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a  b  s  t  r  a  c  t

The  present  work  aims  to develop  a photocatalytic  coating  for  the  improvement  of  indoor  air  quality.
Two  types  of visible-light  responsive  photocatalysts  (powder  and  suspension  form)  were  applied  into  a
water-based  acrylic  coating.  The  applied  materials  were  characterized  and  the  developed  coatings  were
tested for  the pollutant  removal  efficiency  under  visible-light  irradiation.

The coatings  containing  a stabilized  C–TiO2 suspension  showed  nano-scale  and  uniform  particle  distri-
eywords:
hotocatalytic efficiency
arbon-doped titanium dioxide
ater-based top-coating

itric oxide

butions.  A UV treatment  was  found  to be  necessary,  in order  to expose  the  nano-photocatalytic  particle
and  to  promote  the NOx removal  efficiency  under  visible  light  irradiation,  from  5  h (7%  de-NOx) to
10  h  (18%  de-NOx).  In addition,  the  distribution  and  the  incorporation  of  the  catalyst  were  significantly
improved  in  case  of the coatings  incorporating  C–TiO2 suspension.

©  2014  Elsevier  B.V.  All  rights  reserved.

irect incorporation

. Introduction

The quality of indoor air at homes, offices, schools, hotels, health
are facilities and other private or public buildings or transporta-
ion vehicles, where people spend a large amount of their time
more than 80%) is an essential determinant of healthy life, com-
ort and people’s well-being. Hazardous substances emitted from
uildings, construction materials, indoor equipment and/or due to
uman activities indoors (e.g., cooking, cleaning, smoking or heat-

ng) and pollutants from outdoors lead to a broad range of health
roblems and may  even be fatal [1]. Indoor air pollution levels are
ery often higher than outdoors, particularly in air-tight buildings
ue to energy saving demands [2].

Photocatalytic oxidation (PCO) technology is considered as one
f the potentially very efficient advanced oxidation processes for
he improvement of the air quality by degrading inorganic and
rganic air pollutants [3–6]. The most used photocatalyst – tita-
ium dioxide (TiO2) (pure or modified) – has received considerable
ttention in the past decade due to its high PCO activity, high
hemical stability, low toxicity and low cost [7,8]. Under the appro-

riate irradiation of photon energy, equal to or higher than its
and gap energy, electron–hole pairs are generated on the TiO2.
he photo-generated holes in the valence band and the electrons

∗ Corresponding author. Tel.: +31 40 247 2371; fax: +31 40 243 8595.
E-mail address: q.yu@bwk.tue.nl (Q.L. Yu).

ttp://dx.doi.org/10.1016/j.apcatb.2014.12.012
926-3373/© 2014 Elsevier B.V. All rights reserved.
in the conduction band diffuse to TiO2 surface and they produce
highly energetic hydroxyl radicals (OH•) and super-oxide radical
anions (O2

•−) which can oxidize the adsorbed pollutants on the
TiO2 surface [9]. The practical use of photocatalysis seems to be far
less developed than the scientific interest, as reflected by the large
number of scientific publications in comparison with the limited
number of products that appear in the market [7].

Several building materials have been used as carriers for
the application of photocatalytic materials, for example concrete
[3,10], mortar [4,11], clays [12], polymers [9,13,14], etc. It can be
concluded that the application of photocatalytic materials is more
beneficial while applied as a top layer rather than in the whole
volume of the product, where most of the photocatalytic materi-
als are hindered, not exposed to the environment and thus, not
effective. This leads to an application of photocatalytic materials
in coatings and since more strict regulation concerning the emis-
sions of volatile organic compounds in coatings has been applied
[15], water-based coatings appear to be a good solution. Incor-
poration of nano-materials to the conventional coatings produces
new multi-functional coatings due to their small particle size and
specific properties without significantly modifying their original
properties. These coatings are termed “functional coatings” [16].

There are several techniques to incorporate nanoparticles onto

or into a polymeric support. Based on the formation processes of
the resulting composites, they could be generally divided into two
categories: direct incorporation and in-situ synthesis [13]. Most of
the in-situ techniques do not find the use in coatings with TiO2

dx.doi.org/10.1016/j.apcatb.2014.12.012
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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s they require high calcination temperatures (e.g., 450 ◦C [17]
nd higher), along with complex procedures and expensive instru-
ents [18]. The direct incorporation method, on the other hand,

as the advantages of convenience in operation, comparatively low
ost and suitability for massive production [19,20]. Nano-materials
nd carriers are in this case prepared first separately, and then
hey are compounded by dispersion, solution, emulsion, fusion or

echanical forces [9,21]. In dry state, nanoparticles exist in the
orm of clusters: agglomerates, bonded at the corners and edges
nd/or aggregates with much stronger bonds. When added in a
iquid, these bonds become even stronger. In order to achieve the
est performance of the photocatalytic products, such as photo-
atalytic efficiency, optical behavior [22], aesthetic properties [23],
tc., these particles need to be dispersed/broken as close as pos-
ible to their primary particle size [24] and stabilized to prevent
e-agglomeration during or after the application.

