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A new generation of smart building materials, able to passively improve the indoor
environment and the comfort of occupants owing to their interaction with the
surrounding environment, can be addressed. This paper investigates the use of three
highly porous aggregates to manufacture hydraulic lime-based multifunctional mortars
to be used as indoor finishes. The same water/binder ratio was used for each mortar
mix, and conventional calcareous sand was totally replaced by volume with zeolite,
silica gel, and activated carbon. Nanosized titanium dioxide (TiO2) was added to award
a photocatalytic behavior under UV radiation to the mortars. Results show that, as
expected, when highly porous aggregates are used, mortars absorb more water by
capillary suction. However, even though the mortars manufactured with lightweight
aggregates have a lower density, the mechanical behavior of zeolite and activated
carbon mortars is comparable or even higher than that of sand mortars, thanks to an
optimum interfacial transition zone (ITZ) between the binder paste and the aggregate.
The photocatalytic activity, in terms of photocatalytic NOx degradation efficiency and
selectivity of unwanted produced NO2, results to be optimal when silica gel-based
mortar is tested. Additionally, the thermal-insulation properties are enhanced up to 40%
by using all the unconventional aggregates.

Keywords: Indoor Air Quality, lightweight mortar, titanium dioxide photocatalytic oxidation, capillary water
absorption, thermal conductivity

INTRODUCTION

A remarkable issue of modern time is the sustainability of the building sector since it contributes
40% on global carbon dioxide emissions (Wang et al., 2012). For this reason, nowadays European
laws and directives are becoming stricter in terms of energy efficiency and, consequentially, more
sealed buildings are assembled and not enough air changing can be guaranteed (Wolkoff, 2013). In
this condition, the concentration of chemical, physical, and biological pollutants, such as volatile
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organic compounds (VOCs), anhydrides, particulate matters, and
molds, can be higher inside than outside, impairing the Indoor
Air Quality (IAQ) of living environments. Currently, people are
spending about 90% of their time indoor (Frey et al., 2015); thus,
it is of utmost importance that the indoor living environment
is wholesome to guarantee the health and comfort of occupants
(Pierpaoli and Ruello, 2018).

Several strategies are used to improve the IAQ also in terms
of thermal comfort; the conventional ones are source control,
dilution by ventilation, and active engineered control systems
(in heating, ventilation, and air-conditioning, HVAC) or stand-
alone air purifiers (Matsumoto et al., 2009). Active control
systems are generally more effective than passive systems for
the control of IAQ, but they have a substantial energy loss
that can be reduced by the addition of passive systems in the
environment (Trník et al., 2016). Moreover, the combination of
multiple techniques to improve IAQ, and in particular to remove
pollutants, may result in a more efficient synergistic effect than
the sum of the individual ones (Pierpaoli et al., 2017, 2019a). To
remove pollutants, titanium dioxide (TiO2) is the most studied
photocatalytic agent, because of its chemical inertness, non-
toxicity, and low cost. Therefore, there is an increasing interest in
using such catalyst in cementitious materials (Ballari et al., 2011;
Folli et al., 2012).

Smart materials are based on the innovative concept of
designing the material composition by introducing functional
components into the matrix (Han et al., 2016) able to give
different functionalities to the same material such as good
mechanical performances, lightness, and ability to improve IAQ
in terms of low thermal conductivity, to act as an hygroscopic
buffer (Senff et al., 2018), and/or to remove pollutants.

In this case, the addition of highly porous materials
with adsorbent properties is the key aspect to providing the
multifunctionality of mortars, as successfully demonstrated in
previous works where they were added to commercial finishes
(Giosuè et al., 2017a). Several studies have tested the NOx
photocatalytic degradation, where TiO2, added at 1–4% by
binder mass, gives a removal efficiency ranging from 30 to
80% (Senff et al., 2013, 2018), also under visible irradiation
(Giosuè et al., 2018).

