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Abstract: Nowadays, the design and use of multi-functional mortars has increased significantly,
with interesting applications in the green building and cultural heritage conservation sectors. A key
point for a correct adoption of these innovative materials is their behavior along time and their
resistance to the weathering. The objective of this project was to define the performance and durability
of innovative mortars, in order to use them correctly and to avoid irreparable damage over time.
For the development of this project, lime–metakaolin and hydraulic lime–metakaolin based mortars
(hereinafter called A, B), as well as A and B with the addition of nano-TiO2 and perlite (hereinafter
referred to as A+, B+), have been tested. The focus of the work was to carry out preliminary
tests to evaluate the performance and durability characteristics of these mortars, verifying their
behavior over time through exposure to artificial aging cycles, including thermal shock cycles in saline
solution aerosols, freeze cycles in vapor aerosol, and aging by heat treatment at high temperatures.
Before and after each artificial aging cycle, weight measurements, and macroscopic and microscopic
observations were performed in order to evaluate possible structural changes. The characteristics of
the mortars were assessed by determination of the apparent volume mass, mechanical properties,
such as compressive and bending strength, water absorption, whereas their self-cleaning capacity
was measured by methylene blue degradation test under UV and solar irradiation. The results
obtained show degradation effects in the mortar samples due to aging after each test, and indicated
that mortars with perlite and nano-TiO2 are the best-performing ones, both from the durability and
energetic point of view, rendering them suitable for applications in the green building sector and the
conservation of cultural heritage.

Keywords: energy efficient mortars; photocatalytic; cultural heritage; bio architecture; nano-titanium
dioxide; artificial ageing; self-cleaning
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1. Introduction

Green building (also known as green construction or sustainable building) refers to a structure
and using process that is environmentally responsible and resource-efficient throughout a building’s
life-cycle: from sitting to design, construction, operation, maintenance, renovation, and demolition [1].
Sustainable buildings require the use of materials with advanced performances, meeting the need to
minimize waste and reduce energy consumption. Nowadays, great attention is paid to the external
surfaces of buildings for which new materials with performances, such as greater thermal insulation,
good resistance to dirt, and depolluting functions, have emerged [2].

A key points of these new materials is their longer life, or durability along time, in order to
minimize the need for renovations and, therefore, reduce the environmental impact of disposal [3].
One of the major durability problems of external plasters is related to the impact of atmospheric
agents onto the surface of the building, with particular reference to the various forms of water that
affect the porous structure of the materials. Incomplete understanding of the causes and degradation
mechanisms of the exposed material have frequently led to the application on buildings of conservation
products that have subsequently been proven harmful for protection and sustainability, fundamental
requirements for applications on green building of cultural heritage.

The degradation of buildings often begins on its external surface due to the continuous interaction
between materials and the surrounding environment [4]. The susceptibility and durability of the
construction materials to decay depends on the intrinsic characteristics of the materials and the different
climatic conditions the urban fabric is subjected.

One of the possible causes related to the degradation of stone materials is the crystallization of the
salts that form crystals upon precipitation from the liquid circulated into the pores of the stone [5–11].
In particular, as Barbera et al. 2012 [12] have shown, the evolution of a saturated saline solution that
impregnated the pores of the material in conditions of high wind circulation and temperature is the
subsequent salt crystallization in the interior parts from the surface. The growth of the crystals is
linked to the crystallization pressure, which is inversely proportional to the average pore radius and
increases with the interface tension. Other authors have shown that temperature variation is one of
the main factors influencing the properties and physical integrity of stone materials. The thermal
conductivity of the rocks is directly related to its consistency and, in general, increases with the decrease
in porosity [13–19].

