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� Photocatalytic lightweight indoor hydraulic lime-based finishing mortar is designed.
� Effect of expanded glass and expanded silicate on photocatalytic activity is assessed.
� Effect of pore structure of lightweight mortar on photocatalytic activity is studied.
� Drying shrinkage and water absorption of the lightweight finishing mortar are studied.
� Thermal properties of the lightweight finishing mortar are studied.
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The present paper aims to evaluate the performance of photocatalytic lightweight indoor hydraulic lime-
based finishing mortars, with Portland cement-based finishing mortar as a reference. Two different types
of aggregates, expanded glass and expanded silicate, are utilized to achieve the lightweight character and
their contributions are investigated. The pore structure of the developed mortars is determined by mer-
cury intrusion porosimetry (MIP) and BET methods. The mechanical strength, drying shrinkage, thermal
physical properties and air pollutant removal ability of the mortars are investigated and the effects of
pore structure on these properties are evaluated.
Due to the higher porosity, lime-based finishing mortars possess a higher capillary water absorption

and higher drying shrinkage, which can be explained by the Kelvin-Laplace mechanism. The lime-
based mortar shows very good thermal properties, with a thermal conductivity of 0.15 W/(m�K). The
lime-based mortar shows a better ability of removing air pollutants, up to 46% under indoor air condi-
tions laboratory test, compared to the cement-based mortar, which is attributed to the lower content
of gel pores present in the lime-based mortar. Expanded glass shows positive influences concerning ther-
mal properties and air pollutant removal ability compared to expanded silicate.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The construction sector is a major energy consumer, contribut-
ing to 40% of the global emissions of CO2 [1], taking into account all
aspects from transports and production of materials to all the
active engineered systems that operate in buildings. This prompts
engineers, architects and researchers to carefully choose construc-
tion materials for designing and to build better sealed construc-
tions in order to reduce the thermal loss. In this perspective, if
sufficient air change is not guaranteed, air pollutants in building
environments can reach a harmful level for human health. Indoor
Air Quality (IAQ) has received great attention in the last few years
because people spend about 90% of time indoors [2]. The design
and construction of a high air-tight indoor environments without
providing an adequate ventilation system can cause insufficient
air renewal with a consequent increase in concentration of pollu-
tants, which could be higher than outdoors [3,4]. Traditional meth-
ods are not suitable to solve the problem, as sometimes it is not
possible to reduce the source emission or the use of active systems
that increase the energy demand of the building.

Heterogeneous photocatalytic oxidation (PCO) represents a
promising option to ensure a healthier indoor environment [5]
without additional energy costs. PCO is superficial phenomena
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[6,7], and the process has been extensively studied previously [8].
Nowadays there is an increasing interest in applying this principle
in cementitious materials [9] and the study of synergetic use of
pre-activation techniques and modification with nano-silica [10]
or transition metal ions [11]. Those efforts have been devoted to
developing indoor material with the addition of a photocatalytic
agent either in bulk or as coating [12–15]. The essence of the
research strategy to solve this problem is evident also on the
prospective of making more energy efficient buildings. This goal
is achievable not only by using active systems [16] but also passive
ones [17,18] and with the use of more eco-friendly material such as
waste or secondary raw materials in construction [19–21]. In this
research, the study of alternative binders of Ordinary Portland
Cement (OPC) such as natural hydraulic lime (NHL) [22] and a par-
tial substitution with by-products such as fly ash are of interest in
order to obtain more sustainable materials for indoor application.
In fact, in terms of materials, the cement industry represents one
of the largest emitters of CO2 [23]. While NHL is a more sustainable
binder, due to the lower temperature required for its preparation,
compared to that of cement, about 1000 �C instead of 1450 �C [24].
Another positive aspect related to the use of NHL in constructions
is the high suitability of this product with the existing structure,
and it can be used not only for new buildings but also for rehabil-
itation purposes of existing constructions [13].

With regard to the aggregates, the use of lightweight materials
allows the production of lightweight mortars. Lightweight aggre-
gates can have multiple origins: natural (pumice or vermiculite)
or synthetic. In case of synthetic aggregates, they can be obtained
by primary materials (e.g. expanded perlite or expanded clay) or by
secondary raw materials (e.g. waste from expanded glass). Light-
weight mortar brings superior properties to buildings where they
are applied, e.g. a reduction of dead weight of the structure [25]
with a consequent decrease in cost and increase in efficiency of
the building. Also, the occupants of indoor spaces with lightweight
mortars and renders can obtain advantages from the application of
these materials, e.g. a lower thermal conductivity [26,27] and
enhanced acoustic insulation acting as acoustic shielding [28].
The use of secondary raw materials is recommended instead of
natural ones, mainly considering the good results in terms of
mechanical resistance and thermal insulation obtained with
expanded glass in non-cementitious binders [29]. In this study,
the comparison of natural and synthetic aggregates based mortars
is also performed.