In the current study, the photocatalytic activity is associated
with the adsorption of unconventional highly porous aggregates
added to different mixes. The adsorption on a solid surface can
be influenced by forces of electrostatic nature due to differences
in polarity and differences in molecular weight and molecular
geometry which induce selective deposition on the solid surface
(Masel, 1996). The adsorption process is preferred on solids
with a high specific surface since adsorption is a superficial
process (Matsumoto et al., 2009). In mortars, the effectiveness of
adsorbent aggregates to remove VOCs can reach 65%, as it has
been previously tested (Tittarelli et al., 2015; Giosuè et al., 2019b).
Adsorbent fillers/aggregates have been also tested to remove NOx
in cementitious systems with photocatalytic agents under UV-A
radiation (Horgnies et al., 2012; Pierpaoli et al., 2019b).

The use of unconventional highly porous aggregates can also
be employed to develop lightweight mortars with low sound
transmission (Branco and Godinho, 2013) and minimal thermal

transmittance (Benfratello et al., 2013; Branco and Godinho,
2013; Giosuè et al., 2019b) to the advantage of thermal efficiency
and indoor sound comfort. It is well known that thermal
conductivity can be reduced by the addition of aggregates with
low bulk density and/or low thermal conductivity (Benfratello
et al., 2013). Another positive effect is the reduction of the
material density with a consequent lowering of dead loads
on the structure. Nevertheless, in materials the reduction of
density is often related to the reduction in compressive strength
(Demirboga and Gül, 2003; Yu et al., 2015).

The current work is aimed to develop innovative
multifunctional mortars for indoor finishes/renders able
to passively improve IAQ, besides fulfilling the ordinary
requirements (according to the standard EN 998). The
main objective is not to find the mortar with the best

TABLE 1 | Properties of different aggregates.

Mix Image ID Density kg/m3 Water
absorption

%

Calcareous sand S 2650 5

Zeolite A1 1600 20

Silica gel A2 1310 86

Activated carbon A3 530 30

FIGURE 1 | X-ray diffraction (XRD) patterns of TiO2, P-25 where anatase (A),
rutile (R), and the amorphous phase (Am) are detected.
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TABLE 2 | Mix proportions (g/L), density (kg/m3), and accessible total porosity (%) of mortars.

Mix Mix proportions Density kg/m3 Accessible porosity %

Water HL S A1 A2 A3 TiO2

M0-S 255 440 1535 – – – – 1800 32

M0-S TiO2 255 414 1535 – – – 26

M1-A1 255 440 – 927 – – – 1390 41

M1-A1 TiO2 255 414 – 927 – – 26

M2-A2 255 440 – – 759 – – 910 47

M2-A2 TiO2 255 414 – – 759 – 26

M3-A3 255 440 – – – 683 – 1210 35

M3-A3 TiO2 255 414 – – – 683 26

mechanical properties, but to compare mortars that can act as
multifunctional renders/finishes being able to improve also IAQ.

For this purpose, hydraulic lime is used as binder with and
without the addition of TiO2. Lime-based mortars are extensively
used as renders/plasters in indoor applications. Moreover,
hydraulic lime mortars are commonly used for rehabilitation of
historical buildings where cement-based mortars are not allowed,
and lime is a more sustainable binder than ordinary Portland
cement (Barcelo et al., 2013; Lucas et al., 2013). It has been also
demonstrated that hydraulic lime provides to mortars a higher
depolluting activity than cement; this is due not only for the lower
presence of mineralogical components that can hide the catalyst
(Sugrañez et al., 2013; Kaja et al., 2019) but also for the higher
porosity of its hardened microstructure (Karatasios et al., 2010;
Giosuè et al., 2018).

The conventional sand is substituted by highly porous and
adsorbent materials usually employed in filters for water–air
cleaning processes as zeolite, silica gel, and activated carbon. As
reference, a conventional sand-based mortar is used.

