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Several  low  cost,  user-friendly  photocatalytic  surface  coatings  were  applied  to cementitious  surfaces  and
tested  as  a remediation  technique  for  transportation  NOx emissions  and  organic  pollutants.  All  of  the
sols  (aqueous  suspensions  of nanoparticles)  coatings  showed  very  high  nitrogen  oxide  (NO)  conversion
(∼90%)  and  Methylene  Blue  dye  bleaching  when  applied  to concrete  surfaces,  even  when  the  coatings
were  extremely  thin  or diluted,  independently  on  the  deposition  method  (spraying  or  dip  coating).  A novel
hydrophobic  coating  based  on photocatalyst  nanoparticles  suspended  in  a  siloxane  sealant  showed  simi-
oncrete
ydrophobic
hotocatalysis
elf-cleaning
ir pollution
Ox

iloxane

lar conversion  at  low  NO  concentrations  but required  a  greater  loading  of TiO2. At  high NO  concentrations
the  hydrophobic  coating  was  less  effective,  even  at greater  TiO2 loadings,  suggesting  that  the  adsorption
is  the rate limiting  step  in this  conversion  process.  A threshold  of  1%  TiO2 loading  in  hydrophilic  coating
and  5%  in  the  case  of hydrophobic  was  needed  to  obtain  a  quantitative  NOx conversion.  A home-made
TiO2 sol  showed  lower  NOx photodegradation  but  a more  homogeneous  and  bonded  layer.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Oxidative photocatalysis based on the semiconducting prop-
rties of titanium dioxide (TiO2) has attracted enormous interest
ince it was discovered in 1972 [1,2]. However, it is only in the last
ecade that photocatalytically active materials have been applied
o urban infrastructures [3]. The use of these photocatalysts can
rovide a wide range of beneficial properties to a surface, like self-
leaning [4,5], treatment of gas phase contamination in indoor and
utdoor air environments [6–10], mainly with volatile organic com-
ounds (VOCs), nitrous oxides (NOx), sulfur oxides (SOx), sooty
articles, and reactive oxidative species (ROSs) [11,12].

Application of photocatalytically active material affects the sur-
ace area and surface energy of a structure or component and has
everal implications beyond its photo-oxidative property. Surfaces
an be made to be more or less hydrophobic; profoundly differ-
nt charge and energy, which has implications on the adhesion of
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hy
(2015), http://dx.doi.org/10.1016/j.cattod.2015.07.025

oatings and subsequent surface treatments.
Recent advances in measurement techniques and methods

ave allowed the researcher to probe the oxidative effect of

∗ Corresponding author at: Instituto de Catálisis y Petroleoquímica, CSIC, C/ Marie
urie, 2 L10. Madrid. Spain.

E-mail address: mfaraldos@icp.csic.es (M.  Faraldos).

ttp://dx.doi.org/10.1016/j.cattod.2015.07.025
920-5861/© 2015 Elsevier B.V. All rights reserved.
these coatings at environmentally relevant conditions. Indoor air
contamination removal requires understanding the behavior of the
system at air concentrations across the range of parts per trillion
(pptv/v) to potentially parts per thousand (v/v) [13–16]. Measure-
ments of the concentration of given pollutants are more viable in
a closed space, where the air environment is protected from the
vagaries of wind direction and other weather, byproducts from
reactions are contained, and the list of common contaminants is
relatively fixed [4]. When these same photocatalytic materials are
studied in outdoor environments a subtle shift in weather (wind
speed, wind direction, atmospheric pressure, humidity, air pres-
sure, etc.) can dramatically affect the contaminant load of the
photocatalytic surface [17,18]. The number of potential contami-
nants is much higher, as outdoor air contamination comes from
many sources (industrial, plant and animal sources, fires, dust,
water surface aerosolization, etc.), each of which have different
composition and concentration profiles. In addition to the greater
number of potential contaminants, determining the relevant degra-
dation pathway is more complicated, as byproducts are immedi-
ately diluted and confounding or competing reactions occur.

Nitrogen oxides (NOx) are an important air-polluting agent with
drophobic concrete coatings to combat air pollution, Catal. Today

impacts on smog formation, ozone generation, and direct human
health effects [19–21]. These compounds are produced during
high temperature combustion, particularly in internal combustion
engines in vehicles [22]. Recent research has shown that making

dx.doi.org/10.1016/j.cattod.2015.07.025
dx.doi.org/10.1016/j.cattod.2015.07.025
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:mfaraldos@icp.csic.es
dx.doi.org/10.1016/j.cattod.2015.07.025
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oadways photoactive through the application of TiO2 is a promis-
ng approach for solving the problems caused by NOx. The gas
hase contaminant nitrous oxides are oxidized to nitrate ions at the
oncrete interface due to heterogeneous photocatalytic oxidation
PCO). The products of the reaction are in the form of water-soluble
itrate compounds and so can be washed from the active concrete
urface by rain [23]. NOx is typically present at sub-ppm concentra-
ions in highly polluted rural air and even high levels of conversion
o nitrates represent a small nitrate load on local water systems.

