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Titanium dioxide (TiO) is considered one of the most efficient photocatalysis to produce self-cleaning cemen-
titious materials. At the same time, alkali activated binders have become one of the most interesting low-carbon
alternatives to Portland cement. For this, the addition of titanium dioxide nanoparticles in one-part alkali-
activated slag-based (AAS) mortars was analyzed to evaluate the effect on the rheological and mechanical
properties, dirt pick-up resistance as well as self-cleaning capability. This paper reports a two-year campaign of

outdoor exposure in an industrial environment in Northern Italy to investigate the natural photoactivity of the
mortars doped with different TiO, dosages. The experimental results indicated limited effect of nanoparticles on
the rheology and mechanical properties of AAS mortars. It was also highlighted the beneficial effect of TiOy
addition in self-cleaning capability under natural and accelerated conditions and the fundamental role in pho-
tocatalytic efficiency of the alkali content.

1. Introduction

The interest in the photocatalytic properties of cementitious mate-
rials has grown enormously in the last decades by both academic re-
searchers and construction companies. Since the first studies of
Fujishima and Honda [1,2], the capability of nano-titanium dioxide
(TiO3) to promote the self-cleaning of materials and to reduce pollutants
such as volatile organic compounds (VOCs) and nitrogen oxides (NOx)
under artificial light irradiation (UV light) or sunlight was evident. The
process of photodecomposition through light absorption of TiO is
considered one of the most powerful photocatalysis actually available
and could be advantageously used, in combination with cementitious
materials, on a large-scale to improve the performances of buildings and
civil structures [3].

In the last years, the use of titanium dioxide in construction materials
have been widely investigated to obtain “smart” concretes, mortars,
plasters and coatings for self-cleaning roads, facades, tunnel linings and
internal walls with added antipollution ability [4-8]. “Smart” concrete
pavements and external building envelopes benefit from their flat
configuration which promotes the insolation allowing to reduce the
urban air pollution level, maintain their aesthetic aspect and conserve
the solar reflectance and thermal emittance which can be jeopardized by
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the combined action of soiling and weathering, thus increasing the en-
ergy requirement of cities [9-11]. Internal plasters doped with TiO,
nanoparticles could be capable of preventing the accumulation of VOCs
released by cleaning agents, cigarette smoke, adhesives and paints even
with limited UV light due to the usually limited concentration of VOCs in
indoor environments [12,13]. Finally, one of the most promising ap-
plications of photocatalytic cementitious materials is in road tunnels
characterized by a relatively closed and poorly ventilated environment
which makes the exhaust car emissions removal challenging, thus
determining harm to human health, reducing visibility and hindering
the traffic safety [14,15]. Therefore, the use of self-cleaning materials
for tunnel lining combined to a proper artificial lighting system could
improve the traffic safety and environmental hygiene of tunnels and
reduce the periodic maintenance cost mainly related to the cleaning
procedure that requires the infrastructure to be closed to traffic with
inconvenience to users.

During the last years, several studies have been conducted on the
properties of cement-based materials containing titanium dioxide
nanoparticles, especially on the influence of the nano-addition on the
mechanical, photocatalytic and self-cleaning properties of mixtures
[16-18]. Moreover, the durability of these systems has been investigated
by means of natural exposure tests and accelerated laboratory
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procedures [19,20]. On the contrary, the knowledge on the use of TiOy
in alkali-activated slag-based binders (AAS), one of the most promising
“green” alternatives to Portland cement [21-23], is very limited and it
refers only to the so-called “two-part” AAS. To date, only very few pa-
pers dealing with the influence of titanium dioxide on the properties of
AAS mixtures [24-27]. First of all, it was highlighted that the addition to
TiOy enhances the hydration process of slag and promote a denser
microstructure thus improving the mechanical properties of AAS mix-
tures from 5% to 15% depending on the dosage and the physical prop-
erties of the nanoparticles [24,27]. Yang et al. [27] and El-Kattan et al.
[25] investigated also the volumetric stability of these systems,
evidencing a reduction in shrinkage due to the formation of novel
expansive products such as titanium silicate hydrate (T-S-H) and
C4TiHj3. Only Llano-Guerrero et al. [24] evaluated the self-cleaning
capability of TiOp-doped AAS pastes by means of accelerated tests
with rhodamine B, showing low photocatalytic activity in comparison
with metakaolin-based geopolymers.