The mechanical strength and porosity of these mortars
have been measured in a previous work (Giosuè et al., 2020).
Here, the different compressive strength values are correlated
with the corresponding microstructures observed by scanning
electronic microscopy (SEM). Moreover, the behavior under
capillary water absorption is investigated. In order to find
the best mortar for improving the indoor comfort and health
of indoor occupants, the corresponding thermal conductivity
and photocatalytic activity are also tested. The previous work
has demonstrated the optimum hygroscopic behavior of these
mortars in terms of moisture buffering capacity and water vapor
permeability but also a photocatalytic activity hidden by the
adsorption process until saturation of specimens (Giosuè et al.,
2020). Therefore, in this paper, to demonstrate the effectiveness
of photocatalytic activity in batch, all mortars are tested in
saturated conditions.

MATERIALS AND METHODS

Materials
The binder is a commercial hydraulic lime LIC 3.0, according to
UNI EN 15368, with a density of 2650 kg/m3. As aggregates, sand

FIGURE 2 | Compressive strength of hydraulic lime-based mortars.

(S) is fully substituted by volume with selected unconventional
aggregates, namely, natural clinoptilolite zeolite (A1), silica gel
(A2), and activated carbon (A3). During the cast, all aggregates
are added in saturate surface dry (SSD) condition, which means
that all voids of aggregates are saturated by water but the surface
is dry; hence, when the water necessary for the cast is added, no
water exchange between the aggregate and the paste takes place.
The density and water absorption of all aggregates to reach the
SSD condition are evaluated and summarized in Table 1.

A commercially available titanium dioxide, TiO2, P-25
Aeroxide by Evonik, is used as photocatalytic agent, added by
replacing 5% of the binder weight. TiO2, in powder form, was
added to the dry cement mixture prior to the water addition,
carefully mixed manually for 3 min and then with a mortar mixer.

As reported in the data sheet, its chemical composition is
a mixture of anatase–rutile–amorphous phases, 78–14–8% in
weight, respectively. Particles have nano-size dimension around
20–50 nm. The specific surface, measured by BET, is 35–65 m2/g,
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FIGURE 3 | SEM images of mortars manufactured with different aggregates and TiO2. (a) HL-S TiO2, (b) HL-A1 TiO2, (c) HL-A2 TiO2, (d) HL-A3 TiO2.

and density is equal to 3100 kg/m3. The pH value of 4% dispersion
in water is 3.5–4.5. The X-ray diffraction (XRD) pattern is shown
in Figure 1 where the crystalline phases are detected.

The mixes are prepared by keeping constant the water to
binder ratio at 0.6. Mix proportions, density, and accessible
total porosity of cured mortars without TiO2 (since these
properties were not significantly affected by TiO2 nanoparticles)
are reported in Table 2 (Giosuè et al., 2020).

Since the retail price in Euro/kg is about 0.10 for calcareous
sand, 2.02 for zeolite, 0.59 for silica gel, 5.00 for activated
carbon, 44 for TiO2, and 0.14 for HL, the price in Euro/m3 of
the photocatalytic mortars with zeolite and activated carbon is
about double that with conventional sand, whereas the price in
Euro/m3 of the silica gel photocatalytic mortar is about half that
of conventional sand photocatalytic mortar.

Methods
Mortars are casted and then cured for 28 days according to the
UNI EN 1015-11 procedure: at temperature (T) of 20◦C and
relative humidity (RH) of 95% for 7 days and then at 20◦C T and
65% RH. After 28 days of curing, mortars are tested according to
the current standards.

Properties such as mechanical performance, density, and
porosity of these mortars have been already investigated in

Giosuè et al. (2020) and are briefly summarized in the current
paper. Compressive strength is measured by means of a hydraulic
press (Galdabini) after 28 days of curing. Density is evaluated by
the ratio between the weight of the specimen and its dimension,
measured with a caliper. Each measurement is repeated three
times, and the average values are reported. The dry weight is
evaluated after placing the specimens in oven at T = 105◦C until
a constant weight is reached (when the change in the weight of
the test specimen over 24 h period is less than 0.1%). Porosity is
evaluated by means of MIP (Thermo Fisher, Pascal series 240) on
samples after 28 days of curing on three fragments per mortar of
1 cm3 volume, and the average results are reported.