The present study aims to develop a photocatalytic coating with
he purpose of improving the indoor air quality. Wallpaper was
hosen as the carrier of the photocatalyst, because of its wide appli-
ation in indoor environments and its direct contact with ambient
ir. Due to the negligible ultraviolet irradiation indoors, application
f a visible-light responsive photocatalyst was necessary. Within
ery few commercially available visible-light responsive photocat-
lysts, a carbon-doped titanium dioxide (C–TiO2) was used due
o its good efficiency [4,25]. The effect of the direct incorpora-
ion of C–TiO2 powder KRONOClean 7000 and a trial stabilized
ater-based suspension of KRONOClean 7000 into a protective
ater-based acrylic top coating was studied. The particle size and

he stability of the photocatalysts were determined. The distribu-
ion of the photocatalytic particles incorporated in the water-based
op-coating and applied on the wallpaper was analyzed, and the
CO efficiency of the developed coatings was investigated by the
hotocatalytic removal of an inorganic air pollutant nitric oxide
NO). A plug-flow experimental setup following ISO 22197-1 stan-
ard as a reference was used, and it was irradiated by visible light

rradiation.

. Materials

The carbon-doped titanium dioxide powder (KRONOClean
000; designated KC7000) and the trial stabilized suspension of
he KC7000 (designated SC40) were applied (all provided by Kro-
os International, Inc.) as photocatalysts. The KC7000 is a C–TiO2
owder with an anatase TiO2 content of >87.5%, density (�) of
.9 g/cm3, crystallite size approximately 15 nm,  with an internal
pecific surface area A > 225 m2/g, responsive to visible light up to
early 550 nm [25] and application range of 4–9 pH (these infor-
ation were acquired from data sheet of the provider). The SC40

s a water-based suspension containing around 40% of C–TiO2 by
ass, has a pH of 7–8 (at 20 ◦C), flash point >90 ◦C, a density (�)

f 1.35–1.55 g/cm3 (at 20 ◦C) and a dynamic viscosity <800 mPa  s.
 commercially used protective water-based acrylic top coating

TC54, designated TC) was used as the base material (provided
y Polytex). Wallpaper carrier (provided by BN International) con-
isted of a paper substrate coated with a layer of polyvinyl chloride
PVC).

. Experimental

.1. Photocatalyst dispersion
In order to analyze the dispersibility of the photocatalysts, the
article size distribution (PSD) and the zeta potential (�-potential)
as measured by a Zetasizer Nano ZS (Malvern) applying the
nvironmental 168 (2015) 77–86

dynamic light scattering (DLS) technique and a combination of elec-
trophoresis and Laser Dopler Velocimetry, respectively.

Two samples containing KC7000 (KC1 and KC2) and a sample
containing SC40 (SC) were prepared. The effect of the pH modifica-
tion on the particle size and �-potential of KC7000 was analyzed.
KC1 and SC were mixed with demineralized water. KC2 containing
KC7000 was modified by 1 M NH4OH solution during the mixing
in order to modify its pH. The pH modification was carried out
in order to increase the �-potential and consequently the stabil-
ity of the dispersion. The C–TiO2 concentration was  fixed to 0.05%
by mass in order to meet the concentration requirements of the
analytical setup. Samples were prepared by adding the photocata-
lyst into demineralized water during the high-energy mixing under
4000 rpm for a duration of 20 min.

3.2. Elemental analysis

An elemental analysis was  performed on TC and SC40 in order
to determine their chemical composition. This was performed to
quantify the amount of TiO2 in the SC40 and to analyze other com-
ponents possibly interfering with the photocatalytic efficiency in
SC40 and TC. The analysis was performed by an energy dispersive
x-ray fluorescence (EDXRF) spectrometer/Epsilon 3 range (PAN-
alytical). The Omniam (standard-less) program was used for the
analysis. The samples were dried and analyzed in a pressed powder
form.