Furthermore, several studies have shown that the action of frequent thermal shocks in extreme
temperature conditions is one of the main causes of degradation of the construction materials
located both in historic and modern buildings [16,19,20]. An additional agent that causes severe
deterioration to architectural surfaces is the increasing air pollution. Atmospheric pollutants deposited
on surfaces are responsible for the erosion, recession, and crust formation on building and monumental
materials. In order to handle this challenge, advanced consolidants and innovative plasters based on
nanotechnology have been developed [21–23]. More specifically, during the last years, many studies
have investigated the photocatalytic activity of TiO2 in the field of new construction technologies and
for cultural heritage preservation [24–29].

Recent laboratory results showed that all the TiO2 mortars exhibited good photocatalytic efficiency.
Moreover, it was demonstrated that photocatalytic mortars can be applied in case of new construction,
as well as in old buildings, because the nanoadditives do not compromise the mortar hardened state
properties [30].

Nowadays, although various TiO2-functionalized building products are already commercially
available, a full appraisal of their long-term performance in use conditions is still missing and their
performances along time are not verified. Only a few studies in the literature go beyond their
self-cleaning efficiency in laboratory condition, or the measurement of the photodegradation of a
specific pollutant, and actually propose a long-term approach to this issue [31–33].

Maury Ramirez et al. showed that, after aging, the ability of TiO2 coatings to remove NOx from
air and their self-cleaning ability decreased compared with the initial performance [33].
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The loss of TiO2 efficiency was associated to natural aging after outdoor exposure, especially in
the case of coatings subjected to climatic conditions [34]. Environmental stress may also cause particles
detachment and thickness reduction of the coating, owing to the degradation of the coating binder and
its consequent detachments, as well as a partial deactivation due to the adsorption of pollutants or
reaction products of the photocatalytic processes [35].

Recent studies demonstrated also that self-cleaning and photocatalytic materials have the added
value of a potential prolonged maintaining of their optical performance in spite of soot and particulate
matter deposition [34], and of mitigating atmospheric pollution [35].

Regarding the influence of nanoTiO2 on mechanical properties, researches have proved that the
quantity added is critical, as different addition of the optimum amount could cause a decrease in
mechanical strengths due to agglomeration [29,30].

With all these premises, the objective of this project was to develop of innovative mortars, to be
used in the green building as well as in the conservation of cultural heritage, being realized without
the use of cement, a not environmental friendly material and not compatible with the historic ones.
Moreover, the self-cleaning properties will contribute to more durable/lower maintenance building
façades (plastering and finishing) by limiting attack from microorganisms and pollutants.

Summarizing, the requirements sought for the new mortars were: absence of cement,
good mechanical resistance, low water absorption, low thermal conductivity in order to contribute to
the improvement of the energy performance of the building, self-cleaning capacity, good durability
over time, and resistance to salts.

The project, through specific laboratory tests and aging cycles, defines the performance and
durability of the developed mortars in order to use them correctly and to avoid irreparable damage
over time.

2. Materials and Methods

For the development of this research project, lime-based mortars with binder of pure hydrated
lime (L; by CaO Hellas, Dalkafoukis, Thessaloniki, Greece) and hydrated lime with addition of natural
hydraulic lime (NHL; NHL3.5z by Lafarge, Clamart, France), hereinafter called A, B, respectively,
both enriched with a natural pozzolan (Poz; bio-pozzolana produced by Cimmino Calci based in
Casoria, Italy) and an artificial one (metakaolin: Mt MetaStar 501 by Imerys, France) were synthesized.
In addition, in A and B mortars, inclusions of nano-TiO2 (nano-structured nano-titania by NanoPhos,
Lavrion, Greece) and perlite (Peralit 13 of the Italian Perlite with a nominal fine particle size 0.1–1 mm)
were introduced (hereinafter referred to as A+, B+). Regarding the nature of aggregates, natural
calcium carbonate sand derived from limestone rocks of sedimentary origin, reference was made to
the manufacturer Marmifera Mineraria based in Trapani, Italy. This is a waste produced by stone
processing, inert, which can be disposed of in a 2nd category landfill. The particle size used is category
G81, from 500 to 1100 microns, hardness 3–4 Mhos, white color content in CaCO3 not less than 99.24%.
The mix design of the synthesized mortars is presented in Table 1.