In this study, the mechanical strengths are correlated with the
microstructures observed by SEM. Moreover, the capillary water
absorption, the photocatalytic behavior by NOx degradation test,
and thermal conductivity are further investigated.

The morphology is analyzed by means of the SEM ZEISS 1530
(Carl Zeiss, Oberkochen, Germany) equipped with a Schottky
emitter, with two different secondary electrons detectors (the in-
lens and the Everhart-Thornley) and operating at 10 keV (EDAX
probe). Specimens are fragments of about 1 cm3.

Capillary water absorption is investigated according to UNI
EN 15801. Capillary water absorption is affected not only by
the pores volume but also by the distribution and size of the
pores, since the lower the pore diameter, the higher the level
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FIGURE 4 | SEM images (a) and EDAX (b) performed on HL-S TiO2 mortar.

reached by the rising water, according to the Washburn’s equation
(Washburn, 1921). Test specimens are prisms 160× 40× 40 mm
broken in two halves. Specimens are dried in an oven at 105◦C
until the constant mass is reached (difference in the weight values
measured after 24 h should be lower than 0.1%). The specimens
are placed on a water-saturated filter paper, and the capillary
water absorbed by the tested surface (16 cm2) is monitored
over time by weighing the specimens periodically. The results
are expressed as water absorbed per unit area Qi (kg/m2) at
time ti (s0.5).

Concerning photocatalytic efficiency, after curing, the pH of
mortars is measured in order to demonstrate the lowering of the
basicity of the mixes. It is well known that CO2 can penetrate
within the matrix as easily as the porosity increases, interacting
with the matrix through the carbonation process. This process
causes the decrease of the pH and the densification of the matrix
owing to the precipitation of calcite. In turn, calcite can cause the
occlusion of the catalysts (Sugrañez et al., 2013). Also, the redox
process that occurs at the TiO2 surface is influenced by the pH,
due to the Nernst relationship (MacPhee and Folli, 2016). 1 g of
material is collected on a glass slide; then, a drop of water (about
1 ml) is added and the pH of the solution is measured.

The test adopted for assessing the photocatalytic property of
the mortars follows the UNI 11247 procedure, which assesses
the photocatalytic activity of inorganic photocatalytic materials
by determining the degradation rate of nitrogen oxides (NOx)
in air. Therefore, the NOx photocatalytic activity is expressed
by the ratio of removed NOx over total NOx flux under plug
flow conditions. Briefly, a NOx flux is directed inside the
reactor by a NOx tank, 499 ppb NO (SAPIO S.r.l., Monza,
Italy), and it is kept constant with a dilution system (Calibrator
8188, Rancon Instruments S.p.A., Milan, Italy) by mixing with
atmospheric air at T = 25 ± 2◦C and RH between 40 and
50%. NO and NO2 concentrations are continuously monitored
by a chemiluminescence NOx analyzer (nitrogen oxide analyzer
model 8841, Monitor Labs, Englewood, CO, United States) at
the reactor outlet. The photoreactor consists of a 3-L borosilicate
glass cylinder, in the center of which the specimens (8 cm
diameter and 0.8 cm height) are placed. A UV metal halogen
lamp, having a measured irradiance of 20 W/m2, is placed outside
the reactor over the specimen and placed at 25 cm from the

specimen’ surface. The irradiation of the sample is guaranteed
until stable conditions are reached, usually 30 min.