The importance of pore structure in terms of pore diameters
and pore size distribution and its influence on the macro properties
of mortars is well known [30]. The efficiency of photocatalysis is
enhanced with the increased content of micro-nanopores. It is con-
firmed that the best range of pores should be around 100 nm [13].
The correlation between the ranges of pores and photocatalytic
activity has been investigated by Jimenez-Relinque et al. [31]
who reported that the NOx degradation performance is improved
in the pore range of 0.5–0.05 lm. It is also shown that the
microstructure influences the PCO capacity, in particular, a higher
presence of macro-pores is related to a higher PCO efficiency. On
the other hand, a high quantity of cementitious products would
cover the catalyst [32]. This is an additional reason to test the effi-
ciency of NHL, as it is very well known that the presence of hydra-
tion products is lower than that in cementitious-based mortars.
The performance of aerial lime-based mortar with the addition of
photocatalyst (TiO2) was studied by Karatasios et al. [33]. The opti-
mum percentage seems to be 6%. In the current study, it has been
decided to apply lower amounts of TiO2, 2% and 4% of the binder
volume, based on the preliminary study. The increasing content
of calcite over time could modify the PCO activity by modification
of the pore size distribution [33]. Other studies demonstrated in
cementitious mortar that a decrease in photoactivity was caused
by carbonation. It has been observed that calcite grows on the sur-
face of photocatalyst, consequently decreasing the photocatalytic
efficiency [34]. NHL, with less amount of calcium oxide, could
influence less the PCO activities. In case of indoor finishing mortar,
it is also important to take into account that the presence of nano-
sized materials changes not only the hardened state properties but
also the fresh state properties [35].

The aim of this research is to develop an innovative product,
able to fulfil the conventional requirements for finishing mortar
material and, more importantly, to improve IAQ and comfort of
occupants. This performance-based design takes into account the
selection of raw materials, considering sustainability. Density and
mechanical strength are tested following the relevant standards.
Pore structure is studied with Brunauer – Emmett – Teller (BET)
and Mercury Intrusion Porosimetry (MIP). Drying shrinkage and
capillary water absorption are evaluated. IAQ enhancement is
appreciated by thermal conductivity and photocatalytic efficiency.
The relationships between the pore structure and other properties
including capillary water absorption and air pollutant removal effi-
ciency are analysed.

2. Experimental

2.1. Materials

The applied materials in this study are summarized in Table 1.
With the particle density, it is possible to evaluate the volumetric
substitution of binders and aggregates. The particle size distribu-
tions (PSDs) of aggregates are evaluated by mechanical sieving,
while those of the powders are analysed with Laser Light Scatter-
ing (LLS) Mastersizer 2000. Fig. 1 shows the PSDs curves of the
powders and aggregates used. The elemental compositions are
determined by the XRF analysis (Table 2).

In this research, Portland cement CEM I 42.5 N class (CEM) is
used as the reference binder (provided by ENCI, the Netherlands).
The specific density of CEM is 3136 kg/m3, evaluated using a gas
pycnometer. The mineral phases of the cement are computed using
Bogue method [36], as: C3S 63.4%; C2S 8.9%, C3A 7.2% and C4AF
10.0%. Natural Hydraulic Lime (NHL) is provided by KEIM (the
Netherlands). This product belongs to NHL 3.5 according to UNI
EN 459-1:2010. The C2S content is about 21%. The specific density
is measured by a gas pycnometer, 2537 kg/m3. A commercial fly
ash (FA) from coal combustion, Class F fly ash according to ASTM
C 618 [37], is used, with a specific density of 2337 kg/m3, evaluated
using a gas pycnometer.

During research, two commercial lightweight aggregates are
used. The first is a natural expanded silicate, ES (Rotocell�), with
volcanic origins. The second is expanded glass, EG. EG comes from
thermal treatment of waste from glass. For both types of light-
weight aggregate, a letter from A (bigger size) to C (smaller size)
is assigned depending on diameter. Expanded glass has round
and more regular spheres than expanded silicates.