The incorporation of relatively low concentrations of titanium
ioxide (TiO2) in concrete formulation [24] and the use of the
unlight for the chemical conversion of nitrogen oxides [25,7]
ave become this technology an interesting alternative for urban
onstruction. In addition, a few studies have shown that nano-
iO2 can accelerate the early-age hydration of Portland cement,
mprove compressive and flexural strengths, and enhance the abra-
ion resistance of concrete [26]. Self-cleaning and “de-polluting”
hotocatalytic concrete products are already being produced by
everal companies in Europe and Japan for use in the facades of
uildings and in paving materials for roads [27–29].

Improving air quality by producing photoactive infrastructure
ill require application of photoactive material to very large areas.

n order to prove this treatment technology to be economically
iable the cost of application and maintenance should be bal-
nced against the removal or conversion of pollutants and the
conomic benefit to the public. Some studies have employed con-
rete blocks prepared by mixing TiO2 particles with cementitious
aterials [30,31]. The amount of TiO2 in these samples is very

igh and most of the catalyst is in the internal structure, where
ight is unavailable to promote reactions. Furthermore, mechanical
roperties of concrete are adversely affected by increasing concen-
rations of TiO2 [32]. Other laboratory experiments have employed
ouble layer blocks [17] [33], with only the upper layer having
he photocatalyst in relatively high proportions. This preparation,
equiring two steps, would ultimately result in increased produc-
ion costs and some technical inconveniences such as blockage
f the porous structure in the concrete and delamination of the
hotoactive facade. It is important to consider application pro-
edures that are cost effective and these applications should not
esult in inferior mechanical, physical and chemical characteristics
f the concrete [34]. While many contributions in the literature
ave been addressed to the effect of inlet gas flow, initial pollutant
oncentration, relative humidity, and irradiance, on the efficiency
f photocatalytic degradation rates [17,35], little effort has been
xpended on optimizing the photocatalyst used, the method of
ts application or the homogeneity of distribution when preparing
hotoactive surfaces on concrete. In this sense, taking into account
hat photocatalytic reactions occur only at an illuminated surface,
o an effective, sprayable photocatalytic coating material would be
deal.

On the other hand, siloxane sealers are typically applied to
he surface of concrete to reduce ingress of harmful chemicals by
reating hydrophobic conditions in the near surface areas, which
ombined with photocatalytic properties, could originate a new
eneration of materials offering better performance than conven-
ional TiO2 products.

. Experimental procedure

.1. Preparation of photocatalysts
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hy
(2015), http://dx.doi.org/10.1016/j.cattod.2015.07.025

Several different types of nano-particulate materials based on
iO2 were used in this study: P25 powder from Degussa Evonik
36] (coded P), PC105 (C), PC500 (D) powders and, S5-300A (A)
nd S5-300B (B) sols, from CrystalACTIV [37], and an acidic TiO2
 PRESS
day xxx (2015) xxx–xxx

sol (T) that was prepared in the lab by hydrolysis of titanium iso-
propoxide in diluted nitric acid media under energetic stirring, the
mix  was kept stirring for days until peptization and afterwards
was dialyzed [38,39]. In addition, a home-made acidic silica (SiO2)
sol [40], prepared by hydrolysis of tetraethylortosilicate (TEOS) in
acidic aqueous media and continuous stirring until peptization, was
used in hydrophilic mixtures of some of these materials. Besides,
a polymethyl-hydrogen siloxane (85–100%) oil, PMHS (XIAMETER
MHX-1107) from Dow Corning with a specific gravity of 0.997 (at
25 ◦C) and a viscosity of 30 cSt was used as hydrophobic agent
[41–43].

One of the primary concerns when choosing the photoactive
materials was particle size. The particles should be small enough
to achieve a homogeneous distribution of titania nanoparticles over
the surface of concrete blocks, not alter the esthetic, be transpar-
ent to translucent, have a high surface area, produce a continuous
coating, but not be small enough to be a health concern.

The main physico-chemical properties of photocatalysts were
determined: sols composition and titanium quantification were
analyzed by using an inductively coupled plasma with optical
emission spectrophotometer Perkin-Elmer 3300DV. The crystal-
lite size was estimated by applying the Scherrer equation to X-Ray
diffraction data (PANalytical X’Pert). Specific surface area was  cal-
culated by BET method from data of nitrogen adsorption isotherms
(Micromeritics, ASAP 2420). The surface morphology was analyzed
by scanning electron microscopy (Hitachi Tablet Microscope TM-
1000).