3.3. Coating preparation

The photocatalysts were incorporated into the top coating dur-
ing the mixing phase. The best performing mixing method was
chosen between a high-energy mixer (L5 M,  Silverson) equipped
with a square-hole high-sheer screen head and an ultrasonic
homogenizer (UPS400, Hielscher). The mixing time and rotation
rate were experimentally determined by the particle size analysis.
The samples with the smallest particle size were chosen for further
testing. The mixing volume (V) of the coating was set as 100 mL.  Var-
ious formulations based on mass were used for the development
of the PCO coating between the TC and SC40 or KC7000. Wallpaper
with dimensions of 200 × 100 mm2 was  used as carrier. The devel-
oped coatings were applied as a final layer on top of the carrier.
The coating application was  performed by a drawdown coating
method applying a wire-wound metering rod. The wire-wound
metering rod type US4, coating with a wet thickness of 8 �m,  was
used for all coatings in order to precisely keep the dosage of the
coating. The coatings were performed manually by applying the
coating on the carrier and drawing it down with the wire-wound
metering rod using an adequate and uniform force and speed. The
coating thickness was governed by the cross-sectional area of the
grooves between the wire coils of the rod. The groove between
the wires determined the precise amount of coating material that
passed through. The hardening of the coatings was performed by an
infrared irradiation (IR) generated by an infrared dryer TEXFLASH
(Acos Graf) with a 6000 W infrared heat source. The measured tem-
perature on the surface of the irradiated coatings after 20 s under
the full power of the IR dryer was  about 150 ◦C. All samples were
treated the same way during the coating application and curing
phase. Firstly, the carrier was pre-heated by IR for 10 s; then the
coating was  applied; and subsequently cured by IR for 20 s. After
the curing phase, the coated samples were kept in the dark until fur-
ther actions. The C–TiO2 dosage was  calculated and measured by a
series of mass measurements of wallpaper carriers before and after

the coating application. Fig. 1 illustrates the experimental scheme.

The KC7000 powder was  dispersed in demineralized water prior
to the incorporation into the top coating by a high-energy mixer
under 4000 rotations per minute (rpm) for a duration of 20 min. The



S. Lorencik et al. / Applied Catalysis B: Environmental 168 (2015) 77–86 79

Fig. 1. Experimen

Table 1
C–TiO2 amount and dosage.

PC10 PC20 PC30 PC40 SC10 SC20 SC30 SC40

* * * *
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C–TiO2

[mg/cm2]
0.13 0.26 0.39 0.52 0.80 0.60 0.40 0.20

* Contains surfactant.

s prepared dispersion was afterwards incorporated in a drop-wise
ashion into the top coating during the high-energy mixing under
000 rpm for duration of 10 min. Several coating designs were car-
ied out. The samples containing 10, 20 and 30% of C–TiO2 by the

ass of the binder (top-coating) were designated PC10, PC20 and
C30, respectively. The sample containing KC7000 (40% by mass)
ispersion without the binder was designated PC40 and the dosage
as calculated as 0.52 mg/cm2. The SC40 was used as received and

t was incorporated into the top coating in a drop-wise fashion
uring the high-energy mixing. The mixing was performed under
000 rpm for a duration of 10 min. The samples containing 10, 20
nd 30% of C–TiO2 based on the mass of the binder were designated
C10, SC20 and SC30, respectively. The pure SC40 suspension was
esignated SC40 and the dosage was calculated as 0.80 mg/cm2.
he C–TiO2 dosages of the developed coatings are listed in Table 1.

These relatively low dosages were chosen in order to maintain
he transparency of the coatings and as well not to significantly
aise the price of the final product. The reason for higher dosage
n case of SC10–40 was the amount of the surfactant, as will be
iscussed.

.4. Morphology analysis

The morphology of the samples was analyzed by a QUANTA
EG scanning electron microscope (FEI Company). The morphol-

gy analysis was performed initially on the wallpaper carrier and
allpaper coated by the top coating, SC40 or PC40. Samples for the

nalysis were prepared by coating the testing sample and curing
t by the infrared irradiation. Moreover, the morphology analysis

Fig. 2. Scheme of the plug-flo
tal scheme.

was carried out on the developed coated samples SC10–30 and
PC10–30.

3.5. Photocatalytic efficiency assessment

The photocatalytic efficiency was assessed by the NOx removal
experiments using a plug-flow experimental setup. Nitric oxide
(NO) was  used as a model pollutant and it was mixed with a
synthetic air and adjusted to the desired concentration and the
flow rate. The low concentration (0.5 ppm) of the pollutant and
various flow rates (1–3 L/min) were chosen in order to better rep-
resent the real conditions in indoor environment. The applied light
source was composed of three fluorescent cool daylight lamps of
25 W each, emitting a visible light irradiation with the wavelength
400–700 nm and adjusted intensity of about 10 W/m2. The exper-
imental conditions, such as the pollutant concentration, flow rate,
humidity and light intensity were fully controlled. The temperature
and the humidity were measured at the inlet of the reactor. The out-
let concentration of NO and NO2 were measured and interpreted
as NOx concentration. Fig. 2 shows the scheme of the plug-flow
experimental setup.

