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The environmental pollution in urban areas is one of the causes for poor indoor air quality in buildings, par-
ticularly in suburban areas. The development of photocatalytic construction materials can contribute to clean
the air and improve sustainability levels. Previous studies have focused mainly in cement and concrete ma-
terials, disregarding the potential application in historic buildings.
In this work, a photocatalytic additive (titanium dioxide) was added to mortars prepared with aerial lime,
cement and gypsum binders. The main goal was to study the way that microstructural changes affect the
photocatalytic efficiency. The photocatalytic activity was determined using a reactor developed to assess
the degradation rate with a common urban pollutant, NOx. The laboratory results show that all the compo-
sitions tested exhibited high photocatalytic efficiency. It was demonstrated that photocatalytic mortars can
be applied in new and old buildings, because the nanoadditives do not compromise the mortar hardened
state properties.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The photocatalytic phenomena using materials such as titanium di-
oxide (TiO2) have been intensively investigated in the past 50 years, but
the first studies date back to the 30s of the last century and some au-
thors even refer published work on photocatalytic properties from
1920 [1]. The most common crystalline forms of titanium dioxide are
anatase and rutile [2]. Rutile is employed as pigment in plastics, paints
and paper. The anatase, for its great photocatalytic abilities, is widely
used in air and water cleaning systems [3]. A third form, brookite, is
more difficult to produce and its potential applications are not fully ex-
plored [4,5]. The use in photoelectrochemical cells for solar energy con-
version was the first application investigated [6]. By the late 70s, when
the first studies on the application of photocatalysis in water pollution
were published, several organic and inorganic compounds were
analysed [7]. During the following years, photocatalysis for water and
air purification has been a subject of extensive research and, more re-
cently, the applications have widened to surfaces with self-cleaning,
self-sterilizing, bactericidal and anti-fog properties [3].

Titanium dioxide has a band gap energy of 3.2 eV, which corre-
sponds to a wavelength of 385 nm, so, electron–hole pairs are gener-
ated when titania is irradiated with light with this wavelength [8].
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The reactions involved in the photocatalytic process are detailed in
the following equations:

TiO2 þ hf→TiO2 þ e− þ hþ ð1Þ

e− þ O2→O−
2 ð2Þ

hþ þ H2O→HOþHþ
: ð3Þ

The electrons of the conduction band, with strong reducing poten-
tial, react with oxygen to produce superoxide radicals (2). The gener-
ated electron gaps react with the water molecules surrounding the
titanium dioxide particles generating hydroxyl groups (3). These
free radicals will react with the pollutant molecules converting
them into other compounds. The high oxidizing and reducing abilities
of TiO2 make it one of the most efficient photocatalyst. It is commonly
used in degradation of organic pollutants and aromatic compounds,
solar energy conversion, bacteria, viruses and cancer cell destruction,
self-cleaning and anti-fog surfaces [9]. Currently, one of the most im-
portant applications of photocatalysis is the decontamination, disin-
fection and deodorization of indoor air [10,11]. The recent years of
development in the nanomaterials field allowed the use of titania
nanoparticles, which improved the efficiency of the photocatalytic
process, as a result of the higher specific surface area [12]. There is a
growing concern in the EU about indoor air quality levels, which
was reflected in a set of rules intended to reduce the health effects
of poor air quality [13,14]. This orientation gave rise to a strong in-
vestment in the research of photocatalytic technology to reduce
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Table 1
Average particle size of the selected raw materials.

Average particle size

Lime 4 μm
Cement 17 μm
Gypsum 23 μm
Sand 440 μm
TiO2 21 nm
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pollutant levels in the air [11]. The atmosphere inside buildings can
suffer contamination from internal sources (furniture, paint, appli-
ances) or external (traffic, industry), which results in the presence
of various pollutants (VOC, NOx, SOx, formaldehyde, etc.) [15,16].
With respect to pollutants from external sources, NOx is one of the
most common in urban areas. Conventional indoor air cleaning
methods are usually ineffective since they merely replace the con-
taminated air by new polluted air (ventilation systems) or change
the pollutant to another phase without neutralizing it (air purifiers).
TiO2 has a good removing efficiency of these substances, for concen-
trations between 0.01 and 10 ppmv, presenting itself as a good solu-
tion for indoor air cleaning [17,18]. The possibility to incorporate
titanium dioxide nanoparticles in construction materials (cement,
plaster, concrete, etc.) has been investigated in recent years leading
to the development of products like TioCem, already on the market
[19–21]. The photocatalytic reaction takes place on the surface of
these materials where the adsorption of the gaseous pollutants occurs.
Later, with the removal of the reaction products from the active sites,
the catalyst becomes active again, making it capable of accomplishing
a new photocatalytic process [1].