2.2. Preparation of concrete/mortar samples

Two different construction material supports were employed:
concrete blocks and cement tiles. Concrete blocks were fabricated
using a mix  of crushed limestone coarse aggregate, graded sand,
ordinary Portland cement and water in 3.47:1.87:1.0:0.45 pro-
portion, respectively. Water reducing admixture (WRA) and air
entraining agent (AEA) were added as necessary to produce a slump
of 7.5 cm (±2.5 cm)  and an entrained air content of 6% (±1%) when
tested to ASTM standards. The WRA  was added to half of the water
and added to the coarse and fine aggregates in a mechanical con-
crete mixer and mixed for 1 min  to moisten the aggregate particles.
The cement was  then added to the mixer, followed by the remain-
der of the water and the AEA. The concrete was mixed for 3 min,
allowed to rest for 5 min, and then mixed for an additional 3 min.
The concrete was  cast into 10 cm × 10 cm × 30 cm molds and de-
molded after 24 h. The specimens were then transferred into a 100%
RH curing chamber for 28 days.

The cement tiles were made from Portland cement mortar (1:1
cement:sand mix  at W/C  = 0.35) and cast into 15 cm × 15 cm × 1 cm
stainless steel molds. After casting, the tiles were cured for 28 days
in water.

After curing, all the specimens were sliced into small sample
coupons (10 cm × 5 cm × 1 cm)  using a diamond saw.

2.3. Concrete coating

The photoactive coating has been applied by two  different pro-
cedures, spray and dip coating. The spraying method was used
for home-made sols in order to control and minimize the amount
employed, when the commercial sols and suspensions were applied
spray or dip coating were used, except in the case of hydrophobic
suspensions that presented a high viscosity to produce the aerosol.
drophobic concrete coatings to combat air pollution, Catal. Today

In the case of layers deposited by spraying, the amount of sol
was varied to obtain 200, 500 and 1000 nm of theoretical thick-
ness (calculated as, volume = desired layer thickness * specimen
length * specimen width).

dx.doi.org/10.1016/j.cattod.2015.07.025
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Several inorganic semiconducting oxides (commercial P25 (P)
n suspension, S5-300A (A), S5-300B (B), synthetized TiO2 (T) sols)
nd some of them mixed with home-made SiO2 sol at different rel-
tive proportions, 100:0, 75:25, 50:50, 25:75 and 0:100 were spray
oated on the concrete specimen surface. Furthermore, cement tile
amples were prepared by dipping the coupons into the commer-
ial S5-300A (A) and S5-300B (B) sols of the TiO2 particles. For each
pplication, the tile was placed in the TiO2 suspension for 10 s and
hen withdrawn and allowed to drip dry for 30 s. After coating,
n both cases, spraying or dipping, the specimens were dried for

 h at 50 ◦C. Three different series, depending on the concentra-
ion of aqueous commercial TiO2 employed were coated: (i) 100%
A-20/B-18), (ii) 10% (A-2.0/B-1.8) and (iii) 1% (A-0.2/B-0.18). And
wo different coating thickness were prepared: one layer (A/B1)
nd three layers (A/B3), following the same described procedure
or three consecutive times.

Two more series were prepared by dip coating to analyze the
ehavior of hydrophobic coatings, where commercial PC105 (C)
nd PC500 (D) TiO2 powders, were suspended in siloxane super-
ydrophobic sealer at a dosage from 0.1 to 25%, although it was  not
ossible to load more than 15% of PC500 (D) on siloxane due to the
ixture became unworkable to be deposited by this procedure on

ementitious surfaces.
The cement tiles specimens dip coated with the hydrophilic

 and B commercial sols, and the C and D hydrophobic sus-
ensions together with spray coated home-made TiO2 sol were
nalyzed during NO photodegradation following the ISO 22197-
:2007 standard.

A block and a tile of cementitious materials without any coating
ere used as reference for all experiments using the same reaction

onditions than samples.
Table 1 summarizes catalysts, coating procedures and samples

odification.

.4. Methylene Blue photodegradation

A qualitative evaluation of the photocatalytic degradation
apacity was performed by depositing a drop of Methylene Blue
MB) dye solution (10−2 M MB)  on the coated concrete samples.
hotocatalytic activity was judged by measuring the reduction
f stain area and the disappearance of color under illumination
10 W m−2 halogen light, no UV filter). The evolution of the stains
ith time was  followed by photographs taken at different reac-

ion times and further image histogram analysis using the software
mageJ64 1.35.