The pollutant concentration was measured by an online NOx
analyzer APNA-370 (Horiba). The APNA-370 continuously mon-
itors the NO concentration using a cross-flow modulated semi
decompression chemiluminescence method. The concentration
measurement was performed automatically every 5 s with a sam-
pling flow rate of 0.8 L/min.

The amount of NOx (NO + NO2) removed was determined by
using the following equation:

NOxdegradation = [CNOx ]in − [CNOx ]out
[CNOx ]in

× 100[%] (1)
where the initial concentration [CNOx ]in was taken as an average
value of 5 min  before turning on the light. The outlet concentra-
tion [CNOx ]out was taken as an average value of the last 5 min  of
the irradiation period. The average values were taken due to slight

w experimental setup.
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Table 2
Results of the particle size and �-potential analysis of KC1, KC2 and SC.

pH [–] Average particle size �-potential [mV]
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KC1 4.5 2.13 �m −14
KC2 8.5 2.20 �m −38
SC  7.4 63 nm −33

uctuation of the concentrations, in order to better represent the
fficiency.

The reaction mechanism of PCO of NOx, as described by Yu et al.
26], is shown below. Firstly, the photocatalyst needs to be photo-
ctivated by the light of appropriate wavelength, which will result
n the generation of electron/hole pairs:

iO2 + hv → e+ + h− (2)

This is followed by the adsorption of the reactants (H2O, O2, NO,
O2) onto the photocatalyst. The adsorption of H2O and O2 leads to

he trapping of the generated holes and electrons and consequent
eneration of hydroxyl radicals and superoxides:

+ + H2O → OH• + H+ (3)

− + O2 → O−
2 (4)

fterwards, the adsorbed pollutants can be oxidized by these rad-
cals:

O + OH • → HNO2 (5)

NO2 + OH • → NO2 + H2O (6)

O2 + OH • → NO−
3 + H+ (7)

he generated superoxide can be also attacked by the following
outes:

−
2 + H+ → HO2 (8)

O + HO2 → NO−
3 + H+ (9)

owever, due to the lack of sufficient acidic environment and the
uperoxide generation in the conduction band (NO is adsorbed in
he valence band), it is very difficult for the superoxide to undergo
he reaction. Therefore, it can be seen that NO is mainly oxidized
y the produced radicals firstly to NO2 and finally to NO−

3 [26].
A pre-treatment was applied prior to the photocatalytic effi-

iency assessment to further improve the photocatalytic efficiency
f the prepared coatings. The pre-treatment was carried out by irra-
iating the samples by UV light for a certain period (5, 10 or 24 h)

n order to degrade the possible hindering layer, and to expose the
hotocatalytic particles to the environment. The light source was
omposed of three fluorescent tubes of 25 W each, emitting high-
oncentrated UV-A radiation in the range of 300–400 nm operating
nder the intensity of 10 W/m2. The ability to degrade pollutants
as used as an indicator for the evaluation of the pre-treatment.

he samples were embedded in the plug-flow reactor, as shown in
ig. 2, irradiated by UV light and 1 ppm of NO was  introduced in
he meantime. The concentration development of the model pol-
utant was observed. The pre-treatment efficiency evaluation was
nitially performed on the SC40 coated on the carrier. Furthermore,

his was performed on the PC40 and the coatings containing binder
C10–30 and PC10–30.

The photocatalytic efficiency experiments were performed ini-
ially on PC40 and SC40 applied on wallpaper. The samples were

able 3
lemental analysis results of TC and SC40.

SiO2 SO3 TiO2 Ag2O ZrO2

TC 6.139 0.971 – – – 

SC40  0.261 0.577 98.065 0.203 0.636 
nvironmental 168 (2015) 77–86

firstly tested without any pre-treatment [27]. A model pollu-
tant concentration of 1 ppm (nitric oxide), flow rate of 3 L/min or
1.5 L/min and a visible light irradiation of about 10 W/m2 were
applied. Furthermore, the PC10–40 and the pre-treated SC10–40
samples were tested for photocatalytic efficiency. A model pol-
lutant concentration of 0.5 ppm was  used to simulate the real
conditions. The SC10–40 samples were tested under variable flow
rates (1, 2, 3 L/min) in order to observe the effect of the flow
rate on the photocatalytic efficiency. Finally, in order to assess
pre-treatment efficiency in terms of PCO efficiency of the coat-
ing formulations containing SC40, a prolonged UV  pre-treatment
of 24 h was performed.

The 24 h UV pre-treatment was  performed on two  samples:
SC40 and SC30. A steady UV irradiation, about 10 W/m2, was
applied during the pre-treatment period. Afterwards, samples were
tested for the de-NOx efficiency under visible light irradiation and
two different flow rates (1.5 and 3 L/min) were used to investigate
the effect of the flow rate on the degradation.

