various toluene inputs with
a total flow rate of 50 mL min™, under 24 W white light.
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activity of paints P-1, P-2, P-3, P-4, and P-5. 1 mL of each paint
was applied to different glass slides which were used in the PCO
reactor. 3 ppm toluene concentration was introduced with the
total input flow rate of 50 mL min~ ' under 24 W white light. It
was observed that photocatalytic activity slightly increased
when the PFOTES amount was increased from 1-3%. Paint P-2
was found to have about 88% efficiency whereas paint P-3 shows
the highest performance with 92% efficiency in comparison
with 84% of paint P-1. This change in performance suggests
that the PFOTES-TiO, interaction increased when the concen-
tration of PFOTES was increased (to 3%). As mentioned earlier,
higher attachment of PFOTES on TiO, will have higher depo-
sition of CV which can increase the performance. Qi et al. also
stated that a lower amount of modifier such as 1% can be
insufficient and more polymer can be attached to TiO,.”® On the
other hand, the performance significantly dropped in paints P-4
and P-5. The efficiency of P-4 and P-5 decreased to 45% and 23%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The photocatalytic activity of paints P-1, P-2, P-3, P-4, and P-5
against 3 ppm toluene with a total flow rate of 50 mL min~?%, under
24 W white light.

respectively. We believe that a very high amount of PFOTES
hinders the active sites which ultimately decreased the radical
generation, thus decreasing the photocatalytic ability. Zhu &
Wang have mentioned in their review on photocatalysis that
a combination of photocatalysts with additional materials can
also block the active sites and shield the light absorption.*” In
another study, the authors observed similar results when the
decomposition of VOCs increase up to a certain point and then
decreased.”® They suggested that VOCs can also contaminate
the active sites on the hydrophobic surfaces of the photo-
catalysts. This contamination can lead to a downward trend in
photocatalytic performance.

Power source

Fig. 4 shows the photocatalytic activity of paint P-3 under the
white light of power 8 W and 24 W. It was observed that the
photocatalytic performance decreased with a decrease in the
light power. 73% efficiency was observed with the white light of

1001 W B 24 W

80 |
60 |
40 4
20
0
24 48 7 96 120

Time (min)

Toluene removal efficiency (%)

Fig. 4 Photocatalytic activity of the paint P-3 under 8 W and 24 W

white light against 3 ppm toluene at a total flow rate of 50 mL min~%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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8 W, as compared to 92% with 24 W. Other researchers also
noted the change in photocatalytic performance with the
change in light intensity.”>*® The authors stated that higher
intensity is helpful in generating a higher number of radicals.
Despite this fact, the photocatalytic performance was found to
be decent under the light of lower power.

Catalyst characterization

Fig. 5 shows the DRS spectra of the paints P-1, P-2, P-3, P-4, and
P-5. The DRS was measured in the wavelength range of 240-
700 nm. It was observed that the absorption increased with an
increase in the amount of PFOTES to 3% and then it decreased
with a further increase in PFOTES such as 4% and 5% solutions.
These results are in accordance with the photocatalytic perfor-
mance of the paints. As mentioned earlier in this study, the
photocatalytic performance also increased to 3% PFOTES and
then decreased. It strengthens the suggestion made previously
that the PFOTES amount of less than 3% is insufficient whereas,
more than 3% is responsible for light shielding.>**

Pure P25 —— P-1 P-3 —— P-5
PureCV —— P2 —— P4
-
&
W
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=
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<
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<«
T T T T T
400 450 500 550 600 650 700
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Fig.5 DRS spectra of the paints P-1, P-2, P-3, P-4, P-5, pure P25, and
pure CV.
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Fig. 6 FTIR spectra of P-3, pure P25, and pure CV.
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Fig. 7

The converted Tauc plot of CV, P-3 and TiO, is given in Fig.
S1 in the ESL.{ The bandgap values of CV, P-3 and TiO, were
calculated as 1.99 eV, 2.95 eV and 3.09 eV, respectively. The
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(a) XPS spectrum of the paint P-3 and (b) XPS peaks of the individual elements in P-3.
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results indicate that under visible-light irradiation, photo-
generated electrons can transfer from CV to TiO,, resulting in
The excessive electron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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accumulation in TiO, will promote electron transfer to the
environment, leading to a redox reaction. We have also per-
formed SEM to determine the particle size and surface
morphology of the photocatalytic paint P-3. The results are
given in Fig. S2 in the ESI.{ Paint P-3 showed a spherical shape
with a diameter of 33.2 £+ 4.7 pm.

The FTIR spectrum of paint P-3 is compared with those of
TiO, and CV in Fig. 6. The FTIR transmittance was observed in
the wavenumber range of 400-4000 cm ™. The FTIR spectra of
the paint and TiO, are found to be very similar. The broad
absorption band which corresponds to the Ti-O stretching
vibration was observed in the spectrum of TiO, in the region
400-890 cm™'. The broad peaks of adsorbed water have
appeared at 1636 and 3352 cm™ . The same peaks were also
found in paint P-3. Although, in the spectrum of P-3, additional
peaks were also observed which correspond to the presence of
PFOTES. The peaks at 1047, 1146, 1212, and 1247 cm™ ' were
observed due to the C-F, bands. Additionally, the peak attrib-
uted to C-H, can be seen at 1636 cm ™ '. The C-F; peak (820-890
cm ') may have been merged with the Ti-O band. Similar
spectra can also be seen in a previous study where researchers
treated TiO, with PFOTES.*