2.2. Mix design

From the original method developed by Andreasen and Ander-
sen [38] for the best granulometric size distribution, Funk and Din-
ger [39] proposed a modified model, as:

PðDÞ ¼ Dq � Dq
min

Dq
max � Dq

min

ð1Þ

where P(D) is the fraction of total solid (binders, powders and
aggregates) for the mixture; Dmin and Dmax are the minimum and
the maximum diameter, respectively, in mm; q is distribution
modulus.



Table 1
Specific densities of different materials.

Materials Code Specific density
kg/m3

Bulk density
kg/m3

Particle density
kg/m3

Cement CEM I 42.5 N CEM 3136
Fly Ash FA 2337
Natural Hydraulic Lime NHL 2537
ES 90–300 ES A 360 700
ES 0.25–0.5 ES B 320 700
ES 0.5–1 ES C 310 600
EG 0.1–0.3 EG A 450 800
EG 0.25–0.5 EG B 300 540
EG 0.5–1 EG C 250 450
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Fig. 1. PSDs curves of used binders and aggregates.
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In this research, Dmax of 1 mm is taken to prepare mortar finish-
ing for indoor application as finish layer. The distribution modulus
q is a variable and depends on the characteristics of the mixture,
the chosen value is 0.5, following the suggestion of [40] which
studied cement pastes with the addition of nano-materials. The
total amount of different fractions is evaluated with an optimiza-
tion algorithm based on Least Square Method (LSM) as proposed
by [41,42]. A water to binder ratio of 1.6 by volume is used for
all mixtures. Table 3 shows the compositions of the designed
recipes.

The TiO2 photocatalyst in the form of slurry is added to the mor-
tars. The slurry is a commercial product (KRONOClean 7404), a
carbon-doped titanium dispersed in water (40% of TiO2 and 60%
of water) with a pH of 7–8 and a density at 20 �C of about 1.4 g/
cm3. TiO2 is substituted in two different quantities, as 2% and 4%
of volume of binder. Zeolite is substituted during the preparation
of mortars as 1 vol% of binder to improve the PCO reaction by
enhancing the adsorption ability. Hashimoto et al. demonstrated
that the titania-zeolite composite catalysts could enhance PCO
activity [43]. In the presence of titania-zeolite composites, the
adsorption data indicated the increase in the amount of NO adsorp-
tion on the TiO2 phase and the decrease in the amount of NO2

adsorption, compared to bare titania [43]. The BET specific surface
area of zeolite is measured, 28.56 m2/g. The same water to powder
Table 2
Chemical compositions (wt.%) of investigated powders.

SiO2 Al2O3 Fe2O3 CaO Mg

CEM 19.64 4.80 3.28 63.34 1.99
FA 51.71 27.11 8.12 5.76 1.19
NHL 7.35 1.49 – 87.48 1.16
ZEO 75.11 13.26 2.18 3.87 0.58
proportion based on volume is guaranteed by the subtraction of
the water of the slurry. Table 3 shows the proportions of the mixes,
with and without TiO2.
2.3. Characterization of mortars

The workability is evaluated with the slump flow test according
to the standard UNI EN 1015-3:2007 using a truncated cone (100
base diameter, 70 mm top diameter, and 60 mm height). The
results are the mean of the two perpendicular diameters measured.
The fresh density is determined by the ratio between the mass of
the fresh mortar and the volume of samples (kg/m3).

The densities are evaluated under two conditions: fresh state
and oven dry conditions (according to UNI EN 1015-6:2007). The
apparent density is measured by the size and mass of the sample.
For hardened state conditions, the 40 � 40 � 160 mm3 samples are
cured for 28 days at T = (20 ± 2) �C and for the first 7 days at (95 ±
5)% RH and then for the following 21 days at (60 ± 5)% RH. After the
curing period, specimens are placed inside an oven at (60 ± 2) �C
until constant mass is reached. The flexural and compressive
strengths of the sample at 28 days are determined according to
the UNI EN 1015-11:2007 on three specimens for flexural and six
specimens for compressive strengths.

The microstructure and porosity of mortar without TiO2 addi-
tions are investigated with MIP (Thermo Fisher, Pascal series
240) and BET methods (Micrometics Tristar II). The pore size distri-
bution is also investigated because some pore diameters are close
to the dimension of nanoparticles that are applied in the mixes
[44]. Both measurements are performed on samples after 28 days
of curing, on three specimens and average values are used to inter-
pret the results. The hydration of mortars is stopped by immersion
and washing of specimens in ethanol. For the MIP analysis, frag-
ments sampled for each mortar mix is about 1 cm3 of volume.
For the BET surface area and nano-porosity measurement, samples
are extracted from the prepared mortar.