4. Results

4.1. Photocatalyst dispersion

The particle size distribution results of the samples containing
KC7000 (KC1 and KC2) showed that the particle size did not change
with the pH modification, although the zeta potential changed con-
siderably. The stability of dispersion was poor in both cases, since
the particles tend to set already after 30 min, due to the presence of
large agglomerates with an average particle size of about 2 �m.  The
unmodified suspension of KC7000 (KC1) was  then chosen for fur-
ther testing. The particle size of SC was measured in the nano-range
with the average particle diameter of about 63 nm.  The measured
particle size along with the �-potential value indicated that the sus-
pension was stable, based on the assumption that for sub-micron
particles Brownian motion is usually significant to overcome the
effect of gravity [28]. Table 2 shows the results of pH, PSD and �-
potential measurements of KC1, KC2 and SC. These results suggest
that stabilized nano-scale SC is more suitable than the micro-scale
KC7000 due to its optical properties, as mentioned by Allen et al.
[22]. SC should also exhibit a higher photocatalytic activity, because
of its enhanced dispersion in the matrix. Results also revealed that
high-energy mixing is not sufficient, even along with pH modifica-
tion, to break the agglomerates of the tested photocatalyst.

4.2. Elemental analysis

Table 3 lists the determined chemical composition of TC and
SC40. A certain amount of silica (6.1% by mass) is contained in the
top coating (TC), which could be beneficial for the durability of the
coating, the dispersion and the air pollutants removal efficiency of
the photocatalyst. The amount of the silica could play an important

role in terms of durability when photocatalyst is applied and it will
be studied in the future. The analysis of SC40 proved the purity of
the suspension that contains 98% of C–TiO2 plus several impurities
probably introduced during the preparation (milling).

Al2O3 MgO  CaO Cl K2O Br

0.183 0.123 0.156 92.059 0.191 0.176
0.033 0.052 0.163 – – –
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Fig. 3. Photos of the carrier (WP) reference sampl

.3. Coating preparation

Fig. 3 depicts the developed coatings (PC10–30 and SC10–30)
pplied on wallpaper. It is clear that the particle plays an significant

ole on the aesthetic properties of the coatings. The large particle
ize of the PC10–30 and the chosen application coating method
esulted in a blockage of the voids between the wires, leading to an
neven distribution of the coating along the wallpaper. This was not

Fig. 4. SEM images of the coatings: a) TC; b) PC40; c
 and developed coatings (SC10–40 and PC10–40).

observed in case when the photocatalytic suspension was applied
(SC10–40). The use of the suspension led to prominent benefits in
terms of photocatalyst distribution.
4.4. Morphology analysis

Fig. 4 shows the SEM images of the base material (TC), PC40 and
SC40 applied on the carrier. The SEM images of the wallpaper carrier

) SC40; and d) SC40 (doted area = not coated).
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Fig. 5. SEM images of the developed coatings: a) PC10; b) SC10; c) PC20; d) SC20; e) PC30; and f) SC30.

c
t
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c
P
w
t
o

oated with the TC showed the presence of micro-scale particles
hat could be attributed to the silica that is present in the formu-
ation of the TC, which was analyzed during the XRF analysis (SiO2
ontent = 6.1% based on the amount of solids). The SEM analysis of

C40 confirmed the presence of large clusters of C–TiO2 particles
ith the size around 2 �m measured by PSD analysis indicating

hat relatively commonly used techniques such as the high-shear
r ultrasonic are not sufficient to break the particles close to their
primary particle size [25]. A solution to that might be an application
of other techniques, e.g., bead milling or chemical modification. This
can result in uniform and nano-sized particle size distribution of the
C–TiO2 with the average particle size below 100 nm,  as observed in

the case of SC40. However, due to the high surface tension of the
SC40, coatings made only with the SC40 exhibited un-coated parts
as can be seen in the Fig. 4d. This would have a negative effect on the
PCO performance, because of the reduced active area. The addition
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Table  4
The NOx degradation results of the PC40 and SC40 coatings irradiated by visible light
irradiation and under various flow rates.

Sample PC40 SC40

(3 L/min) (1.5 L/min) (3 L/min) (1.5 L/min)
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Cinlet [ppm] 0.97 0.97 0.95 0.96
Coutlet [ppm] 0.83 0.76 0.95 0.95
Degradation [%] 14 21 0 1

f the water based TC, containing several wetting agents, can lower
he surface tension and improve the wettability of the coating.

A layer of surfactant, which is used to promote the stability of
he suspension and prevent re-agglomeration, covers the nano-
articles in SC40. This negatively affects the PCO efficiency of the
oating as the photocatalytic particles are hindered from direct con-
act with reactants. Therefore, further actions need to be done in
rder to promote the PCO efficiency, as also reported by Kasanen
t al. [29]. This will be discussed in the following sections (Section
.5.2).