.5. NOx photodegradation: FTIR detection

A scheme of the experimental design is represented in Fig. 1A.
wo pieces of concrete block samples (10 cm × 5 cm × 1 cm)  were
ocated in a gas-tight borosilicate glass reactor surrounded by five
5 W fluorescent lamps, three Black Blue Light (BBL) and two  day-

ight (DL) lamps. The reactor was attached to a 100 ppm NO and
ero air gas cylinders, a gas mixer was used to generate the desired
O concentration at the inlet that was stablished at 90 ppm to
ssure an adequate FTIR detection during photo-oxidation evolu-
ion. A 1.2 L min−1 constant inlet flow of gas was  passed through
he reactor. A Harrick multi-pass FTIR sampling gas cell fitted to a
icolet FTIR spectrometer was used for detection. An FTIR spectrum
as recorded every 13 min  throughout the 20–25 h of experimen-
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hydrophobic concrete coatings to combat air pollution, Catal. Today
(2015), http://dx.doi.org/10.1016/j.cattod.2015.07.025

al duration in recirculating conditions. The system was  allowed
o equilibrate with the lights off for 10 h, illuminated for 5 h, and
hen allowed to re-equilibrate for 7 h. All the experiments were
erformed at room temperature (25 ◦C). Ta
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F licate reactor, 3. Sample, 4. Gas pollutant, 5. Zero air cylinder, 6. Aluminum foil, 7. Gas cell,
8  Optical window, 3. Test specimen, 4. Gas pollutant, 5. Air-purification, 6. Air compressor,
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ig. 1. Scheme of reaction system set up. (A) FTIR detection: 1. Light source, 2. Borosi
.  Gas mixer, 9. FTIR instrument. (B) Chemiluminescence detection: 1. Light source, 2.
.  Mass-flow controllers, 8. Gas mixers, 9. Humidifier, 10. Analyzer, 11. Vent.

.6. NOx photodegradation: chemiluminescence detection

A schematic diagram of the experimental setup is shown in
ig. 1B. The reaction chamber and all other components were
esigned according to the ISO 22197-1:2007 standard [44], how-
ver some reaction variables were modified for research purposes
NO inlet concentration and gas flow). The reaction chamber was

ade of non-absorbing plastic, covered by a borosilicate window
nd completely sealed to avoid loss of the NO gas–air mixture. A
an was used to spread out the gas mixture uniformly all over the
hamber. A 150 W high-pressure mercury lamp was  used as the
ight source that provided an irradiance of 10 W m−2. A sparging
olumn was used to humidify the zero air prior to mixing. The rel-
tive humidity was stablished at 50 ± 3% by a humidity controller.
as from the 100 ppm NO cylinder was blended with the humid-

fied zero air to meet the desired NO inlet concentration. The gas
ow levels were kept constant between 1.4 and 1.5 L min−1. All
f the experiments were performed at room temperature (25 ◦C)
nd inlet NO concentration of 1.5 ppm and 15 ppm. An NO/NOx

hermo Scientific Analyzer Model 42i was used to measure the NO
oncentration.

. Results and discussion

.1. Methylene Blue (MB) photodegradation

Methylene Blue (MB) testing provided different type of infor-
ation; firstly, the spot area yielded some indication of the

ydrophobicity of the coating, the higher hydrophilicity the wider
rea for the same deposited MB  solution volume. Besides that light-
ning of the blue color could be related to photocatalytic oxidative
ehavior of the concrete or coated concrete samples.

The bleaching of MB  spots was essayed on concrete samples
pray-coated with home-made TiO2 (T) sol, commercials TiO2 P25
P), S5-300A (A), S5-300B (B) and mixtures of some of these photo-
atalysts with lab-made SiO2 sols (Table 1). The results (Fig. 2)
howed that even references were able to whitening the MB
pots, which highlights one of the difficulties when performing
xperiments on concrete specimens, where porosity and pore
umidity/pH could cause hydrolysis in absence of light due to the
asicity of concrete pore water [45,46], while in the silica sol coated
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hydrophobic concrete coatings to combat air pollution, Catal. Today
(2015), http://dx.doi.org/10.1016/j.cattod.2015.07.025

ould be originated by deeper adsorption of MB  promoted by the
ydrophilicity of acidic SiO2 sol, joined to photochemical decol-
ration [47–49]. The quantification of spot area reduction and,
pecially, the calculated MB  initial photodegradation rate (Table 2) Fig. 2. MB  bleaching over coated concrete samples.

dx.doi.org/10.1016/j.cattod.2015.07.025
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Table  2
Estimation of MB  photodegradation as spot area reduction and initial MB  photodegradation as area decrease per time. (The faster MB photodegradation was obtained with
samples marked in bold).