VOC (volatile organic compounds) have been used to model the
photocatalytic response in the degradation of indoor air pollutants be-
cause they are a common indoor pollutant. The finishes, furnishings
and equipments used in construction can release them and the reaction
products are substances like CO2 and H2O. However, VOC are toxic and
difficult to handle due to the risks posed to human health. Tests with
these gasses have been conducted to evaluate the efficiency ofmaterials
such as paints in indoor air cleaning [22]. Concerning their application
with mortars, one of the reaction products, CO2, can be a problem. Car-
bonation occurs, in mortars with aerial binders, in the presence of CO2,
therefore the use of VOCmight affect thematerial hardened state prop-
erties, since it promotes carbonate precipitation on the surface, which
could influence the final results [23,24].

Alternatively, other pollutants can be used such as NOx. This gas is
released into the air by traffic and industry and is responsible for acid
rain in urban areas, which is one of the major causes of deterioration
in old buildings located in the historic cities' centers [25]. This pollut-
ant is presented indoor by the contamination from the exterior air
that enters through ventilation systems and windows, therefore it is
a suitable gas to conduct this study [26]. Several authors describe
the mechanism concerning the degradation of NOx as a process
consisting a series of reactions that take place in several stages and in-
volve the production of reaction intermediates. The O2− and OH• rad-
icals formed during the activation process of the photocatalyst as
described in Section 1, react with the pollutant gas producing NO2

and HNO3 [27].

NOþ OH•→NO2 þHþ ð4Þ

NOþ O−
2 →NO−

3 ð5Þ

NO2 þ OH•→NO−
3 þ Hþ→HNO3 ð6Þ

The photocatalytic efficiency is determined according to Eq. (7),
where Ci stands for the initial pollutant concentration and Cf for the
final.

η %ð Þ ¼ 1−Cf

Ci
� 100 ð7Þ

The NOx can be used to evaluate the decontamination abilities of
mortars in a concentration range between 0.01 and 10 ppmv [17,18].

This work aims to study how themicrostructural changes caused by
the introduction of the titanium dioxide nanoparticles affect the photo-
catalytic performance. Several mortars, prepared with different binders
(lime, cement and gypsum) were tested and their microstructure and
internal pore distribution were analyzed. The influence of some opera-
tional parameters was assessed (pollutant concentration and deactiva-
tion time) in the photocatalytic activity. Finally, the efficiency of the
catalyst doped with iron was evaluated and compared with the
non-doped titanium dioxide.
2. Experimental

2.1. Materials and formulations

The raw materials used for the mortar preparation consist of com-
mercial aerial lime (Calcidrata), Portland cement CEM II 32.5 N, gyp-
sum (SIVAL) as binders and siliceous sand as aggregate (Table 1). The
titanium dioxide, used as a photocatalyst additive, is a commercial
product (Degussa P25), consisting of 85% of anatase and 15% rutile,
with a specific surface area of 50±15 m2 g−1. A superplasticizer
(Glenium 51) was added as an admixture to all compositions
(0.5 wt.%) in order to control the workability and water content.

Mortars were prepared with those different binders and composi-
tions, which are summarized in Table 2. For each formulation, mor-
tars with 0, 0.5, 1, 2.5 and 5 wt.% of TiO2 added to the total solid
content were tested. The mortar workability was adjusted using the
flow table. The amount of water added in relation to the total weight
of solid material varies in order to keep constant the slump value for
each composition (Table 3).

To assure the test reproducibility a methodology for the prepara-
tion of mortars was defined, and was followed throughout the study.

▪ Solid material weighing (raw materials and additives)
▪ Manual homogenization in a sealed plastic bag
▪ Weighing of superplasticizer and mixing water
▪ Addition of superplasticizer to the mixing water
▪ Mixing of solids with the liquid
▪ Homogenization in a blender for 60 s
▪ Manual mixing for 60 s and homogenization for 90 s, in the auto-
matic blender.
2.2. Mortar characterization

In order to ensure a proper workability the adjustment of the
mixing water was made according to the flow table, following the
procedure described in the European Standard EN 1015-3. For the
mechanical tests, specimens (40×40×160 mm)were prepared in ac-
cordance with the EN 1015-11 standard. The test was done after
90 days of curing, the only exception was the cement mortar compo-
sition (C), which was tested after 28 days. All specimens and samples
were placed for curing in a chamber with controlled temperature and
humidity (20 °C±2 °C and 65%±5%) until the tests were performed.
The porosity distribution and pore size analysis was performed with a
mercury porosimeter (Micromeritics AutoPore IV), working with a
pressure between 4 kPa and 228 MPa allowing mercury intrusion in
pores with diameters from 5.5 nm to 360 μm, after 90 days for all
the formulations.