XPS data of the paint P-3 are given in Fig. 7. The XPS spectra
were studied in the range of 0-1300 eV. The XPS spectra of paint
P-3 confirm the coordination of TiO,, PFOTES, and CV. The
peaks of Ti, O, F, C, Si, and N were observed. The Ti 2p3,, and Ti
2p1» peaks of Ti** were observed at 458.1 eV and 463.0 eV
respectively. The O 1s peak of oxygen was found at 529.3 eV. F
1s, C 1s, and Si 2p peaks were observed at 688.1, 284.7, and
101.3 eV respectively. These peaks signify the attachment of
PFOTES on the TiO, surface. The peak of N 1s was observed at
398.3 eV which represents the presence of CV. Similar XPS
results have been reported in a previous study for the prepara-
tion of TiO, paints with PFOTES and CV.*

Decomposition of p-xylene and acetaldehyde

Since paint P-3 was found to have the maximum photocatalytic
ability among the prepared paints against toluene, the
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Fig. 8 Photocatalytic activity of P-3 against 3 ppm toluene and 3 ppm
p-xylene at a total flow rate of 50 mL min~! under 24 W white light.
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photocatalytic activity of P-3 was also studied for p-xylene and
acetaldehyde. The photocatalytic performance of paint P-3
against p-xylene is given in Fig. 8. 3 ppm concentration of p-
xylene at a total flow rate of 50 mL min~" was introduced in the
reactor loaded with 1 mL of P-3 under 24 W visible light. It was
observed that about 99% of photocatalytic efficiency was ach-
ieved against p-xylene. CO, was found to be the by-product of
the photocatalytic decomposition of p-xylene. Similarly, acetal-
dehyde also has shown substantial decomposition under the
same conditions. Besides CO,, no other by-products were
observed when the photocatalytic decomposition of acetalde-
hyde was studied. The photocatalytic performance of the
superhydrophobic visible light-activated PFOTES-CV based
TiO, paint for various VOCs establishes its versatility as
a futuristic paint.

Effect of humidity

The photocatalytic performance of paint P-3 against toluene was
also studied under humidity to simulate real atmospheric
conditions. It was observed that humidity has a negative impact
on the photocatalytic performance of the paint for toluene. The
catalytic efficiency of P-3 against toluene decreased from 92% to
25%. It has been reported in the literature that humidity has
both positive and negative effects on the photocatalytic activity
of TiO, against VOCs depending on various factors.*® The
photocatalytic performance trend of TiO, (P25) against toluene
has been reported to differ considerably under humid condi-
tions. Increase in the paint pore size can lead to a higher
conversion of VOCs under humidity. An increase in the amount
of P25 can increase the performance by decreasing the
competition between VOCs and water.** Hence, it is suggested
that further research is required to enhance the performance of
the PFOTES-CV-based TiO, paints under humid conditions to
make their use more practical.

Decomposition mechanism

TiO, in combination with CV generates the O,"~ radical from
oxygen in air under visible light.>® These radicals can react with
VOCs such as toluene, p-xylene, and acetaldehyde. VOC pollut-
ants convert into carbon dioxide and water after the reaction.™
The decomposition mechanism of VOCs is given as the
following equations.

TIOZ + CV + 02 +h — 02'7 (2)
VOGCs + O, — CO, + H,O (3)
Conclusion
The photocatalytic oxidation performance of

superhydrophobic-visible light-activated PFOTES-CV-based
TiO, paints against VOCs has been studied in this article.
These photocatalytic TiO, paints are reported to have bacteri-
cidal activity under visible light in the literature and are
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suggested to have a wide range of applications due to easy and
fast preparation and utilization. To increase the practicality of
these paints, we have investigated their photocatalytic perfor-
mance against toluene, p-xylene, and acetaldehyde under visible
light. Moreover, various parameters such as the input concen-
tration of toluene, amount of PFOTES, light power, and
humidity were also examined. DRS, FTIR, and XPS were used for
the characterization of the PFOTES-CV-based TiO, paints,
whereas the PCO reactor was used to examine the photocatalytic
efficiency under white light. It was concluded that the photo-
catalytic efficiency decreased with the increase in the input
concentration of toluene. The addition of PFOTES has a signif-
icant effect on the photocatalytic activity of superhydrophobic
paints against toluene. The photocatalytic efficiency increased
till the addition of a 3% PFOTES (~92%) solution and then
decreased with the addition of a higher concentration solution
of PFOTES. The photocatalytic paints have shown reasonable
decomposition efficiency for p-xylene (~99%) and acetaldehyde
under visible light. The decrease in the photocatalytic perfor-
mance of the paints was noticed when the light intensity was
decreased as well as under humidity. Due to their photo-
bactericidal and photocatalytic efficiency against VOCs, these
paints/photocatalysts have a very high potential for various
applications. Even so, further study is suggested in the future to
enhance their performance under humid conditions. Materials
such as metal oxides (ZnO, NiO, WO;, MnO,), platinum sup-
ported materials (Pt/Al,0;-CeO,), silver-based compounds
(AgBr, AgBr/WO;3), and carbon based materials (CNT, graphene,
graphene oxide) are some of the reported photocatalysts. It
would be interesting to study their activity in photocatalytic
paints.
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