Following from the limited knowledge in this field, the addition of
titanium dioxide nanoparticles in one-part alkali-activated slag-based
mortars was analyzed to evaluate the effect on the rheological and
mechanical properties, dirt pick-up resistance as well as self-cleaning
capability. In addition, this paper reports a two-year campaign of out-
door exposure in an industrial environment in Northern Italy to inves-
tigate the natural photoactivity of the mortars doped with different TiO,
dosages.

2. Materials

Twelve alkali activated mortars were manufactured with a highly
amorphous (Fig. 1) ground granulated blast furnace slag (GGBFS) with
28-day pozzolanic activity index K = 0.76 (according to EN 196-5),
basicity coefficient Kb = 1.20 and quality coefficient Kq = 1.77, ac-
cording to Wang et al. [28]. The Kb and Kq coefficients were determined
with the Eq. (1) and Eq. (2).

CaO + MgO
Kb=——"-"°2 — 120 1
Si0, + AL O, M
CaO + MgO +AZQO3
Kg=——"°"_"“"""—177 2
a Si0, + TiO, 2

An alkaline powder blend previously developed by the authors
(laboratory grade sodium metasilicate pentahydrate, potassium hy-
droxide and sodium carbonate with relative mass ratio of 7:3:1) was also
used as solid activator [29]. Moreover, eight Portland cement-based
mortars were manufactured as reference by using a grey Portland
cement CEM I 52.5R and a white Portland cement CEM I 52.5R. Table 1
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Fig. 1. XRD pattern of GGBFS (Rigaku Miniflex 60, X-ray source Cu K-alpha
0.15418 nm, 40 kV. 15 mA, theta step 0.02, rate 1°/min).
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reports the main physical properties and the chemical composition of
binders, evaluated by means of laser granulometry (Mastersizer 3000
Malvern Instruments Ltd, Malvern. UK) and SEM-EDS measurements
(Inspect. FEI Company. Hillsboro. OR. USA), respectively.

Five different natural siliceous sands having maximum size of 2.5
mm were combined as fine aggregates. Furthermore, a commercial
polycarboxylate-based superplasticizer was used to ensure a plastic
consistency of cementitious mortars.

Nano-sized TiO, with a specific mass of 4.2 kg/dm® was used in the
current study to obtain mortars with photocatalytic properties and
engage self-cleaning capability of alkali activated slag-based materials.
The main properties of the nanoparticles are reported in Table 2.

3. Mixtures, preparation and sample curing

Three different type of one-part AAS mortars were produced by
varying the activator/precursor ratio between 8 and 16. In addition,
cementitious mortars manufactured with Portland cement (grey or
white cement) were used as control mix. In all mixtures, the water-to-
binder ratio was set at 0.55 and the sand-to-binder ratio was fixed at
3.0 while different amounts of TiO,, i.e. 0%, 1%, 3% and 5% with
respect to the binder mass, were used to evaluate the impact of titanium
dioxide dosage on rheological properties, compressive strength, dy-
namic elastic modulus, self-cleaning ability (both under natural and
accelerated conditions) and resistance to fouling of AAS materials. The
dosages of the titanium dioxide in powder form were selected starting
from the research by Diamanti et al. [5] on the photocatalytic and super-
hydrophilic properties of cementitious mortars containing TiO,. The
composition of the mortars is reported in Table 3 (WC: White cement-
based mortars; GC: grey cement-based mortars; S: Alkali-activated
slag-based mortars. The number indicates the activator-to-slag ratio by
mass; the number after the hyphen indicates the TiO, dosage).

Superplasticizer (when used) was first mixed with water by means of
a high shear mixer for 3 min at 250 rpm, then mortars were prepared by
blending binders, solid activators (if present), sand, nano-size TiO5 in
powder form and mixing water by using an automatic mortar mixer
compliant with EN 196-1. The fresh mortars were portioned into 4 parts:
the first part was used to carry out the fresh state tests, the second to
manufacture 40x40x160 mm® prisms for the elasto-mechanical tests, the
third to produce 80x100x10 mm? tiles for the accelerated photo-
catalytic, dirt pick up resistance tests and bulk and surface analysis while
the last was applied with a thickness of 10 mm on bricks for self-cleaning
evaluations under natural conditions. All the samples were finished by
using a steel float in order to achieve a smooth surface and they were
kept in a climatic chamber (20 °C, 95% R.H.) for 24 h before demolding
(Table 4). After this, the specimens were cured in the same conditions
until tests.