The thermal conductivity (λ, in W/mK) of specimens is
measured at room temperature (T = 20◦C) and RH = 50%.
Specimens are cylinders of 14 cm diameter and 3 cm height. The
test is performed according to the UNI EN 12664 standard and λ

calculated by the following equation (Eq. 1):

λ =
Jd

(T1 − T2)
(1)

where J is the heat flux (W/m2), d is the distance between
thermocouples (m), and T1 and T2 are the temperatures at
the two different sides of the sample (K). Before being tested,
specimens have been conditioned at T = 20◦C and RH = 50%
until constant weight is reached (when the change in the weight
of the test specimen over a 24 h period is less than 0.1%).

RESULTS AND DISCUSSION

Compressive Strength and
Microstructural Observations
The compressive strength values already measured in Giosuè
et al. (2020) and the morphological observations obtained by
SEM are reported in Figures 2, 3. For the sake of brevity, in
Figure 3, only images of specimens manufactured with different
aggregates and TiO2 are shown.

Since the main aim of this paper is to compare the effects
of different types of aggregates on the ability of mortars to
improve IAQ in terms of thermal conductivity and photocatalytic
activity, the mixes are prepared by keeping constant both the
water amount and the same water-to-binder ratio. For this fact,
it is worth underlining that while the resulting compressing
strength values for A2 mortars are good for applications as
finishes/renders, those for A1 and A3 mortars are too high and
not suitable for this type of application.

However, the good mechanical behavior of the mortar
manufactured with sand (S) can be explained by the high
mechanical strength of natural sand, due to its low porosity
and the good adhesion between sand and hydraulic lime paste
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FIGURE 5 | Capillary water absorption in time of hydraulic lime-based mortars.

(Figure 3a). EDAX analysis (Figure 4) evidences Ca of the
aggregate and of the binder with Si and S present in the hydraulic-
lime paste. TiO2 particles are not visible in SEM images,
confirming their optimum dispersion in the mix; anyhow, their
presence is evident by EDAX analysis performed on the paste
(Figure 4) due to the appearance of the Ti peak.

When the mortar is manufactured with zeolite (A1), even
though zeolite is more porous, lighter, and therefore less resistant
than natural sand, the mechanical resistance of the mortar
remains high thanks to the pozzolanic activity of zeolite that
forms additional hydration products, well visible as indicated
in Figure 3b (Caputo et al., 2008; Uzal et al., 2010). Moreover,
thanks to the pozzolanic reaction, the interfacial transition
zone (ITZ) between zeolite and the binder paste can be
hardly recognized, highlighting the optimum adhesion between
the two components.

On the other hand, in Figure 3c, the ITZ between silica gel
and hydraulic lime is clearly visible due to an evident detachment
between the two components. As a matter of fact, the adhesion
between hydraulic-lime paste and this type of aggregate appears
very poor, due to the smooth surface of silica gel particles.
This issue explains the worst mechanical behavior of silica gel-
based mortars.

The ITZ between hydraulic lime paste and activated carbon is
better than that with silica gel. In this case, even though activated
carbon is more porous, lighter, and therefore less mechanical
resistant than sand, the mechanical strength of mortars is even
greater than that of sand-based mortars, probably thanks to
its surface roughness which improves the adhesion with the

binder paste, guaranteeing an interlocking mechanism. This
behavior was detected in other carbon-based materials with a
porous surface that, acting as reservoirs, were able to provide a
migration of water from their inside to the surrounding binder
paste during the curing period, guaranteeing an optimum ITZ
(Mrad and Chehab, 2019).

Capillary Water Absorption
The open porosity is one of the most influencing parameters
for water absorption of mortars: the higher the open porosity,
the higher the water quantity that can fill the pores. Therefore,
the use of unconventional aggregates increases the water uptake
of mortars because they increase the porosity of the mortars
compared to conventional sand (Giosuè et al., 2017b). As already
demonstrated for these mixes (Giosuè et al., 2020) and reported
in Table 2, the mortars with the highest value of open porosity
are those manufactured with silica gel, followed by zeolite-
based mortars and finally activated carbon-based mortars. The
reference mortar has obviously the lowest porosity value.