Table 1. Mortars mix design.

Code
Binder wt.% TiO2

wt.%
Perlite
wt.%

Carbonaceous
Sand wt.%

B/A* W/B* Consistency
(mm)NHL* L* Poz* Mt*

A 20 6.7 6.7 - 66.7 1/2 0.8 (±0.21) 133.5
A+ 19.4 6.5 6.5 1.6 1.6 64.5 1/2 0.8 (±0.23) 128.3
B 10 10 6.7 6.7 66.7 1/2 0.8 (±0.19) 134.7

B+ 9.7 9.7 6.5 6.5 1.6 1.6 64.5 1/2 0.7 (±0.07) 149.3

* NHL: natural hydraulic lime, L: lime, Poz: natural pozzolan, Mt: metakaolin, TiO2: nano-TiO2, B/A: binder to
aggregates ratio, W/B: water to binder ratio, consistency measured by flow table test.

In the first phase, an adequate number of specimens of specific size have been produced with the
use of all the different mix design, as follows:
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- 16 × 4 × 4 cm for mechanical test;
- 4 × 4 × 4 cm for water vapor permeability and aging tests;
- 9 × 9 × 3 cm for solar reflectance and infrared emittance tests;
- 20 × 20 × 2 cm for thermal conductivity test.

For each type of mortar, and each type of experiment, at least 3 specimens were used.
After a suitable seasoning (28 days), the specimens were characterized from the physical–mechanical

and energetic point of view. More specifically, the following tests have been performed:
The apparent density of the hardened mortar samples was determined from the ratio of the dry

mass Mo to the total volume occupied by the solid (including porosity) [35].
Water absorption tests were carried out after immersing the samples in water according to the

specifications of the UNI EN 12087 [36], before and after artificial aging. Furthermore, the water vapor
permeability of the mortars was measured according to the UNI EN 15803 [37].

The photocatalytic degradation of the organic components, through the oxidation reaction of
active radicals generated by the activation of nano-TiO2 with UV and solar radiation, was examined
using methylene blue in aqueous solution as the contrast liquid.

The energy efficiency of the designed mortars was assessed by measuring the solar reflectance,
the infrared emittance and the thermal conductivity. The solar reflectance was measured in the
UV–VIS–NIR spectrum using a Cary 5000 spectrophotometer fitted with a 150 mm diameter integrating
sphere (Labsphere DRA 2500, Agilent, Waldbronn, Germany) that combines specular and diffuse
radiation. The reference reflectance standard used for the measurement is constructed with Spectralon®

(Labsphere, Agilent, Waldbronn, Germany). The spectral reflectance measurements were performed
following the ASTM E903-96 “Standard test method for solar absorptance, reflectance, and transmittance
of material using integrating spheres” [38] in conjunction with ASTM E891 air mass 1.5 beam normal
spectrum “Standard Test Method for Solar Absorptance, Reflectance, and Transmittance of Materials”.
The characteristics of the Cary 5000 with integrating spheres are: Resolution of 200–2500 nm and
accuracy of ±0.02 nm. The infrared emittance measurements were performed using the Devices and
Services AE1 emissometer (Devices and Services Dallas, Dallas, TX, USA). The procedure used is
described in the Devices & Services Technical Note TN10-2. The characteristics of the AE1 emissometer
are: Resolution of 0.04–0.93, accuracy of ±0.01 and repeatability of ±0.01 emittance units. The thermal
conductivity was measured using a Hot Disk TSP1500, Gothenburg, Sweden fitted with a 14.6 mm
(radius) Kapton-insulated sensor. The measurements were performed following the ISO 22007-2 in
room temperature. The characteristics of the Hot Disk TSP1500 are: 0.01–400 W/(mK), accuracy better
than 5% and reproducibility better than 1%.