Concerning the fact that the mortars exposed to an environ-
ment with a relative humidity lower than (95 ± 5)% are subjected
to shrinkage, the shrinkage behaviour is investigated under differ-
ent conditions. Both the drying shrinkage and percentage of weight
loss are evaluated and plotted with time on three specimens for
each mix. The shrinkage is the measurement of the change in lon-
gitudinal dimension of specimens, in (mm/m). Eq. (2) is used to
evaluate the percentage of weight loss (wi):
O K2O TiO2 SO3 P2O5 Others

0.56 0.34 2.87 0.59 1.03
1.8 1.73 1.14 0.87 0.51
0.53 0.11 1.01 – –
4.63 0.28 0.06 – 0.05



Table 3
Composition of mixes (kg/m3).

CEM ES CEM ES
2%

CEM ES
4%

CEM EG CEM EG
2%

CEM EG
4%

NHL ES NHL ES
2%

NHL ES
4%

NHL EG NHL EG
2%

NHL EG
4%

w/b (by mass) 0.58 0.60 0.61 0.58 0.60 0.61 0.64 0.68 0.69 0.64 0.68 0.69
CEM 270.0 262.1 256.7 270.0 262.1 256.7 – – – – – –
FA 201.0 195.3 191.3 201.0 195.3 191.3 201.0 195.3 191.3 201.0 195.3 191.3
NHL – – – – – – 219.0 212.0 207.6 219.0 212.0 207.6
Water 275.0 256.9 238.8 275.0 256.9 238.8 275.0 256.9 238.8 275.0 256.9 238.8
ES A 154.3 154.3 154.3 – – – 154.3 154.3 154.3 – – –
ES B 64.6 64.6 64.6 – – – 64.6 64.6 64.6 – – –
ES C 120.0 120.0 120.0 – – – 120.0 120.0 120.0 – – –
EG A – – – 180.5 180.5 180.5 – – – 180.5 180.5 180.5
EG B – – – 47.1 47.1 47.1 – – – 47.1 47.1 47.1
EG C – – – 90.0 90.0 90.0 – – – 90.0 90.0 90.0
Slurry TiO2 – 30.2 60.3 – 30.2 60.3 – 30.2 60.3 – 30.2 60.3
Zeolite – 4.1 4.1 – 4.1 4.1 – 4.1 4.1 – 4.1 4.1
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wi ¼ mi �m0

m0
� 100½%� ð2Þ

where mi: weight at i-day in kg; m0: weight at 24 h after the cast, in
kg.

Water in porous materials can lead to the degradation of the
durability of finishing. The absorbed capillary water affects all
mortars in contact with the ground, in high humidity environ-
ments or exposed to atmospheric phenomena. Water can transport
aggressive agents that can deteriorate the finishing [45]. Because of
this reason, the study of water absorption is considered of primary
importance to understand the durability of the investigated mate-
rials. The water absorption coefficient (C) due to the capillary
action of the hardened mortar is evaluated according to UNI EN
1015-18:2004 on three specimens for each mix. The dry prismatic
specimens with 40 � 40 mm2 base area are weighed prior to
immersion in water ranging from 5 to 10 mm. The weight is mea-
sured after 10 and 90 min of immersion, which is then used for the
calculation of C. In order to explore the behaviour of mortar in
terms of water absorption by capillary action in time, three speci-
mens for each mix with 40 � 40 mm2 base area are tested accord-
ing to the standard UNI EN 15801:2010. Following this standard,
the amount and rate at which a specimen absorbs water through
the test surface when it is in contact with saturated filter paper
is determined. The capillary water absorption is monitored and
the amount of water absorbed by the specimen per unit area Qi

(kg/m2) at time ti (s0.5) is calculated.
The influence of building materials on indoor microclimate is

studied on two different aspects: one is referred to thermal prop-
erties, the other to the capacity of the mortar to decompose air-
borne harmful substances. The first aspect is addressed by the
thermal conductivity of the specimens. Specimens of 100 � 100
� 100 mm3 are prepared. After a proper curing period (28 days),
Fig. 2. Scheme of the plug-flow
specimens are dried in a ventilated oven at (60 ± 3) �C until con-
stant mass is reached. Then the specimens are cooled down at
room temperature (T = 20 �C) and then the thermal conductivity
of the specimens is measured with a heat analyser ISOMET 2104.
Further tests are performed on samples after storing them in a
humidity controlled chamber at (60 ± 5)% RH until constant mass
is reached, in order to evaluate the influence of the humidity of
the environment. For each condition, three tests are repeated on
two specimens.