In the absence of TiO2, as expected, the reference mortar,
being the less porous, absorbs the lowest amount of water
(Figure 5). Zeolite (A1)-based mortars adsorb an amount of
water at 60%, higher than sand-based mortars. Silica gel (A2)
mortars have the highest water absorption (80% higher than
sand-based mortar) since they are the most porous.

Activated carbon-based mortars absorb lower (at the
beginning of the test) and then higher (40%) amounts of water
than sand-based mortars. This behavior is mainly related to the
characteristics of the aggregate: activated carbon is hydrophobic

Frontiers in Materials | www.frontiersin.org 6 August 2020 | Volume 7 | Article 255

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles


fmats-07-00255 August 24, 2020 Time: 17:26 # 7

Giosuè et al. Multifunctional Mortars for Indoor Applications

FIGURE 6 | Photocatalytic efficiency of mortars under UV-A radiation.

(Yang, 1987), with low affinity to water, at the early stage since
it is a non-polar absorbent material, but it becomes hydrophilic
for longer periods of contact with water and/or when some water
has already been adsorbed (Giosuè et al., 2017b).

When the TiO2 agent is added, generally the water absorption
increases. This phenomenon, already shown in a previous study
(Giosuè et al., 2017b), is due to the presence of TiO2, since the
activation of the photocatalyst gives hydrophilicity to mortars
(Banerjee et al., 2015; Zhang et al., 2015).

Photocatalytic Oxidation
The behavior of mortars under photocatalytic radiation is
reported in Figure 6. After the curing period, the pH of the
specimens is evaluated as indicated in section “Methods.” After
the cast, the pH value of the cementitious product is around
13.5 (Tittarelli et al., 2018). The results show that the finishes
lose their initial strong basicity since the detected pH values
are equal to 8 for all mortars, apart from those of the M3
series (M3-A3 and M3-A3 TiO2) with a pH of 8.5. For all TiO2
specimens, a NO removal efficiency ranging from 20 to 40%
is found. The lowest efficiency, equal to 20%, is registered in

mortars manufactured with activated carbon; their dark color can
reduce the reflectance of radiation and consequently influences
the photocatalytic properties of the substrate (Chen and Poon,
2009; Daoud, 2013).

In the TiO2-mediated NO photocatalytic oxidation, NO2
is produced as an unwanted product of the reaction. For
this reason, the photocatalytic mortar exhibiting a lower NO2
production should be preferred. In this regard, the ratio
between NO2 and NO is considered: the higher the ratio,
the higher the production of unwanted NO2 during the
reaction (Pierpaoli et al., 2018). Whereas the ratio between
the produced NO2 and the removed NO is constant and
around 16% for reference, zeolite, and activated carbon
specimens, it is significantly lower when silica gel is used.
This synergistic effect was already found in previous studies
(Pierpaoli et al., 2018, 2019b) and may be attributed to an
enhanced reactivity with the Ti-OH via NO2 disproportion
(Eq. 9) caused by a more available adsorbed water in the
vicinity of the photocatalyst (Dalton et al., 2002) and by the
subsequent reaction of the nitrates with alkali or alkaline earth
metals ions (Eq. 10).

TiO2 photocatalysis

TiO2 + hν→ TiO
∗

2 (h+vb + e−cb) (2)

TiO
∗

2
(
h+vb

)
+H2Oads → TiO2 + OH•ads +H+ (3)

TiO
∗

2
(
e−cb

)
+O2ads → TiO2 +O−2 ads (4)

Oxidation via OH·

NOads
OH•ads
→ HNO2ads

OH•ads
→ NO2ads +H2O (5)

HNO2ads � NO−2 ads +H+ (6)

NOads
OH•ads
→ NO3ads

−
+Hads

+ (7)

Oxidation via O−2

NOads
O−2 ads
→ NO−3 (8)

FIGURE 7 | Relation between (A) thermal conductivity and density and (B) thermal conductivity and total pore volume.
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Disproportionation of NO2

3NO2ads +H2O→ 2HNO3 +NO (9)

HNO3 +H2O→ H3O+aq +NO−3 aq (10)

Thermal Conductivity
The enhancement of the indoor comfort of occupants is strictly
related to the thermal insulation of the environment: if building
materials with low thermal conductivity are used, the thermal
comfort can be guaranteed with a lower energy consumption by
active systems. According to the standard UNI EN 998-1, the
threshold limits for λ to classify a mortar as a T1 or T2 thermal
mortar are 0.100 W/mK and 0.200 W/mK, respectively.