The morphology analysis of samples PC10–30 revealed a non-
niform distribution of particles and the presence of micro-scale
gglomerates that are not properly immobilized. Due to the micro-
cale of the particles, PC10–30 coatings are opaque in some extent.
he addition of SC40 into the TC resulted in a crack formation after
he curing and pre-treatment phase, which suggests the necessity
or modification of the composition, due to the high amount of addi-
ives, or modification of the curing process [30]. The distribution of
C40 in the TC appeared to be uniform, which can be observed in
he images as darker spots on the coatings. The distribution of the
oatings SC10–30 appeared to be uniform in contrast with the pure
C40 coating (see Fig. 4d). Visually, all coatings made with SC40
ere transparent due to the low dosages and the small particle size,
hich is in line with Scalarone et al. [23], who concluded that if the

article size is around 50 nm,  light is transmitted and the acrylic
oating retains its characteristic transparency. The SEM analyses
erformed on the coated samples SC10–30 and PC10–30 are pre-
ented in Fig. 5. The images of the PC40 and SC40 are presented in
ig. 4.

.5. Photocatalytic efficiency assessment

.5.1. Preliminary evaluation
Table 4 shows the NOx degradation results of the PC40 and

C40 applied on wallpaper and tested under visible light irradia-
ion for a duration of one hour under two different flow rates (3
nd 1.5 L/min). The de-NOx results showed that about 14% of NOx

as degraded by PC40 under the flow rate of 3 L/min and 21% of NOx
as degraded under the flow rate of 1.5 L/min. The NO degradation
as higher (25% under the flow rate of 3 L/min and 34% under the
ow rate of 1.5 L/min), but the formation of NO2 decreased the over-

ig. 6. The NOx concentration development during the pre-treatment period of
C40.
Fig. 7. The NOx concentration development comparison during the pre-treatment
period of PC40 and SC40.

all PCO efficiency. The experiment performed on the SC40 showed
very low NOx degradation, only about 1% under the flow rate of
1.5 L/min was observed. It was  assumed that the cause for such
a low degradation efficiency was  the hindering of the photocat-
alytic particles by the surfactant that is necessary to stabilize the
nano-particles due to the strong attractive forces, as discussed in
the previous section. This hindering prevented the pollutants to
reach the surface of the TiO2 particles and this suggested that a
treatment step was highly necessary.

4.5.2. Pre-treatment
An ultraviolet (UV) treatment was  chosen to be applied to the

developed coating prior to the visible light assessment. This was
done in order to remove the surfactant from the photocatalyst,
expose the photocatalytic particles and activate the coating. Fig. 6
shows graphically the NO, NO2 and NOx concentration develop-
ment results during the pre-treatment of the SC40 sample.

The pre-treatment showed no efficiency in the first two  hours
(no NO degradation). After this period, the NO concentration started
to decrease, which signified that the material started to be photo-
catalytically active. The pre-treatment evaluation was  terminated
after 7 h. The NOx degradation was 55% and no deactivation took
place during the experiment. The NOx concentration had a decreas-
ing trend in that time, which suggests necessity for an optimized
pre-treatment duration or applied UV intensity.

In order to assess the effect of the pre-treatment duration, 5 and
10 h long pre-treatments were chosen. The 5 h pre-treatment was
chosen by using the requirement stated in ISO 22197-1 as a refer-
ence, where a 5 h UV irradiation is used for the degradation organic
matter on tested sample. The 10 h pre-treatment was applied in
order to assess the effect a longer pre-treatment possesses on the
photocatalytic efficiency. All the samples were initially pre-treated
for 5 h and the concentration development of NOx in time was
monitored. All samples prepared with KC7000 powder (PC10–40)
showed a rapid initial degradation, followed by a quick decrease
of the PCO efficiency, resulting in a low degradation even in the
case of PC40, where no binder was applied. This deactivation can
be attributed to the loss of active sites due to the large particle size
[31]. All samples prepared with SC40 (SC10–40) showed no NOx
degradation for about 2 h. After this period, particles were exposed
and the PCO activity was  enhanced. Fig. 7 shows the NOx concen-
tration development on PC40 and SC40 during the pre-treatment
period.

4.5.3. PCO efficiency assessment
Table 5 shows the NOx degradation results of the developed
coatings under the flow rate of 1.5 L/min irradiated by visible light.
The PC10 was  able to degrade only 1% of NOx. However, high de-
NOx efficiency results of 12% and 53% were observed for the samples
PC20 and PC30, respectively. The de-NOx efficiency of the samples
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Table 5
The NOx degradation results of the developed coatings during the de-NOx assess-
ment under the flow rate of 1.5 L/min irradiated by visible light irradiation.