Table 2
Compositions tested (references and formulations).

Composition 0% TiO2 0.5% TiO2 1% TiO2 2.5% TiO2 5% TiO2

L Lime 25 24.9 24.8 24.4 23.8
Sand 75 74.6 74.3 73.2 71.4
TiO2 0 0.5 1 2.4 4.8

LC Lime 9 9 8.9 8.8 8.6
Cement 13 12.9 12.9 12.7 12.4
Sand 78 77.6 77.2 76.1 74.3
TiO2 0 0.5 1 2.4 4.8

LG Lime 12 11.9 11.9 11.7 11.4
Gypsum 8 8 7.9 7.8 7.6
Sand 80 79.6 79.2 78 76.2
TiO2 0 0.5 1 2.4 4.8

C Cement 20 19.9 19.8 19.5 19
Sand 80 79.6 79.2 78 76.2
TiO2 0 0.5 1 2.4 4.8

G Gypsum 20 19.9 19.8 19.5 19
Sand 80 79.6 79.2 78 76.2
TiO2 0 0.5 1 2.4 4.8
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2.3. Air cleaning tests

For the degradation tests, a mixture of NOx diluted in normalized air
with an initial concentration of 1 ppmv was used. To set this value for
the initial concentration of the pollutant, the usual concentration values
were measured for the indoor air in several environmental studies as
well as the concentration used by other authors in similar NOx degrada-
tion studies [28–30]. The main purpose was to establish a proper com-
parison of this work with the former studies.

Fig. 1 exhibits a schematic diagram of the instrumentation used
for these tests. The inlet gas was prepared using a normalized air bot-
tle and a NOx gas cylinder with a concentration of 10 ppmv. Twomass
flow controllers were used to prepare a mixture of air with 1 ppmv of
NOx, with a flow rate of 1 l/min. The reactor configuration was based
on the requirements for the indoor air exchange rate defined by the
Portuguese legislation, which considers a reference value of 0.6 reno-
vations per hour [31]. The reactor consists of a stainless steel cylinder
with 35 L capacity and a sealed cover with a glass window on the top
to allow the entry of light from the 300-Watt solar lamp (OSRAM
UltraVitalux). The light source was fixed on a support structure
placed outside the reactor at a distance of about 1 m from the sample.
The tests were performed at 20 °C (temperature inside the reactor)
and a relative humidity of 40%, the air humidity requested to the
gas supplier. These parameters were controlled with a thermocouple
placed inside the chamber and a humidity sensor placed in the inlet
pipe and remained stable during the tests. An excessive temperature
increase can influence the degradation rate of the pollutant, making it
difficult to ensure that the efficiency is caused exclusively by the TiO2

activity and not an overheating effect [32]. The outlet concentration
of the pollutant gas was measured using a chemiluminescence ana-
lyzer (AC-30 M, Environment SA). The experimental procedure begins
by placing the sample inside the reactor. Afterwards, with the reactor
Table 3
Water additions and slump value for the compositions tested.

Composition Water (wt.%)

0%
TiO2

0.5%
TiO2

1%
TiO2

2.5%
TiO2

5%
TiO2

Flow value
(mm)

L 16 17 20 21 24 140
LC 15 16 15 16 19 140
LG 17 17 18 23 26 160
C 13 13 14 15 16 140
G 17 17 17 21 25 160
window shut, the inlet gas mixture starts to flow until it stabilizes in
1 ppmv. This stabilization procedure is essential to guarantee the sam-
ple saturation, assuring that during the test, the concentration mea-
sured concerns exclusively to the photocatalytic process and there is
no absorption from the sample or the reactor walls [33]. With the reac-
tor window uncovered, the lamp is turned on until the pollutant con-
centration reaches the minimum level. By this moment, it is
considered that the photocatalytic reaction was completed and the
sample can no longer continue to decompose NOx. The photocatalytic
efficiency is determined based on theNOx concentrationmeasured dur-
ing the sample irradiation tests. Blank tests, using the reference samples
with 0% of titanium dioxide added, were carried according to the previ-
ously described procedure. The photocatalytic activity is determined by
the Eq. (8) [34]:

NOX removed ¼ NOX½ �TiO2
− NOX½ �blank

NOX½ �TiO2

� 100 ð8Þ

where

[NOx]TiO2 is the final pollutant concentration after the irradiation test
[NOx]blankis the NOx concentration for the blank test.
2.4. Influence of operational conditions in the photocatalytic process

Some operational aspects, such as the deactivation time and initial
pollutant concentration can influence the degradation efficiency. It is
important to verify if the sample confinement in a place with the ab-
sence of light for a period of several hours is enough to assure the com-
plete deactivation of the catalyzer, allowing the mortar to perform a
new photocatalytic cycle when exposed to the sunlight again. This is a
fundamental evaluation to determine if the mortar maintains its effi-
ciency when subjected to several activation and deactivation series
throughout its life cycle. For this purpose, a 2 cycle test was performed,
with an 8 hour deactivation interval in a dark box.

To assess the influence of the pollutant concentration on the photo-
catalytic degradation rate a mortar sample, selected from the composi-
tions previously tested, was submitted to cycles with concentrations of
0.5 ppmv and 0.75 ppmv. The composition was selected based on the
hardened state performance and the photocatalytic degradation effi-
ciency. Considering these results and taking into account that the mor-
tarswith lime, less studied, are particularly interesting for application in
the rehabilitation of old buildings, the lime–gypsum composition (LG)
was selected.

Several authors have tested different doping methods trying to in-
crease the efficiency of the catalyst [35,36]. These methods involve
doping titanium dioxide with metals (e.g., silver or iron). In this
work a co-precipitation method was used for doping the titanium di-
oxide with iron (Fe3+), according to the following methodology:

▪ Preparation of a suspension of TiO2 (1 g) in 100 ml of water (so-
lution 1)

▪ Preparation of an aqueous solution (100 ml) containing 0.01 mol of
FeCl3 (solution 2)

▪ Addition of solution 2 to solution 1
▪ Keeping the mixture under stirring at 70 °C during 150 min
▪ Filtration of the suspension and washing with distilled water
▪ Drying in an oven at 60 °C of the solidmaterial obtained on filtering.

A mortar sample was prepared with 1 wt.% nano-TiO2 doped with
iron for tests in the photocatalytic reactor. This sample was compared
with the same mortar composition prepared with the non-doped TiO2.



Fig. 1. Reactor for the NOx degradation tests.
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3. Results and discussion

3.1. Effect on mortar properties

The incorporation of titanium dioxide nanoparticles in lime mor-
tars (L) causes a decrease in both flexural and compression strength
(Fig. 2), though this reduction is not linear with the rise of additive
content. The incorporation of 0.5 wt.% of TiO2 reduces the flexural
and compression strength. Increasing amounts up to 2.5 wt.% does
not cause significant modifications in the flexural strength or the
compressive strength. A quantity greater than 2.5 wt.% affects the
mechanical properties however the 5 wt.% results are close to the
0.5 wt.% values. It is worth mentioning that the mechanical strength
remains higher than 1 MPa up to 2.5 wt.% TiO2, and only when the
additive exceeds this amount the strength falls below this limit. The
pore size analysis shows a bimodal distribution for all compositions,
as shown in Fig. 3. This separation in two distinct pore size classes
is accentuated by the introduction of TiO2 in the mortar.

It was established, in this work, that pores above 10 μm are desig-
nated as macropores, and pores between 10 and 1 μm are considered
as micropores and below 1 μm nanopores.

The reference composition (0 wt.%) exhibits a porosity distributed
mostly between 0.1 and 1 μm, with a small amount of pores in the
range of 5 to 100 μm. With the introduction of 0.5 wt.% TiO2 the pres-
ence of macropores in the internal structure of the mortar causes a de-
crease in the flexural strength. The effect of an increasedmacroporosity
(>10 μm) reflects in the evolution of themechanical properties. Titani-
um dioxide additions of 1 to 2.5 wt.% cause a slight reduction in both
macropores andmicroporeswhich explains the flexural strength recov-
ery. The increase of larger pores accounts for the higher fragility of the
mortar structure, for 5 wt.% TiO2, regardless of a strong presence of
nanopores.