Sample Coating composition (%) Area (pixel) Area shrinkage (%) r0,MB degradation (pixel s−1)

Reference 0 500 40 3.6 × 10−4

Si-20a 100 510 42 3.3 × 10−4

T1-20a 100 520 57 5.2 × 10−4

Si-T1-20a 75-25 450 50 5.0 × 10−4

Si-T1-20a 50-50 450 66 5.3 × 10−4

a −4

conce

p
t
o
g
r
d
5
5
s
n
p
p
h
b
r
t
M
e
t
t
h
p

n
d

F
a

Si-T1-20 25-75 650 

Si-P1-20a 50-50 750 

a Theoretical coated layer thickness: 500 nm.  One layer was sprayed of TiO2 20% 

ointed out the significant photocatalytic activity presented by
he coated specimens that exhibited larger and faster decreases
f stained area under halogen light activation. These results sug-
ested that home-made TiO2 sol coatings appear to increase the
ate of MB  conversion due to photocatalytic activity. Higher degra-
ation rates were obtained for the concrete block samples with
00 nm thick films of home-made silica-titania sols (Si-T1-20, 50-
0 proportion respectively) and 100% TiO2 (T1-20) sol, while other
ilica-titania sols (Si-T1-20 75-25 and 25-75), silica sol-P25 tita-
ia (Si-P1-20) suspension (50-50) gave rise to slightly lower MB
hotoefficiency. The co-presence of SiO2–TiO2 looks to favor the
hotocatalytic degradation probably due to cooperation between
igher adsorption associated to superficial Si–OH directly responsi-
le of the enhancement of photocatalytic TiO2 efficiency, since •OH
adicals have a greater probability to find a MB  adsorbed molecule
han an e− to recombine. Under halogen light, the dark blue color of

B deposited on these samples completely disappeared after 120 h,
ven at shorter times for some of the studied coatings. This simple
est could be a rapid method of preliminary estimating the poten-
ial photoactivity capacity of different coatings, but special care
as to be taken to not extrapolate these findings to other organic
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hy
(2015), http://dx.doi.org/10.1016/j.cattod.2015.07.025

ollutants photodegradation.
A selection of the coated surfaces was analyzed by SEM (scan-

ing electron microscopy) and the images (Fig. 3) showed a very
ifferent layer adhesion, the home-made TiO2 presented the most

ig. 3. SEM pictures of home-made and commercial TiO2 sols coated on cementitious su
s  references.
44 5.0 × 10
44 4.8 × 10−4

ntrated sol or suspension.

homogeneous and regular layer while the commercial A1-20 and
B1-20 coatings had crashes and some pieces were peeled out. Fur-
thermore, Si-20 concrete block coating presented a poor adhesion
and a damaged surface with many cracks, while the presence of
home-made SiO2 in the lab prepared nanoparticulate TiO2 coat-
ing seems to worsen the adhesion of the layer. In order to provide
a satisfactory durability of coated cementitious surfaces, a homo-
geneous and well adhering layer should be achieved even at the
expense of a small loss of photoactivity.

3.2. FTIR study: NO photodegradation

The FTIR study revealed the formation of no other detectable by-
products than NO and NO2 during long term NO photodegradation
on selected home-made SiO2 and TiO2 coated concrete samples.
The characteristic high resolution doublet peaks corresponding to
both NO at 1960–1760 cm−1 and NO2 at 1670–1540 cm−1 (Fig.
1, Supplementary Information) presented very different sensitiv-
ity (1:10 respectively) and were quantified by area integration.
Approximately 8–10 h of concrete sample exposure to the inlet flow
was required to reach a steady state. This is due to the adsorption of
drophobic concrete coatings to combat air pollution, Catal. Today

NO on the surface of the porous concrete [50]. It took longer to reach
steady state when more porous concrete structure was available,
because in these experiments the surfaces not exposed directly to
light were not blocked to adsorption by any sealant, like usually

rfaces. Images of raw and home-made SiO2 sol coated surfaces have been included
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Fig. 4. Evolution of NOx concentration during photodegradation rea

rescribed when normalized experiments are carried out. In this
ense, it is likely that the highly porous concrete adsorbed not only
O but the in situ oxidation product, NO2; moreover, coated sam-
les had a higher degree of adsorption, probably due to the porous
icrostructure contribution of the coating layer [50] [51] or to the

resence of functional groups with higher affinity for adsorbing
O and NO2 [52]. In these conditions, the magnitude of the pho-

ocatalytic effect was not significantly enough to provoke a NOx

oncentration decrease clearly detected by FTIR and assignable to
hotocatalytic degradation, worsened by the low sensitivity to NO.