The mechanical assessment of the designed mortars was evaluated by uniaxial compression and
the three points bending test using a stiff 1600 kN MTS hydraulic testing frame (model 815) (MTS,
Eden Prairie, MN, USA) [39]. Compressive and flexural strength, modulus of elasticity, and toughness
were determined by the above-mentioned tests.

In order to evaluate the durability of mortars, selected samples were subjected to different cycles of
artificial aging using a Memmert M30-750 (Schwabach, Germany) and a freezer Angelantoni Lifescience
Ekobasic EKOBASIC 700/1BT (Bernareggio, Italy) to evaluate possible modifications upon exposure to
thermo-hygrometric stress conditions. The first test included accelerated aging employing thermal
shocks in aerosol saline solution (9 g of NaCl/1 L of H2O) that allowed evaluating the potential structural
changes of the mortars to sudden temperature changes. The samples were cyclically subjected to an
aerosol phase with saline solution (2 h) and a subsequent phase in an oven at 60 ◦C (3 h) for a total
of 10 cycles. The second aging test is related to freezing and thawing processes; in particular all the
types of mortar were subjected to an aerosol phase with steam (2 h) and a frost phase in the freezer at
−20 ◦C (3 h), for a total of 10 cycles. The third aging test involved heat treatment at high temperatures,
consisting of 10 alternating heating cycles at 60 ◦C (12 h) and 100 ◦C (12 h). The fourth and fifth series
of aging tests were performed to better understand and evaluate the resistance of mortars to thermal
shocks (−20 ◦C/+80 ◦C) and the performance to aggressive environments, such as immersion in water
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and exposure to salt mist vapor. The five different defined accelerated aging protocols (I, II, III, IV, V)
for the mortars under study are presented in Table 2:

Table 2. Accelerated aging protocols.

Aging Protocol Aging Process

I 2 series (1 cycle) 2 h Salt fog steam (9 g/L)
3 h Heat Treatment +60 ◦C

II 2 series (1 cycle) 2 h Steam
3 h Heat Treatment −20 ◦C

III 1 series (1 cycle) 12 h Heat Treatment +60 ◦C
12 h Heat Treatment +100 ◦C

IV 1 series (1 cycle)
1 h Immersion in

demineralized water
3 h Heat Treatment −20 ◦C
6 h Heat Treatment +60 ◦C

V 1 series (1 cycle)
1 h Salt fog steam (9 g/L)
3 h Heat Treatment −20 ◦C
6 h Heat Treatment +80 ◦C

3. Results

3.1. Apparent Density

With reference to the determination of the average apparent density, the results obtained for the
four types of mortars can be considered in line with other plasters used in the restoration of monuments.
Similarly, the apparent density of the samples that underwent the accelerated aging cycles exhibited a
slight decrease in the average density, as can be appreciated in Table 3. This can be explained by the
discontinuities and damage induced in the sample microstructure after aging. However, it should be
emphasized that the low decrease of 1–2% in apparent density after aging evidenced the durability of
the designed mortars. The performance of samples with perlite and nano-TiO2, namely A+ and B+,
is superior, compared to the corresponding ones without those additives. This finding can be related
to the specific microstructure after the additive’s incorporation that resisted better to the freeze-thaw
cycles. The porous structure of perlite decreased the mortars apparent density, but enabled the mortar
to resist better to aging due to the space available for the salt crystallization.

Table 3. Apparent density before and after aging.