Fig. 4 presents the results of the mechanical strength for a blended
composition of aerial lime and cement (LC) with different amounts of
Fig. 2. Mechanical strength of the aerial lime composition (L).
TiO2 nanoparticles. The partial substitution for cement binder contrib-
utes to a highermechanical strength in this composition (LC) compared
to a lime-based mortar (L). The cement–lime mortar shows a progres-
sive reduction of the mechanical strength with the incorporation of
TiO2 nanoparticles, more pronounced above 2.5 wt.%. The reference
composition (0 wt.%) exhibits an internal porosity distributed in two
major intervals corresponding to the highest peaks in Fig. 5, 2–3 μm
and 0.05–1 μm (micropores and nanopores respectively), and there is
also a residual amount ofmacropores in the range of 9 to 15 μm. The ad-
dition of 0.5 wt.% TiO2 causes an approximation of the higher peaks, to a
range between 0.06 and 1 μm. Although the total amount of pores in-
creases, the residual macroporosity disappears. Establishing a compari-
son between the lime-based and the cement–lime mortar it can be
concluded that the partial substitution with cement reduces the aver-
age pore size and the macroporosity above 1 μm. This effect explains
the better hardened state performance of the LC mortar. The micro-
structure of cement-lime mortars is more complex because of the evo-
lution of the carbonation process. The pore size distribution tends to
evolve to lower size ranges (micro and nanopores). Karatasios et al.
reported that the incorporation of TiO2 nanoparticles might accelerate
the carbonation process which can contribute to the increase of micro-
pores, in formulations with TiO2 additions above 1 wt.% [24]. On the
other hand, the water content rise with the increasing amount of
nanoparticles contributes to a higher porosity so there is a joint effect
of pore size reduction and increased porosity for the compositions
with higher amounts of TiO2 [23,37].

The third mortar composition tested (LG) was a lime–gypsum
plaster, commonly used in old buildings before the development of
Portland cement and the consequent widespread of cement-based
mortars [38]. This composition shows a reduction in the mechanical
strength for 0.5 wt.% TiO2 (Fig. 6) and recuperation when 1 wt.% of
additive is added. This performance is common to the blended ce-
ment pastes (LC and LG) and the lime mortars, indicating that the
Fig. 3. Pore size distribution (a) and total porosity (b) of the aerial lime composition
(L).

image of Fig.�2
image of Fig.�3


Fig. 4. Mechanical strength of the blended lime and cement composition (LC). Fig. 6. Mechanical strength of the blended lime and gypsum composition (LG).
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presence of the lime binder can favor the accommodation of up to
1 wt.% nanoparticles and stabilizes the mechanical properties. The ti-
tanium dioxide incorporation above 2.5 wt.% leads to a strength de-
crease, resulting from the higher nanoparticle content. The additive
excessive content overcomes the benefit from the aerial lime binder
incorporation, nevertheless, the mechanical strength remains above
1 MPa. For the LG composition, the pore size distribution exhibits
similar curves for the different amounts of titanium dioxide (Fig. 7).
This single mode pore size distribution differs only in the porosity
range for the additive content. For the reference mortar (without
TiO2) the pores are distributed in the interval between 1 and 3 μm,
the increase of up to 1 wt.% additive reduces the pore size to an inter-
val between 0.2 and 1.5 μm. The porosity distribution from 0 wt.% to
1 wt.% TiO2 follows a very similar pattern. The variation observed in
the mechanical properties results mainly from the difference in pore
size and quantity. When the amount of TiO2 in the mortar varies be-
tween 2.5 wt.% and 5 wt.% the tendency is inverted, and the pore
size increases causing a decay in the mechanical strength.

The cement based mortar (C) shows a mechanical strength reduc-
tion with the increasing in additive content (Fig. 8), however, even
for the maximum content (5 wt.% TiO2), the reduction is lower than
that observed in previous compositions, and remains above 15 MPa.
Some authors report a mechanical strength increase with the partial
substitution of cement binder for up to 1 wt.% TiO2 [39], though this
percentage corresponds to less than 0.3 wt.% on the total weight,
which might be insufficient to ensure photocatalytic activity. Hassan
et al. indicate that for a partial replacement of cement binder with
5 wt.% titanium dioxide the degradation rate reaches a maximum of
25% [40], however the authors do not mention the results for the me-
chanical strength. In the present study, the titaniumdioxide contentwas
Fig. 5. Pore size distribution (a) and total porosity (b) of the blended lime and cement
composition (LC).
determined considering the total mass instead of a partial substitution of
the binder; as a result it was used as a higher additive content and conse-
quently a better photocatalytic performance was achieved. The porosity
distribution in Fig. 9 shows the difference between the mortar without
andwith TiO2. In the reference or base composition, the porosity distribu-
tion is divided in two intervals; a set of pores of larger size which ranged
between 10 and 60 μm and another group between 0.02 and 1 μm.With
0.5–1 wt.% titania added to the cementmatrix, the larger pores complete-
ly disappear remaining solely pores between 0.02 and 1 μm; the total po-
rosity is reduced and the compressive strength increases [39]. With
2.5 wt.% TiO2, a set of nanopores begins to emerge that, combined with
the disappearance of the macropores, clarify why the mechanical
strength does not decrease so significantly for the cement paste as for
the lime–cement composition. For the maximum TiO2 content, the
nanoporosity increases notably and even with the presence of residual
micropores (1.5 to 2.7 μm), the mechanical strength remains stable.