Supplementary figure related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.cattod.2015.07.025

Some estimation of NO adsorbed, oxidation to NO2 and, finally,
O and NOx (NO + NO2) disappearance, could be made by inte-
ration of NO and NO2 double-peaks areas (Table 3) and the
ubsequent study of areas evolution with dark and irradiation
imes. The NO2 peaks, corresponding to partial oxidation of NO fed,
ere larger for the Si-T1 50-50 and Si-T1 25-75, even T1-20, 500 nm

hickness coated specimens that correspond with the higher NO
onversion, however the presence of lower loading of TiO2, like in
i-T1 75-25, gave rise to the maximum NOx disappearance probably
ue to further oxidation of NO2 to nitrate not detected because in
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hy
(2015), http://dx.doi.org/10.1016/j.cattod.2015.07.025

he FTIR experiments carried out, a gas-cell was employed as samp-
ing cell, and the concrete blocks could not be analyzed directly. The
itrate species formed could be trapped by cementitious materi-
ls reacting with the CaCO3 present in to produce Ca(NO3)2 and
Effect of nature, concentration and number of layers of TiO2 coating.

CO2 [27]. The experiments were maintained long term to assure
the steady state indicating that the concrete surface reached the
equilibrium.

3.3. NO photodegradation: chemiluminescence detection

The experimental apparatus was  modified to attempt to isolate
the effect of photocatalytic activity of the surface from the concrete
adsorption. The use of thinner specimens and sealant application
to all no photo-exposed surfaces tries to minimize the adsorption
by the concrete bulk; in addition, the ISO 22197-1:2007 reac-
tion chamber design reduces dead volumes minimizing adsorptive
effects.

The application of TiO2 coating and exposure to light resulted
in a quick drop of the NO concentration within the chamber fol-
lowed by a steady equilibrium state. The concentration of NO
returned to the initial state after the lights were switched off. All
cement tiles of A-20 and B-18 series (Fig. 4) demonstrated high
conversion (95–97%), regardless of the initial NO concentration and
independently of one or three TiO2 layers applied. Equivalent NO
photodegradation runs were carried out on mortar coated with
1:10 diluted TiO2 sol: A-2.0 and B-1.8 series; and 1:100 diluted:
drophobic concrete coatings to combat air pollution, Catal. Today

A-0.20 and B-0.18 series, showing a complete NO conversion
(higher than 92%) when the initial NO concentration was main-
tained at 1.5 ppm; however, when 15 ppm NO had to be removed
by a very diluted coating (0.2% TiO2) poorer conversions were
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Table  3
Efficiency of home-made SiO2–TiO2 sols coated concrete. Estimation by FTIR spectra of NO adsorption, photo-oxidation to NO2 and NO, NOx disappearance.

Samplea Reference Si-20 (100-0)b Ti-20 (0-100)b Si-T1-20 (75-25)b Si-T1-20 (50-50)b Si-T1-20 (25-75)b

NO adsorption (%)c 3 4 5 7 5 4
NO  to NO2 oxidation (%)d 13 12 25 13 31 26
NO  disappearance (%)e 15 14 30 20 35 29
NOx disappearance (%)f 5 6 10 20 9 7

a Theoretical thickness coating 500 nm.
b Coating composition: proportion in percentage of Si-T1 sols.
c NO, ads (%) = [(CNO,0 − CNO − CNO2 )/CNO,0] × 100.
d NO, ox (%) = [CNO2 /CNO,0] × 100.
e NO, dis (%) = [(CNO,0 − CNO)/CNO,0] × 100.
f NOx,dis (%) = NO,ads + NO,dis − NO,ox.

Table 4
Efficiency and initial NOx photodegradation rate of hydrophilic TiO2 coated tiles. Effect of TiO2 sol, TiO2 concentration, number of layers and NO initial concentration.

Sample CTiO2
coating (%) Efficiency (%NOx photodegraded) r0,NOx (mL  L−1 min−1) R2 r0,NOx (mL  L−1 min−1) R2

1.5 ppm 15 ppm C0,NO = 1.5 ppm C0,NO = 15 ppm

Reference 0 26 8 0.045 0.975 0.014 0.955
T1-20  20 74 – 0.196 0.997 – –
A1-20  20 95 96 0.417 0.934 6.161 0.973
B1-18  18 96 97 0.178 0.950 4.721 0.829
A3-20  20 96 95 0.714 0.975 4.983 0.978
B3-18  18 96 97 0.161 0.953 7.984 0.995
A1-2.0 2 96 93 0.453 0.893 4.723 0.993
B1-1.8 1.8 95 83 0.645 0.989 2.603 0.988
A3-2.0 2 96 96 0.860 0.963 4.572 0.993
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B3-1.8 1.8 97 95 

A1-0.2 0.2 95 73 

B1-0.18 0.18 92 63 

eached (63–73%, Table 4). These data suggest that even extremely
hin or diluted layers of photocatalyst on the concrete surface
ould be enough to promote self-cleaning properties for building
urfaces.