Type of Sample Apparent % (Kg/m3) before Aging Apparent % (Kg/m3) after Aging

Mortar A 1812.23 1783.11
Mortar A+ 1761.25 1745.06
Mortar B 1772.42 1745.63

Mortar B+ 1725.37 1706.44

3.2. Water Absorption by Total Immersion

The results for the total immersion absorption tests, performed before and after aging tests,
were presented in Figures 1 and 2, respectively, showing similar imbibition coefficient either for mortars
A and B without additives (imbibition coefficient ≈ 9) or for mortars A+ and B+ with perlite and
nano-TiO2 (imbibition coefficient ≈ 11). This behavior could be attributed to the hydrophilic capacity
of nano-TiO2 and perlite, which is also reflected to the water absorption of A+ and B+ mortars. Perlite
exhibit this tendency in increasing water absorption due to the voids in its structure, while nano-TiO2 is
a very hydrophilic material [40,41]. The rate of the water absorbed by the various samples showed an
almost equal behavior for all the specimens that were examined. All of the types of mortars exhibited
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a rapid increase in the amount of water absorbed in the first 5–10 min, whereas the test ended after 35
min as the mass was stabilized.
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Under similar conditions and with a similar procedure, the test was repeated for the same mortar
samples after aging. Similarly, to the pre-aged samples, the experiment ended after 35 min as a
stabilization of the weight of the samples was recorded. However, observing the data, there is an
increase in the imbibition capacity for all types of mortar compared to the pre-aging values. The greatest
increases are found for mortar B (+64%) and mortar A (+53%). For the B+ mortar an increase of
+42% is noticed, being the A+ mortar the sample with the lowest water absorption after aging (+25%).
The decrease in CI after aging in the samples with additives is in close relationship with the lower
decrease in the apparent density above-mentioned.

3.3. Water Vapor Permeability

The water vapor permeability of the designed mortars is presented in Figure 3. Mortars containing
natural hydraulic lime (B) seem to be more compact, as they allow the water vapor to be escaped in
a lower quantity and rate from their matrix. Furthermore, the addition of perlite plays a key role in
the increase of porosity and, as a consequence, in the permeability of the mortars [42]. This positive
contribution of perlite in the water vapor escape is clearly expressed in Figure 3 with the increasing
slope of B+ curve. The lower water vapor permeability of the B mortars corroborated the lower amount
of water absorbed due to the compactness of mortars with natural hydraulic lime. Furthermore,
from the values of transpiration capacity of A and A+ mortars, it can be further confirmed the important
role played the binder hydrated lime.
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3.4. Photocatalytic Activity

Regarding the evaluation of the photocatalytic activity, the results obtained in Figures 4 and 5
showed a discoloration of the methylene blue after one week of irradiation under UV lamp;
the discoloration is more evident on the samples subjected to solar radiation.
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3.5. Energy Efficiency Evaluation

The reflectance in the near-infrared (NIR), the ultraviolet (UV), and the visible wavelengths,
as well as the infrared emittance and the thermal conductivity of the tested mortars, are presented
in Table 4. All of the syntheses exhibited very promising performance as the total reflectance and
the infrared emittance are favorably compared to specific plasters and coatings proposed as agents
that contributed to the reduction of the surface temperature of conventional renders in architectural
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surfaces [43–47]. More specifically, the mortars with perlite and nano-TiO2 exhibited lower reflectance
in the ultraviolet range due to the addition of the latter, which has a large absorption in UV range.
The thermal conductivity is significantly lower than traditional plasters containing cements with λ

=0.53 W/(mK) and other commercial plasters such as Latemar® plaster with λ= 0.61 W/(mK) [47].
These results are remarkable, as thermal conductivity plays a key role at the thermal insulation of
external building surfaces. Furthermore, as expected, mortars with perlite, such as A+ and B+ were
characterized by lower values of thermal conductivity compared to the corresponding ones without
perlite, due of lightweight perlite [47].

Table 4. Reflectance, infrared emittance (IE), and thermal conductivity (λ) of the designed mortars*

Synthesis SR (%) SRNIR (%) SRVIS (%) SRUV (%) IE λ W/(mK)

A 80.9 80.9 76.25 47.11 0.89 0.32
A+ 73.1 76.15 71.05 30.10 0.92 0.29
B 79.64 81.04 79.73 54.82 0.91 0.32

B+ 75.99 78.76 74.13 37.37 0.90 0.28

* SR (%)—Total reflectance; SRNIR (%) reflectance in near-IR range; SRVIS (%) reflectance in visible range; SRUV (%)
reflectance in UV range.