Sample NOx degradation [%] Sample NOx degradation [%]

PC30 53.2 SC30 5.0
PC20 11.9 SC20 1.9
PC10 1.0 SC10 0.5
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ig. 8. NOx degradation efficiencies of SC10–40 pre-treated for 5 h tested under
arious flow rates.

repared with SC40 was significantly lower with the highest NOx
egradation of only 5% measured for sample SC30 of C–TiO2. The
hotocatalytic assessment of TC applied on wallpaper showed no
O concentration decreases, which suggested that no photocat-
lytic reaction took place.

Various flow rates were applied during the photocatalytic
ssessment of the SC10–40 samples. The flow rate was set to
–3 L/min designated L1–L3, respectively. Each sample was  tested
nder dark conditions in order to analyze the adsorption of model
ollutant on the coatings. The adsorption of NO was tested for the
ame duration as the photocatalytic test prior to and after the pre-
reatment, and the results were: 0.5% for SC10; 1.3% for SC20; 0.2
or SC30 and 0.1% for SC30 before the pre-treatment and 0.2% for
C10; 1.0% for SC20; 1.1% for SC30 and 0.9% for SC40 after the pre-
reatment. Figs. 8 and 9 shows the NOx degradation efficiencies
f the SC10–40 pre-treated for 5 and 10 h tested under various
ow rates. Coatings containing TC and photocatalyst are labeled
ith filled marker, SC40 is labeled with empty marker in order to

ighlight that is does not contain TC. Several conclusions can be
ade based on these results: (1) the pre-treatment had a significant

ffect on the photocatalytic efficiency of the samples; (2) longer
re-treatment resulted in better photocatalytic efficiency; (3) the
est performing samples were SC30 and SC40; and (4) flow rate

odification resulted in significant enhancement of the pollutant

egradation.
Fig. 10 shows the NOx concentration development of the SC40

nd SC30 coating applied on wallpaper tested under the flow rate

ig. 9. NOx degradation efficiencies of SC10–40 pre-treated for 10 h tested under
arious flow rates.
Fig. 10. The NOx concentration development of the SC40 and SC30 coatings during
the de-NOx assessment irradiated by visible light irradiation and under various flow
rates.

of 3 L/min and 1.5 L/min and initial NO concentration of 1 ppm. The
de-NOx experiment of the samples pre-treated for 24 h revealed
significantly higher degradation efficiencies than the ones precon-
ditioned for 5 h. The de-NOx results for pure SC40 were 16 and 28%;
and for SC30 were 13 and 23% for 3 and 1.5 L/min, respectively. The
long pre-treatment time, however, is not realistically feasible due
to the high energy requirements. The lower flow rate represented
more closely the real conditions, which resulted in better represen-
tation of the real performance of the coatings. The testing method
of such a passive photocatalytic materials should be modified in
order to obtain results representing real indoor conditions, as was
also reported by Ifang et al. [32].

5. Discussion

The dispersed C–TiO2 powder (PC40) and C–TiO2 suspension
(SC40) were directly immobilized into the water-based top-coating
under different proportions, as it is cost effective and operationally
relatively easy [18,19]. Results revealed micro-scale agglomerates
in case of PC40 dispersed in aqueous media, and nano-scale parti-
cles in case of SC40 suspension. The particle size plays a significant
role on the stability, transparency and PCO activity of the PC40 dur-
ing the de-NOx experiments due to the strong deactivation. The
SC40 suspension was stable due to the small particle size and high
zeta potential value. The nano-particle size resulted in transparent
coatings.

The photocatalytic results revealed higher activity of the
micro-sized PC40 under visible light irradiation compared to the
nano-sized SC40. This is in disagreement with Allen et al. [22], who
concluded that the photocatalyst with smaller particle size exhibits
higher photocatalytic activity. A reason to such a low degradation
in case of SC40 was the coverage of the photocatalytic particles by
the surfactants. This resulted in a necessity to activate the product.
The activation was done by UV pre-treatment of the SC40 applied
on wall covering in order to degrade the surfactant covering the
photocatalytic particles and to expose the particles to the environ-
ment. Another methodology was applied by Kasanen et al. [29],
who incorporated TiO2 particles into the polyurethane resin, and
an oxygen–plasma treatment was used in order to expose pho-
tocatalytic particles. This treatment could, however, be difficult to
transfer into real production. The de-NOx results of the SC40 during
the UV pre-treatment showed that the PCO efficiency was  pro-
moted already after 2 h. Nevertheless, the optimal duration and/or
UV intensity still needs to be determined and optimized.