In the current study, almost all mortars can be classified as T2
mortar since their λ is lower than 0.200 W/mK. In particular,
the reference mortar has the highest value (λ = 0.142 W/mK),
followed by activated carbon-based mortar and zeolite-based
mortar with λ values of 0.110 and 0.110 W/mK, respectively.
The lowest value of λ is detected in silica gel-based mortars
(0.079 W/mK), which can be classified as a T1 mortar.

The λ of a mortar is related to both its density and porosity.
The lower the density, the lower the thermal conductivity, and
the higher the porosity, the lower the thermal conductivity
(Demirboga and Gül, 2003). As expected, the use of highly porous
aggregates permits to obtain lightweight mortars (Giosuè et al.,
2018). Thanks to the total replacement of calcareous sand with
silica gel (A2) and activated carbon (A3), lightweight finishes,
highly appreciated for non-structural materials, can be obtained
(Demirboga, 2003; Branco and Godinho, 2013).

Results of porosity and density of specimens are already shown
in Giosuè et al. (2020), but in this paper the correlation between
these properties and thermal conductivity is proposed and
reported in Figure 7. Similar to the findings already published
in other studies, a very good linear correlation between thermal
conductivity and density (Coppola et al., 2018; Giosuè et al.,
2019a) is obtained, as shown in Figure 7A. Usually, mortars with
a high percentage of voids have strong insulating properties and
can be used as plastering joints, building blocks, and panels able
to guarantee the thermal comfort. Again, a linear correlation
(but in this case with a lower coefficient) can be found between
thermal conductivity and the total pore volume, as reported
in Figure 7B.

CONCLUSION

In the present work, hydraulic lime-based mortars manufactured
with unconventional highly porous aggregates are studied to
be used as multifunctional indoor finishes. Calcareous sand (S)
is replaced entirely by volume with three different lightweight
aggregates, namely, zeolite, silica gel, and activated carbon.
Mortars are prepared with and without the addition of TiO2.
The compressive strength values of these mortars are related to
their microstructure observed by SEM. Then, the capillary water
absorption, the photocatalytic oxidation of NOx, and the thermal
conductivity are also investigated.

From the current research, it is possible to stand that:

• The dispersion of TiO2 nanoparticles in the different
analyzed matrixes is good, as shown by SEM analysis;
• Even though the mortars manufactured with lightweight

aggregates have a lower density, the mechanical behavior
of zeolite and activated carbon mortars is comparable
or even higher than that of sand mortars, thanks to
an optimum ITZ between the binder paste and the
aggregate. In the case of silica gel-based mortars, the worst
mechanical strength is due to the bad adhesion observed
between this aggregate and the paste;
• Zeolite, silica gel, and activated carbon-based mortar

adsorb a total amount of water 60%, 80%, and 40% higher
than that of the reference mortar, respectively, because of
their higher total porosity;
• The mortar prepared with silica gel exhibits the highest

photocatalytic activity and the lowest selectivity toward
NO2 because of the higher availability of adsorbed water,
which reflects into an enhanced production of OH
radicals due to an enhanced reactivity with Ti-OH via
disproportion caused by a more available adsorbed water
in the photocatalyst vicinity.
• An optimal linear correlation is confirmed between

thermal conductivity and density, whereas a good linear
correlation is found between porosity and density.

Further studies will be carried out in order to analyze the
photocatalytic behavior of TiO2 active under visible light.
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