3.6. Mechanical Properties

The average values, as well as the standard deviation of the compression test, namely, compression
strength, modulus of elasticity, and toughness, along with the bending strength extracted from the
three-point bending test, are presented in Figure 6. The designed mortars A and B exhibited mechanical
properties, such as compressive and bending strength, which could be favorably compared to the
corresponding values of the conventional cement mortars. The addition of perlite and nano-TiO2

decreased the resistance of mortars to compressive and bending strength, as well as the modulus
of elasticity and the toughness. As far as the mechanical properties are concerned, the addition
of both perlite and nano-TiO2 resulted in a worst performance of the studied materials. However,
the application of designed mortars as plasters for external building surfaces does not require high
mechanical strengths. Furthermore, the compressive strength of A+ and B+ mortars are more promising
compared to the respective ones of other lime mortars with admixtures and additions entailed to
replace cement [47,48].
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3.7. Durability of Mortars

The experimental approach of the accelerated aging procedures that were adopted and supported
by measuring specific physical parameters, has been proven decisive in order to approach the durability
of mortars in a holistic way. The main goal of the aging tests conducted on the samples was to simulate
as closely as possible the natural aging that occurs in the original mortars under environmental loading.
The samples showed signs of degradation due to aging after each test. In particular, the results
obtained after aging with the first three accelerated aging protocols (I, II, III) show that, macroscopically,
the samples did not preserve their shape and external aspect, showing evident signs of deterioration.
Only A+ type shows a lower mass loss percentage, Figure 7.
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In regards to the fourth protocol (immersion in demineralized water), the results show B+ as
the best performing mix design, while for the other types of mortar (A, A+, B), from the fourth cycle,
evident exfoliation and fracturing were noticed, leading, in some cases, to the total detachment of a
superficial layer.

The fifth protocol (salt fog steam) confirmed the results obtained from the previous aging protocols,
indicating A+ and B+ as the best-performing mortars.

4. Conclusions

The activities and tests carried out have made it possible to test mortar samples with a different
mix design, with or without nano-TiO2 and perlite. In particular, the results obtained from the apparent
density and water vapor permeability tests can be considered in line with the properties of other
plasters, normally used in the restoration of monuments. The discoloration of the methylene blue
under UV lamp evidenced the photocatalytic activity of all the produced mortar samples. Furthermore,
all of the samples showed promising energetic performance, especially in the cases of samples with
nano-TiO2. Only the mechanical performance of the samples with nano-TiO2 and perlite was registered
as lower compared to corresponding samples without those additives. As opposed to that, the results
obtained after the artificial aging of mortars with hydraulic lime and metakaolin- mixed with nano-TiO2
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and perlite (i.e., A+ and B+ types) were rather interesting, and confirmed a considerable durability.
This is because the samples showed the lower mass loss percentage after all the tests, even in presence
of aggressive environments with marine aerosol. It is reasonable to assume here that the addition of
perlite and nano-TiO2 formed a structure with lower density due to the voids created that resulted in
a decrease of apparent density and mechanical properties, alongside an increase in the resistance to
salt decay.

With particular reference to the use of the developed mortars in the field of cultural heritage
restoration, their compatibility has been demonstrated by meeting the requirements of UNI EN 998-1
for Renovation Mortar. In fact, all of the developed mortars, using hydraulic lime and metakaolin,
are compatible and suitable with the materials used in traditional masonry, ensuring a good preservation
and resistance to atmospheric conditions.

Future studies are still advisable to verify the adhesion properties of the mortars to various
substrates and the methods of application of materials.
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