Meanwhile the behavior of the home-made TiO2 spray coated
oncrete block, T1-20, presented an appreciable NOx photocat-
lytic conversion although lower than commercial photocatalysts
ayers. An interesting residual photoactivity was conserved even

hen illumination was switched off what could be related with
onger lifetime of photogenerated active species in the case home-

ade TiO2 coated cementitious specimens. Furthermore, the SEM
ictures (Fig. 3) pointed out a more homogeneous and bonded

ayer than presented by commercial sols. Both characteristics make
he T1-20 coating a very interesting alternative to combat air
ollution.

The little effect on NO photodegradation efficiency of TiO2 sol
pplied to the concrete tile surface could be related to large agglom-
rations of particles likely formed at high TiO2 concentrations. Thus,
ome of the titania may  have been inaccessible to NO gas or shielded
rom illumination. The same phenomenon could explain the behav-
or of tiles coated with three layers, where the first layer is too
bscured to increase photoactivity. These results demonstrate that
hotocatalytic conversion was possible across a wide range of NO
oncentrations even on tile surfaces with low TiO2 loading. Consid-
ring the usual values of NO concentration in the urban atmosphere
ould be assumed that using a diluted TiO2 coating was  enough to
educe the level of NO pollutant in the air.

When the initial NOx photodegradation rates were compared
Table 4), series A coated cement tiles showed a similar value
ndependently of TiO2 sol dilution, while the sequential layer
eposition accelerated the initial NOx photodegradation. Con-
rarily series B was not affected by number of layers but the
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hy
(2015), http://dx.doi.org/10.1016/j.cattod.2015.07.025

ower TiO2 deposited the faster initial NOx abatement, proba-
ly due to a more open-structure, more available to pollutants
nd with higher photo-exposed surface. The home-made TiO2
howed an initial rate comparable to series B. In all cases, the
4 0.950 4.811 0.976
6 0.953 1.280 0.947
0 0.990 1.265 0.991

reaction was  speeding up when more concentrated NO was
fed.

3.4. The effect of siloxane-based hydrophobic sealer on NOx
photodegradation

The photoactivity of commercial PC105 TiO2 powders (series
C1-y cement tiles) on NOx degradation was  tested in siloxane
hydrophobic sealer at TiO2 dosage from 0.1 to 25 wt% by mass of
sealer. As observed in Fig. 5A, for coatings with loading of PC105
TiO2 (C) higher than 5%, C1-5 to C1-25 samples, the conversion
of 1.5 ppm NO was  almost constant (i.e. about 90%), while more
diluted coatings, C1-0.1 and C1-1, presented conversions under
50%. Therefore, 5% of PC-105 (C) loading could be considered a
threshold coating level to obtain a hydrophobic photoactive layer
for NOx degradation. This is probably due to the siloxane blocks
the pores in the titania particles, inhibiting NOx adsorption and
reducing the number of available active sites to those on the sur-
face. Moreover the originated nitrates would be deposited in the
hydrophobic tile surface, the inner diffusion through porous con-
crete structure and further reaction with calcium carbonate [27]
should be disabled what could contribute to diminish the photo-
catalytic activity due to a secondary fouling effect.

This required loading value is greater than that found in coatings
without siloxane, where concentrations of 2% produced a complete
NOx conversion and even around 0.2% showed a significant NOx

photodegradation, therefore hydrophilic loadings higher than 1%
could not suppose any improvement in the NOx abatement.

When 15 ppm NO concentration was fed into the reactor, NOx

conversion was maintained under only 40% independently of the
PC105 (C) loading. As the amount of photocatalytic activity varies
linearly with catalyst mass (Fig. 5A), this suggests that adsorption
drophobic concrete coatings to combat air pollution, Catal. Today

of NO on the surface was the rate limiting factor.
For the hydrophobic mixture of siloxane and PC500TiO2 (D)

coated cement tiles series the reduction efficiency at low NO inlet
concentration (1.5 ppm) was practically 100% (Fig. 5B). In addition,
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Table 5
Efficiency and initial NOx photodegradation rate of hydrophobic TiO2 coated tiles. Effect of TiO2 coating and NO initial concentrations.