The plug-flow experimental setup used for the photocatalytic
oxidation test is shown in Fig. 2. The used pollutant NO is mixed
with synthetic air in order to reach the desired initial concentra-
tion. The concentration of pollutant and flow rate are chosen in
order to represent realistic conditions. The tests are performed
under two different radiation sources: UVA and visible light
(VIS). Irradiation is provided with three fluorescent tubes emitting
visible light and three emitting UVA light. For both cases, the light
intensity is adjusted to about 10 W/m2 and checked before each
test. Two specimens for each mix prepared with 200 � 100 mm2

surface area are tested. Measurements are performed at least two
times. Temperature and humidity are kept constant at (22 ± 1) �C
and (50 ± 2)% RH for all measurements. The pollutant concentra-
tion (NO, NOx, NO2) is measured by an online NOx analyser
ANPA-370 (Horiba). Eq. (3) is used in order to determine the degra-
dation (NOxdeg) of total NOx (NO + NO2):
NOxdeg ¼ ½CNOx �in � ½CNOx �out
½CNOx �in

� 100½%� ð3Þ
where ½CNOx �in is the initial concentration, in ppm; ½CNOx �out is the out-
let concentration; both values are the average between 5 min mea-
surement, in ppm.
experimental setup [15].
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3. Results and discussions

3.1. Workability

All the mortars are prepared with the same amount of water
and the same volumetric ratio between water to binder, so the
fresh properties are influenced only by the aggregates, powders
and TiO2 content. When using the same aggregates, mortars have
the same workability class: stiff with natural expanded silicates
and plastic with expanded glass (classes according to UNI EN
1015-6:2007). This behaviour can be explained by the different
particle shape of aggregates: spherical shape of expanded glass
allows less friction forces between the aggregates that promote a
better flow. Fig. 3 shows the different behaviour of mixes.

It is noted that when cement is substituted by NHL, slump val-
ues decrease. This is due to the finer particles present in NHL, as
shown in Fig. 1, which need higher quantities of water to wet
the surface. Concerning the mixes prepared with photocatalyst, it
is observed that the same starting recipes have the same class of
workability, except CEM EG 4% that turns from plastic to stiff.
The presence of TiO2 in general implies the loss of workability.
TiO2 has finer particles than other powders that can influence the
workability especially by: a higher amount of water is needed to
wet the surface while the particles exhibit high tendency to
agglomerate due to strong cohesive van der Waals forces [35,46].
Obviously, a higher substitution of TiO2 implies a higher loss of
slump flow: the highest difference is recorded in cement-based
mortar at 4% addition of TiO2 with a decrease from 9% (with ES)
to 12% (with EG). The difference is lower in NHL-based mortar,
from 2% (with ES) to 8% (with EG).
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It is also important to highlight that with these proportions no
segregation is observed. In fact, one of the main problems in light-
weight mortar or concrete is the lack of homogeneity: the very
large differences between the densities of the used materials (bin-
ders and lightweight aggregates) may induce a static sedimenta-
tion of ingredients, causing segregation and loss of stability.

3.2. Density

Density is evaluated in both fresh and hardened states. As
shown in Fig. 4, all mortars can be classified as lightweight mortars
according to their oven dry density, less than 1300 kg/m3, (as
defined in UNI EN 998-1:2010). With the same binder, expanded
glass based mixtures show lower density than the natural
expanded silicate ones. With the same aggregate, NHL mortars
have lower density than cement based mortar. The binder is also
very influential in this study. In case of cement-based mortar, for
1 dm3 of mix the mass loss of water during the oven dry process
is about 24% for expanded silicate based mortar and 20% for
expanded glass based mixtures. In case of NHL, the water loss is
31% for both mixtures. This obviously means that in the case of
cement based mortar more water is used to form hydration prod-
ucts such as C-S-H gel.

3.3. Mechanical strength

Fig. 5 shows the development of flexural and compressive
strengths during the curing period. As expected, cement based
mortars have about three times higher flexural and compressive
strength than NHL. NHL based mortars need at least 15 days to
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have a compressive strength up to 2 MPa depending on the cal-
cium hydroxide, Ca(OH)2, content, as portlandite needs to be
exposed to the environment to react with CO2 to form CaCO3,
which has more mechanical resistance.

Thermogravimetric analysis (TGA) is performed on the NHL
sample to assess the amount of portlandite. The results show
two mass losses at two different temperatures: 5% at 450 �C and
25% at 650 �C, respectively. The mass loss at around 450 �C is
attributed to the decomposition of Ca(OH)2 [47], the percentage
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of total content of Ca(OH)2 is calculated, yielding 21%. The mass
loss at around 650 �C is due to the decarbonation of CaCO3 [47],
quantified as 57% of the total mass of NHL.