The gypsum mortar (G) is the one that registers the lowest me-
chanical strength, where only 0.5 wt.% TiO2 addition results in a 60%
decrease (Fig. 10). Fig. 11 shows the pore distribution for the 0, 2.5
and 5 wt.% TiO2 gypsum based compositions. In the absence of
nanoparticles, the pores are distributed in two ranges: 10–45 μm
and 1–10 μm. The incorporation of 2.5–5 wt.% TiO2 put in evidence
the presence of pores below 10 μm, a significant size reduction, how-
ever not sufficient to prevent the mechanical strength decrease. Ce-
ment and blended lime–cement mortars (C and LC compositions),
that combine the effect of diminishing content of macropores
(>10 μm) with the increasing amount of nanopores (b1 μm), are
able to maintain a higher mechanical strength. On the contrary, gyp-
sum mortars that exhibit only macro and micropores, above 1 μm,
show a significant decrease.
Fig. 7. Pore size distribution (a) and total porosity (b) of the blended lime and gypsum
composition (LG).
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Fig. 8. Mechanical strength of the cement composition (C).
Fig. 10. Mechanical strength of the gypsum composition (G).
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3.2. Photocatalytic efficiency

The NOx reduction was evaluated for all the mortar formulations
according to the procedure previously described. The lime mortar
(L) exhibits high photocatalytic efficiency even for the minimum ad-
ditive content (0.5 wt.%), as shown in Fig. 12. The microstructural
modifications observed for the different titanium dioxide contents,
discussed in the prior section do not seem to determine the photocat-
alytic efficiency. Because the pollutant is in the gaseous state, it can
reach even the micropores close to the surface. Hence, the amount
of catalyst exposed will be a more important factor to determine
the degradation efficiency. The decrease of the degradation rate for
the samples with 2.5 and 5 wt.% can be related to the excess of cata-
lyst exposed meaning that a higher porosity does not necessarily
imply a higher photoactivity. The photocatalytic tests were repeated
three times to confirm the consistency of these results. Carp et al.
[41] mention that an excessive amount of titanium dioxide can lead
to a reduction in the active sites leading to a partial deactivation.
This is produced by the effect of electron–hole recombination. The ab-
sorption of a photon of energy larger than the bandgap energy leads
to the formation of an electron–hole pair. This phenomenon lasts
only a few nanoseconds, then the energy is dissipated and the recom-
bination occurs. The photocatalytic activity improves with the in-
creasing catalyst load although there is an optimum content.
Excessive TiO2, among other factors, can induce faster electron–hole
recombination [42].

For the lime–cement mortar (LC), the sample with only 0.5 wt.% of
TiO2, the highest pore size range (1–0.5 μm) has the maximum degra-
dation rate (Fig. 13). For 1–5 wt.% titanium dioxide the NOx degrada-
tion rate progressively decreases, even with an increasing additive
Fig. 9. Pore size distribution (a) and total porosity (b) of the cement composition (C).
content and higher porosity. This behavior can result from one of
the following factors:

▪ Prevalence of pores below 1 μm (nanopores) which restrains the
gas diffusion into the mortar matrix, reducing the TiO2 available
for the reaction [43].

▪ Elevated porosity (Table 4) might cause an excessive exposure of
titanium dioxide at the surface. Once the optimum content is
surpassed higher electron–hole recombination can occur, leading
to a partial deactivation of active sites [44].

The results demonstrate that for this particular formulation (LC)
there is no benefit resulting from adding more than 0.5 wt.% TiO2.

The lime and gypsum mortar (LG) exhibits higher degradation
rates than the L and LC mortars (lime and blended lime–cement com-
positions), as seen in Fig. 14. The effect of higher pores sizes and
higher porosity (Table 4) promotes the contact between the catalyst
and the pollutant gas at the surface. The titanium dioxide exposure
increases and consequently, the photocatalytic efficiency improves.
Adding more than 1% titanium dioxide represents a 9% increase in
the NOx degradation rate (from 70% to 79%), which is not advanta-
geous enough to counterbalance the 50% loss for the compression
strength.