A series of coatings applying PC40 or SC40 were formulated and

tested for PCO efficiency and morphology. The results showed that
coatings prepared by incorporation of PC40 formed large, micro-
scale, agglomerates, which affect the distribution of the particles
and the transparency of the coating as well. The coatings contain-



is B: E

i
t
s
d

2
t
s
i
u
1
b
t
p
i
s
t
t
p

p
S
r

c
r
t
a
a
o
t
t
e

c
t
l
[
t
[
e
e
a

6

b
V
s
m
o
p
f
t
s

•

•

[
[

[

[

[

[

[
[

S. Lorencik et al. / Applied Catalys

ng SC40 showed nano-scale particles, with even distribution due
o the strong stabilization of the suspension. However, the high
urface tension of the suspension led to the formation of unevenly
istributed coating.

The de-NOx experiments were performed according to the ISO
2197-1 with the flow rate of 1.5 L/min, under visible light irradia-
ion on the PC10–30 and SC10–30 samples. The PC coatings showed
ignificantly higher NOx degradation (53% for PC30) than SC coat-
ngs (5% for SC30). Further experiments on the SC10–40 samples
nder various flow rates and two pre-treatment durations (5 and
0 h) revealed the necessity of fitted UV pre-treatment duration
ased on the composition of the coating and application of suitable
esting conditions in order to more representatively interpret the
erformance of the developed coating. The NO adsorption exper-

ments performed on the samples under dark conditions showed
imilar results before and after pre-treatment. This suggests that
here is no significant effect of pre-treatment on the NO adsorp-
ion and that the NOx concentration decrease is purely caused by
hotocatalytic reaction.

A prolonged pre-treatment carried out on SC40 and SC30 sam-
les showed significant improvement of NOx degradations (28% for
C40 and 23% for SC30). The obtained results are higher than some
esults on different substrates [4,22].

The ISO standard 22197-1 does not represent realistic indoor
onditions (high pollutant concentration, UV irradiation, high flow
ate, geometry) as was reported also elsewhere [32]. Moreover,
he pollutant conversion is different under such conditions [4] and
lso does not represent the behavior of the photocatalytic product
pplied indoors. In this research, the conditions were modified in
rder to approach indoor conditions closer. A different approach to
est such a passive photocatalytic product, such as batch-type reac-
or, could be beneficial to more accurately assess the photocatalytic
fficiency potential for the indoor environment application.

Moreover, in order to obtain better results in real indoor appli-
ation, optimization of the indoor lightning conditions to promote
he photocatalytic efficiency is suggested. Since the cut-off wave-
ength of the C–TiO2 extends only to the visible bluish light range
25], the combined effect of UV and visible light to better activate
he photocatalytic reactions would be beneficial as suggested in
4,25]. Another possible solution might be the utilization of differ-
nt light sources, such as light-emitting diodes (LEDs), which can
mit light with a very narrow wavelength that corresponds to the
bsorption spectrum of the applied photocatalyst.

. Conclusion

This article addresses the development of a functional water-
ased photocatalytic coating for improving the indoor air quality.
isible-light responsive photocatalysts, in a form of powder or
uspension, were chosen for the direct incorporation into a com-
ercially used water-based coating. The effect of the incorporation

n the morphology and photocatalytic efficiency was analyzed. A
reviously developed plug-flow experimental setup [4] was  used

or the assessment of photocatalytic efficiency in accordance with
he ISO 22-197-1. The visible light irradiation was applied as a light
ource.

The experimental results led to the following conclusions:

The coatings containing C–TiO2 incorporated in a powder form
possess a high photocatalytic efficiency (53% de-NOx). However,

the formation of highly agglomerated clusters led to poor visual
properties and poor incorporation of the photocatalyst.
The coatings containing C–TiO2 incorporated in a suspen-
sion form showed significantly improved visual properties and

[
[
[

[

nvironmental 168 (2015) 77–86 85

promising photocatalytic efficiency after the application of a pre-
treatment.

• The pre-treated samples (containing TC) tested under more
realistic conditions showed maximal photocatalytic de-NOx effi-
ciencies from 7% de-NOx after a 5 h UV pre-treatment and 18%
after a 10 h UV pre-treatment for coatings containing 30% of
C–TiO2.

• Issues in application of C–TiO2 in a suspension form, such as
the excess of additives in the coating formulations and the pre-
treatment optimization, need to be further addressed.

Moreover, this study reveals that:

• A more suitable testing method should be applied in case of pas-
sive photocatalytic materials, such as photocatalytic wallpaper
coating, in order to more reliably predict their real performance;

• A method representing indoor air conditions, applying lower flow
rate (<1 L/min), lower concentration of model pollutant (ppb lev-
els [1]), mixture of the pollutants (organic and inorganic), lower
visible light intensity and mixing should be considered to better
interpret the performance of potocatalytic materials under real
conditions.
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