Over time, an increment of mechanical performance is also
expected thanks to the positive interaction of FA with both binders.
Nevertheless, for indoor finishing, a minimum compressive
strength of 3 MPa should be acquired for indoor mortars [48] that
is reached by all the different mixes. It is observed that in the case
of lightweight mortar, the obtained density and strength relations
are comparable with others found in literature, as shown in Fig. 6.

3.4. Pore structure

MIP analysis provides the total amount of open porosity and
pore size distribution of mortars (Figs. 7 and 8). Table 4 summa-
rizes the obtained results. Traditional cementitious mortars gener-
ally have about 15–19% lower values of accessible porosity (Vp)
than that obtained in the current research [54,55]. The high values
of Vp are mainly due to the intrinsic porosity of the aggregates and
the high w/b ratio. When the same aggregate is used, different bin-
ders imply differences in the pore structure: the use of NHL instead
of cement as a binder introduces a further 10% of total porosity.
When the same binder is used, expanded glass introduces a further
5% of total porosity compared to expanded silicates. The use of NHL
mortar, also owing to the pore structures of obtained finishing,
could positively influence IAQ performance such as water vapour
permeability [56] and moisture buffering capacity [57]. It has been
reported that specimens with the highest transpiration capacity
can possess the highest moisture buffer capacity [19] since the
higher the porosity of mortars, the higher the moisture penetration
depth [58].

Table 4 and Fig. 8 show the distributions of porosity of mortars.
The main influential factor seems to be the type of binder, i.e. NHL
induces a mortar with a higher quantity of pores at a higher diam-
eter than cement-based mortar.

The BET analysis results are shown in Fig. 9. For the current
ranges of pore size (2–200 nm), the results show that there are
more pores with smaller diameters, corresponding to a higher
amount of gel pores, in cement-based mortars than in NHL-based
mortar. Several classifications of the pore system in a cementitious
matrix have been defined. In the present research, the definition
provided by Kumar and Bhattacharjee is considered: micro pores
or gel pores have radius of 0.5–10 nm, mesopores or capillary pores
have radius of 5 nm–5000 nm and macropores (mainly due to
entrained air or inadequate compaction) have radius higher than
5000 nm [59]. Cement mortars present a higher amount of gel
porosity than NHL since peaks are detected around diameter 10–
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Table 4
MIP results: percentage of total open porosity and average pore diameter.

MIX Total open porosity Average pore diameter
% mm

CEM ES 45.6 0.0866
CEM EG 51.6 0.0781
NHL ES 55.1 0.1104
NHL EG 62.8 0.1241
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20 nm during the BET measurement (Fig. 9) instead of 100–200 nm
of NHL.

3.5. Drying shrinkage

At the measurement time of 35 days, the values of shrinkage of
the mortars are: 0.83 mm/m for CEM EG, 1.01 mm/m for CEM ES,
3.43 mm/m for NHL EG and 3.03 mm/m for NHL ES, respectively
(Fig. 10).

In mortars, shrinkage depends mostly on aggregate/binder
ratio. In this case, the volume of paste is equal in each mixture
but the NHL-based mortars show higher values of shrinkage than
that of cement-based ones. This difference is attributed to the dif-
ferent microstructure of mortars, since NHL mortars are more por-
ous and the loss of mass due to water evaporation is higher. At the
same aggregate/binder ratio, drying shrinkage depends on: open
Fig. 9. Results from BET analysis of mortars in terms o
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Fig. 10. Mass variation (a) and shrinkage (b
porosity, which facilitates water evaporation and pore distribution,
because the finer the capillary network, the higher the capillary
stress that generates shrinkage [54]. Fig. 11 shows the correlation
between water loss and shrinkage and it is evident that for the
same mass loss, the shrinkage of NHL mixes is higher than that
for CEM mixes. This is due to the lower elastic modulus of NHL-
based mortars as compared to cementitious ones as found in liter-
ature [60] which gives a higher shrinkage deformation at the same
capillary stress due to water evaporation, because the lower the
matrix stiffness, the higher the shrinkage generated at the same
stress.

In NHL-based mortars, EG mortars shrink more than ES mortars
because although they have comparable mechanical performances,
water loss and probably elastic modulus, their higher porosity is
shifted towards smaller pores that induces higher capillary stress
at the same amount of evaporated water.
3.6. Capillary water absorption

Water absorption is influenced by pore structure. Water is
absorbed at first in the macro pores and then it fills the capillary
pores. The coefficient (Fig. 12a) is related to the first part of absorp-
tion once the bigger pores are filled. The types of binder and aggre-
gate influence the porosity and consequently capillary water
absorption [17].