The overall degradation rate for the cement mortar (C) is the
highest among all the compositions tested, reaching approximately
80% with only 1 wt.% TiO2 (Fig. 15). From 0.5 to 2.5 wt.% TiO2 a higher
total porosity increases the NOx degradation rate. Folli et al. [45] in a
study conducted with photocatalytic cements reported that the use of
titanium dioxide nanoparticles favors the degradation of gaseous pol-
lutants even for the small size internal pores, since there is a higher
pore surface area and consequently more TiO2 exposed. However, in
the present study the 5 wt.% TiO2 composition has the maximum
Fig. 11. Pore size distribution (a) and total porosity (b) of the gypsum composition (G).
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Fig. 12. NOx degradation rate of the aerial lime composition (L).

Table 4
Total porosity for the compositions tested.

Composition Total porosity (%)

0% TiO2 0.5% TiO2 1% TiO2 2.5% TiO2 5% TiO2

L 27 31 27 30 34
LC 23 24 24 27 30
LG 30 29 29 33 37
C 21 15 19 24 31
G 34 n. d. n. d 36 42

n. d. — not determined.
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total porosity and exhibits a slight reduction of the photocatalytic ac-
tivity. In this mixture, the porosity increase results from a higher
amount of nanopores (below 1 μm). It can be concluded that the pho-
tocatalytic activity is favored by a higher porosity if not accompanied
by a strong prevalence of nanopores, which appears to pose an obsta-
cle for the pollutant diffusion into the cementitious matrix [43].

As seen in Fig. 16, the mortar with gypsum (G) shows an increas-
ing degradation rate. The most important increase occurs from 0.5 to
1 wt.% TiO2, for higher amounts, the difference is less significant. De-
spite the reduction in the pore size (from approximately 20 μm to
5 μm), porosity is high (above 34%) helping internal gas diffusion
and increasing the catalyst surface area.
3.3. Influence of operational parameters in the photocatalytic activity

The deposition of reaction products on the surface of the mortar
can contribute to the temporary deactivation of some of the active
sites of the catalyst. Deactivation is a critical matter when considered
as functional applications for photocatalysts. Depending on the na-
ture of the organic compound, either reversible or irreversible deacti-
vation can occur. Deactivation is an important issue for practical
applications of photocatalysts. During the degradation process, TiO2

may be deactivated due to intermediate deposition that has higher
adsorption capability to the TiO2 surface than the pollutant [46]. Cao
et al. [47] proved that this effect might be reversible and the catalytic
activity can be completely restored.

Themortars developed in this study,when applied in buildings as an
inner coating, are submitted (during the night) to an 8 hour period
without sunlight. It was crucial to test if this time interval will be long
Fig. 13. NOx degradation rate of the blended lime and cement composition (LC).
enough to ensure a complete quenching of the catalyst. To evaluate
the inactivation of the samples they were submitted to an initial degra-
dation test and immediately after the test, stored in a dark box for 8 h.
After this phase, the samples were subject to another photocatalytic
process to determine the degradation rate after the inactivation. The re-
sults for both photocatalytic tests, in Fig. 17, confirm the complete
quenching of themortar samples. It was demonstrated that after a peri-
od without access to light themortar catalyst returns to the initial stage
and the reaction products are removed from the surface, releasing all
the active sites for a new degradation process.

In order to evaluate the photocatalytic efficiency for concentra-
tions below 1 ppmv the samples were analyzed using pollutant con-
centrations of 0.7 and 0.5 ppmv (Fig. 18). A 9% efficiency increase is
observed when the pollutant concentration is reduced to 0.7 ppmv;
with 0.5 ppmv the improvement is smaller (only 3%). It can be con-
cluded that for pollutant concentrations below 1 ppmv the NOx deg-
radation rate increases, however this photocatalytic efficiency
enhancement is not directly proportional to the pollutant concentra-
tion, meaning that it will never reach 100%. The loss of photocatalytic
efficiency with higher initial concentrations of pollutant can be
explained by the reaction mechanism. The photocatalysis developed
in two stages; initially, the electron–hole pairs are created and then
the reaction with the pollutant occurs [48]. For lower concentrations,
the efficiency is higher because not all active sites are used in the NOx

degradation process. For higher concentrations, there is an extensive
occupation of active sites in the initial phase, which slows down the
subsequent reaction steps. This is caused by the formation of the in-
termediate products, since the NOx degradation is a two-step reaction
process. A higher concentration of pollutant leads to a higher concen-
tration of intermediate reaction products which reduces the degrada-
tion rate, causing an efficiency decrease [30,41].