Sample code CTiO2
coating (%) Efficiency (%NOx photodegraded) r0,NOx (mL  L−1 min−1) R2 r0,NOx (mL L−1 min−1) R2

1.5 ppm 15 ppm C0,NO = 1.5 ppm C0,NO = 15 ppm

C1-0.1 0.1 25 2 0.068 0.958 0.080 0.973
C1-1  1 48 2 0.235 0.992 0.085 0.979
C1-5  5 93 20 0.193 0.994 0.325 0.980
C1-10 10 87 32 0.426 0.979 0.652 0.987
C1-15 15 94 33 0.456 0.987 0.633 0.994
C1-20 20 95 39 0.300 0.996 1.399 0.975
C1-25 25 96 29 0.754 0.996 0.430 0.991
D1-0.1 0.1 90 3 0.040 0.992 0.099 0.988
D1-1  1 91 10 0.258 0.993 0.214 0.983
D1-5  5 99 44 0.531 0.993 0.989 0.990
D1-10  10 100 45 1.3
D1-15 15 100 67 0.5
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as could be observed in this case, notwithstanding, attempts to
extrapolate MB  photodegradation results to other pollutants pho-
tocatalytic abatement not always was  possible, in this sense, the
quantification of photocatalytic reaction extension could not be
he NOx elimination at more concentrated NO feed (15 ppm) kept
ncreasing with photocatalyst loading, as a confirmation of the pre-
iously suggested that considers the adsorption of NO on the coated
ement tile surface as a highlight limiting factor for photodegrada-
ion processes.

In parallel to the observed for series C tiles, a threshold of 5%
iO2 loading, D1-1, looks necessary to completely photodegrade
Ox, but in series D tiles, higher efficiencies were always reached
ven for very light TiO2 loadings, D1-0.1 to D1-5 (Fig. 5B). There-
ore, PC500 (D) based TiO2 result in a higher NOx abatement than
C105 (C) based coating tiles at the same conditions. The higher
fficiency showed by PC500 (D) hydrophobic coating could be
ue to the higher surface area capable to adsorb more NOx to
e photodegraded, but, at the same time shows a lower particle
ize (Table 1) that could be related with a higher photo-exposed
urface capable to produce more •OH radicals and extend the pho-
oinduced reaction and the photodegradation rate as presented in
able 5.
Please cite this article in press as: M.  Faraldos, et al., Photocatalytic hy
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23 0.984 0.913 0.989
93 0.986 1.375 0.992

4. Conclusions

Simple spraying or dip coating methods have been used to pro-
duce pollution remediating concrete. Photocatalytic coatings of
TiO2 nanoparticles and mixtures of SiO2–TiO2 sols proved to be
highly effective at treating NO pollution and dye bleaching when
applied to a concrete surface. High conversion of gas phase NOx

to surface bound nitrate species can have large effects on air pol-
lution including smog and ozone. Using simple and inexpensive
application methods and targeting application to the road surface
near internal combustion vehicle sources can decrease the cost of
adoption. Furthermore, preliminary testing of these coatings has
shown improvements to mechanical properties of the concrete sur-
face (in progress), giving the coatings dual purpose and worthy of
further study. We are therefore continuing to pursue this line of
investigation.

Hydrophobic photoactive nanoparticle coatings based on TiO2
and siloxane sealant have demonstrated excellent ability to convert
NO gas when applied to concrete surfaces. The average concentra-
tion of NO in polluted cities is approximately 0.01 ppm (10 ppb),
much lower than our testing. Hydrophobic PC105 (C) and PC500
(D) TiO2 coated cement tiles, with loadings above 5%, consid-
ered a threshold, exhibited 90% reduction of diluted NO pollutant,
although improved efficiency was presented by series D, showing
that these materials can perform well in even highly polluted areas
or near pollution sources. When challenged by particularly high NO
concentrations thicker coatings were required for adequate conver-
sion.

During NOx photocatalytic conversion on concrete hydrophilic
surfaces, 1% of commercial studied TiO2 content was  enough to
achieve a quantitative NOx photodegradation. While the produced
nitrates can be dispersed on concrete porosity to undergo further
reaction with the calcium carbonate mostly present in the cement
composition, to form calcium nitrate; when the photo-oxidation
reaction happens on concrete hydrophobic surfaces, the nitrates
could act as fouling to provoke a detrimental effect in photocatalytic
efficiency.

FTIR analysis should be preferably applied to surface bonding
species better than gases detection, because the sensitivity, in the
case of NO and NO2, was  not competitive when compared to chemi-
luminescence detector, more selective and sensitive. In spite of
that, feeding a more concentrated NO made possible to address
this study.

Dye whitening photocatalytically induced is an adequate pre-
liminary study to know the photoactivity showed by a surface,
drophobic concrete coatings to combat air pollution, Catal. Today
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nferred because it depends on pollutants and the different inter-
ction with the surface.

In order to apply this technology to real life the durability study
f the coating is a very important factor; as verified by SEM images,
btaining homogeneous and bonded layers of photocatalyst is not
n easy question and home-made TiO2 (T) sol became an interesting
lternative due to the high NOx conversion, MB  bleaching and layer
dhesion showed.
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