NHL mortars present pores with higher diameters than CEM
mortars, which explains the much higher values of the coefficient
f relative (a) and cumulative (b) pore distribution.
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in the case of NHL as binder. Another reason is the percentage of
the accessible porosity, the higher the porosity, the higher the
value of the coefficient [61], confirmed by the linear correlation
shown in Fig. 12b. With regard to the aggregates, EG-based mortar
has higher values of absorption coefficient compared to the natural
ES used, which are hydrophobic aggregates as reported in the data
sheet. The coefficient of CEM EG is higher than CEM ES by about
20%, when NHL is used, the coefficient is up to 35%.

The capillary water absorption is investigated not only in semi-
immersion condition at a prefixed period of time (t = 90 min) but
also over time (Fig. 13). With this method both the final amount
of absorbed water and kinetics of water absorption can be evalu-
ated. Concerning the total amount of absorbed water, it is well
known that in porous media water absorption follows the law
related to the Washburn equation [62]:

DP ¼ 2c cos h
r

½Pa� ð4Þ

where c is the surface tension of water, in Pa; h is the contact angle;
r is the radius of the pores.

NHL EG has the highest amount of porosity, 60%, consequently
resulting in the highest amount of trapped water. In case of
cement, the absorption of water is 15% higher in EG based samples
than in ES lightweight aggregate based ones. This is due to the nat-
ure, shape and porosity of aggregates: expanded glass has a round
shape, whereas expanded silicates due to their natural origin are
more irregular in shape and have hydrophobic features, which
introduces a high tortuosity of the water path [63].

Not only is the total open porosity important in terms of capil-
lary absorption, but also its dimensional distribution. The kinetic
curves can be divided in two phases: first linear and then non-
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Fig. 12. (a) Capillary water absorption coefficient of mortars; (b) linear co
linear. The first linear part of the water absorption curve corre-
sponds to the filling of the bigger pores, the second non-linear
phase to the filling of the smaller capillary pores, which are more
frequent in cement mortars than in NHL ones, prolonging the time
to reach stationary conditions. The hydrophobicity of the natural
expanded silicates used influences the kinetics of water absorp-
tion: despite the higher amount of pores with bigger diameter
compared to expanded glass, the stationary condition has not yet
been reached at the end of the test.

3.7. Thermal properties

Thermal properties (Fig. 14) are evaluated at room temperature
(T = 20 �C) on dry specimens and also on specimens that are pre-
conditioned at 60% RH, in order to investigate the behaviour of
mortars under a realistic indoor environment. As Fig. 14 shows,
there are no relevant changes in thermal transmittance values
apart from a slight increase in the variability of measurements
when specimens are exposed at RH = 60%.

Due to similar results under these two conditions, only thermal
conductivities under oven dry conditions are used for further anal-
ysis. CEM ES has the highest thermal conductivity. Compared to
CEM ES, CEM EG has lower values of about 15%. Considering the
NHL based mortar, NHL ES and NHL EG have 30% and 40% lower
thermal conductivity values compared to CEM ES, respectively.

As expected, when the density increases, the thermal conduc-
tivity of mortars increases. There is a linear correlation between
the dry density and thermal conductivity as shown in Fig. 15a,
which is in line with [64]. Thermal conductivity is also propor-
tional to the total porosity (Fig. 15b) [28]. The increase of porosity
is related to the improvement of the thermal behaviour with a
R² = 0.9188
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Fig. 14. Thermal conductivity of mortars.

Fig. 15. Correlation between thermal conductivity and a) density, b) percentage of
volume of pores.
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lower thermal transmittance value. This behaviour is related to the
porosity of the aggregate itself, in case of expanded glass the pores
are not interconnected, which increases the thermal behaviour; in
case of expanded silicates, the pores are more interconnected. The
use of NHL can be related to an enhancement of indoor comfort of
occupants, as these finishing contribute to thermal insulation.
3.8. Photocatalytic oxidation

The addition of TiO2 enforces photocatalytic properties upon
the mortar. The Langmuir Hinshelwood model has been used to
interpret the reaction kinetics. Through the reactor a laminar flow
is formulated with the applied volumetric air flow rate [12].
Fig. 16a plots the efficiency of the cement based samples under
the UVA irradiation. It is evident that the higher the amount of
TiO2, the higher the PCO efficiency, and the increase of NOx
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Fig. 16. Test results performed with a) UVA radiation, 3 L/min flux and 1 ppm
removal efficiency is 20% for both aggregates when the TiO2 con-
tent is increased from 2% to 4%. It is observed that the use of
expanded silicates instead of expanded glass ensures an increase
in performance of about 15%.