To evaluate the effect of iron-doped titanium dioxide on the photo-
catalytic efficiency, amortar samplewith 1 wt.% of doped TiO2was test-
ed in the reactor. Fig. 19 shows the results obtained for the NOx
Fig. 14. NOx degradation rate of the blended lime and gypsum composition (LG).
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Fig. 15. NOx degradation rate of the cement composition (C).

Fig. 17. Photocatalytic efficiency for the initial test and after 8 h of deactivation.
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degradation test of the mortar containing titanium dioxide doped with
iron and the same composition with non-doped TiO2. The nano-TiO2

dopingwith iron helps to increase 6% of theNOx degradation rate, prov-
ing that it is possible to raise the photocatalytic activity of common cat-
alysts using specific doping methods.
4. Conclusions

The photocatalytic additive used in this study is a nanomaterial
consisting of titanium dioxide, with two crystalline phases, anatase
(86%) and rutile (14%). This additive has a high surface area, which
increases the mixing water content in order to maintain the mortar
workability.

The cement and lime–cement mortars (C and LC) exhibit mechan-
ical strength loss for additions of more than 1 wt.% TiO2, due to the
porosity increase. For the lime–gypsum mortar (LG), the mechanical
strength reduction (to an additive content above 1 wt.%) is accompa-
nied by total porosity and pore size increase. The gypsum mortar (G)
is the one with the greatest mechanical strength reduction, which in-
dicates a higher difficulty for the incorporation of the nanoparticles.
In general, the presence of low size pores, particularly in the range be-
tween 1 and 0.1 μm helps to minimize the detrimental effect of the
introduction of nanoadditives.

Comparing the NOx degradation rates, all the compositions exhibit
high photocatalytic activity even in lower additions (0.5 and 1 wt.%).
Considering the loss in mechanical strength, the slight increase in the
degradation rate for higher amounts of additive (2.5 and 5 wt.%), is
not enough to consider this incorporation content advantageous.
The lime and lime–cement compositions (L, LC) have the highest
Fig. 16. NOx degradation rate of the gypsum composition (G).
degradation of NOx to 0.5 wt.% and 1 wt.% TiO2 respectively and in-
creasing the additive content reduces the degradation rate. The
remaining compositions (LG, C, G) show better photocatalytic activity
with higher nanoparticle content.

The photocatalytic activity study of the mortars tested in this work,
confirms that:

▪ The decrease in photocatalytic activity can result from an exces-
sive concentration of catalyst on the mortar surface. The excess
of catalyst causes a partial electron–hole pair deactivation, which
can reduce the efficiency for some compositions.

▪ It was found that the pollutant gas could infiltrate the mortar mi-
crostructure even when the compositions present a low average
pore size, which indicates that low porosity together with a strong
presence of micropores (>1 μm) is not an obstacle for the degra-
dation process.

▪ However, it was also verified that mortars with a strong presence
of nanopores (b0.1 μm) exhibit an efficiency decrease. This re-
stricted the gas intrusion in these samples, reducing the amount
of catalyst exposed.

The influence that some operational factors play in the photocata-
lytic activity:

▪ When the sample is placed in a site without access to sunlight for
8 h, the catalyst deactivates maintaining the photocatalytic effi-
ciency in the subsequent cycles. The reaction products, absorbed
at the surface during the photocatalysis, are completely removed.
The deactivation test indicates that when the mortar is used in
building walls, it maintain its photocatalytic efficiency.

▪ The reduction of the pollutant initial concentration increases the
degradation rate. A lower NOx concentration reduces the number
of catalyst active sites needed to degrade the pollutant, increasing
Fig. 18. Photocatalytic efficiency for NOx concentrations of 1, 0.7 and 5 ppmv.
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Fig. 19. Photocatalytic efficiency for non-doped and iron-doped titanium dioxide.
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the reaction speed. For higher concentrations, the demand of ac-
tive sites for the degradation process and larger quantities of in-
termediate products slows down the degradation rate.

▪ It was shown that doping titanium dioxide nanoparticles with iron
(by a co-precipitationmethod) increases the photocatalytic efficiency.

An important relationshipwas established between themortarsmi-
crostructure (pore size and distribution) and the photocatalytic process.
There is an optimal catalyst content for eachmortar composition, which
does not exceed, generally 2.5 wt.% TiO2. The most favorable composi-
tions combine a proper amount of catalyst (that does not cause deacti-
vation), with a pore size distribution and total porosity that favors the
pollutant access into the internal structure of the mortar.

It was established that it is possible to develop photocatalytic
mortars, capable of reducing the pollutant concentration in indoor
air, contributing to a more sustainable construction.
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