The results obtained under visible (VIS) radiation (volumetric
air low of 1.5 L/min and NO inlet concentration of 0.5 ppm) for
cementitious mortars (Fig. 16b) show an obvious decrease in air
purification efficiency, of about 65% for expanded silicates based
mortar. The decrease is less for expanded glass cement mortar:
in the case of mix containing 2% content of TiO2 it is about 60%
and in the case of 4% content of TiO2 the efficiency is about 50%
with respect to UVA radiation. With a double amount of TiO2 in
cement based mixtures there is an increase in PCO conversion rate
of about 15% and 30% for expanded glass. In this case, expanded
glass has a higher efficiency than expanded silicates based mortar
under visible light irradiation. This aggregate seems to be more
suitable for use under indoor illumination due to the high conver-
sion rate. Expanded glass shows a higher workability than
expanded silicates (Fig. 3) that can contribute to a better dispersion
of TiO2 in the matrix. So, the radiation can reach not only the
superficial particles of the catalyst but also go deeper into the
matrix. The difference between the behaviour and the material is
more evident when the NHL based mortar is considered.

With respect to the cement based mortar, this finishing results
in a lower efficiency, which is due to the higher presence of hydra-
tion product gel that can cover some of the active sites of titanium
dioxide [65]. This is confirmed by the BET analysis: the higher the
amount of gel pores, the lower the conversion rate (Fig. 17a).

The most effective depolluting mix is NHL and expanded glass
based mortar with 4% of TiO2 addition. The NOx conversion rate
of this mix is 80% higher than the 2% TiO2 NHL expanded glass
based mortar and 60% higher than cement expanded silicate based
mortar with the same content of TiO2 (4%). Taking into account
that there is the same binder and the same TiO2 content of NHL
ES 4%, this behaviour could be related to the porosity of this mortar
and it is not related to the reflectiveness of binder. NHL-EG mortar
has a peak of high presence of porosity at about 1 mm diameter.
This porosity is closer to [13], who stated that a nano-size porosity
can decrease the depolluting capacity of the mortar even if the
amount of TiO2 is increased, as this pore size distribution and total
porosity favours the pollutant access into the internal structure of
the mortar. Indeed, the mortar with the highest conversion rate is
NHL EG 4%, which has the highest value of average pore diameters
evaluated by MIP analysis, which is confirmed by Fig. 17b. While a
macro porosity is not useful to increase PCO capacity of mortar.
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to 100 nm evaluated by BET, and b) average pore diameter evaluated by MIP.
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4. Conclusions

The present paper addresses photocatalytic lightweight indoor
hydraulic lime-based finishing mortars, using Portland cement-
based finishing mortar as a reference. Two different types of aggre-
gates, expanded glass and expanded silicate, are utilized to achieve
the lightweight character, and their effects on the performance are
investigated. The porosity, pore structure, drying shrinkage,
mechanical strength, thermal physical properties, and air pollutant
removal ability of the developed finishing mortar are investigated.
The relation between the pore structure and other mortar proper-
ties are studied. Based on the obtained results, the following con-
sideration can be drawn:

� The expanded glass-based mortars have plastic workability, the
expanded silicates are stiff. The presence of TiO2 in general
implies the loss of workability.

� The hydraulic lime-based mortars possess a higher capillary
water absorption than cement-based mortar, due to the higher
porosity. The expanded glass-based mortars show a higher cap-
illary water absorption than expanded silicates mortar.

� The hydraulic lime-based mortars have a higher drying shrink-
age than cement-based mortars, attributed to the Kelvin-
Laplace mechanism. The expanded glass-based mortars show
a higher shrinkage and absorption than expanded silicate due
to the higher presence of smaller porosity.

� The hydraulic lime-based and expanded glass mortar shows
very good thermal properties, with a low thermal conductivity
of up to 0.15 W/(m�K), thanks to its high porosity.

� The hydraulic lime-based and expanded glass mortar show bet-
ter air pollutant removal ability, up to 46% under indoor air con-
ditions, compared to cement-based mortar, due to its lower
content of gel pores.

� Both hydraulic lime and cement-based mortars, with expanded
glass aggregates have a better ability to enhance the thermal
insulation properties and air pollutant removal compared to
expanded silicate aggregates.
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