4. Experimental setup
4.1. Fresh and elasto-mechanical properties

The workability, the specific mass at fresh state and the air content
were detected in accordance with EN 1015-3, EN 1015-6 and 1015-7,
respectively. Moreover, the setting time was determined by using Vic-
at’s apparatus in accordance with EN 196-1. Compressive strength was
determined at 1, 7 and 28 days from casting (EN 1015-11). Finally,
dynamic modulus of elasticity of mixtures was estimated by means of
Ultrasonic Digital Indicator Tester at 1, 7 and 28 days in accordance with
EN 12504-4.

4.2. Bulk and surface characterization
The structure of all cementitious and alkali-activated mortars was

characterized at micro- and macroscopic level in terms of surface
roughness and TiO nanoparticles distribution. Surface roughness was
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Table 1
Chemical composition and physical properties of binders.
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Component wt.%

Spec. Mass [kg/dm>] Spec. surface [m%/kg]

CaO Aly,03 SiO, Fey03 SO3 TiOy K>0 MgO Others
Grey cement 63.7 5.2 19.1 3.5 2.9 0.3 0.6 1.1 3.6 3.0 350
White cement 68.3 2.4 21.7 0.9 2.1 0.5 0.4 0.9 2.8 3.0 360
GGBFS 45.8 10.0 32.8 1.5 0.2 2.0 0.5 6.4 0.8 3.1 345

Table 2

Main properties of nano-sized TiO, (provided by the supplier).
Property Value
Specific surface 7 -9m%/g
Mean particle size 250 nm

Phisical form White powder
Loss on drying (2 h — 105 °C) 1.0%
Crystal modification Anatase (80%) — Rutile (20%)

TiO, content > 99%
Al,0O3 content < 0.3%
SiO, content < 0.2%
Fe;03 content < 0.1%
HCI content < 0.3%

determined by means of a focus detection system based on the dynamic
focusing principle of the confocal microscope Keyence VHX-7100 that
works on the detection of the focus position of reflected light from the
surface, allowing to determine the heigh value. For all samples the
assessment of the surface roughness is based on the S, parameter that
expresses the difference in height of each point compared to the arith-
metical mean of the surface. The cutoff wavelength for S- and L-filter
were fixed at 100 pm and 10 mm, respectively.

Moreover, in order to evaluate the TiO, nanoparticles distribution
inside the samples, scanning electron microscope (SEM) observations
and X-ray spectroscopy (EDS) analyses have been carried out using a
Zeiss EVO 50 equipped with an Oxford x-act probe for energy-dispersive
X-ray spectroscopy both on the fracture surfaces (bulk material) and on
the external surface finished with steel float.

4.3. Accelerated photocatalytic tests

Self-cleaning capability of TiO,-containing mortars was determined
by monitoring the discoloration of organic dyes (rhodamine B (RhB) and
methylene blue (MB)) according to the procedure reported in the Italian
standard UNI 11259. The solutions of organic dyes were prepared by
stirring for 5 min at 500 rpm 1 g of rhodamine B or the methylene blue in

Table 3
Detailed mix proportions of mortars.

1 L of distilled water. Subsequently, a hydrophobic product was applied
on the 28-days old mortar tiles to delimit an area of 22 cm? to be tested.
After complete drying of the hydrophobic agent, 0.5 ml of aqueous so-
lution was carefully sprayed onto the test surface and then left to dry in a
dark room at 20 °C, 60% R.H for 24 h. Finally, the samples were exposed
to a UV-A source with irradiance equal to 3.75 =+ 0.25 W/m?2. The color
variation was determined after 4 and 24 h of exposure to UV light by
measuring the a* coordinate (redness/greenness for RhB) or b* coor-
dinate (yellowness/blueness for MB) by means of a portable spectro-
photometer (PCE-CSM 4, PCE Instruments Italia) working on CIELAB
color space. The following equations (Eq.3 and Eq.4) were used to
evaluate the color variations:

ag =2 "% 4100 3)

ay

Table 4
Geometrical properties and numerousness of hardened samples used during the
research.

Test Ages of Sample Sample size Number of
sample format samples by
mortar type

Compressive 1-7-28 Prisms 40x40x160 9 (3 for each
strength days mm® age)

Bulk and surface 28 days Tiles 80x100x10 5
characterization mm®

Accelerated 28 days Tiles 80x100x10 5
photocatalytic mm®
tests

Dirt pick-up 28 days Tiles 80x100x10 5
resistance mm®

Outdoor natural 28 days Brick with  Thickness 10 4

photocatalytic mortar mm

tests

White cement Grey cement GGBFS Sand Water Activators [% vs binder] Superplasticizer [% vs binder] TiOy [% vs binder]
WC-0 1 3 0.55 0.5% 0%
WC-1 1 3 0.55 0.5% 1%
WC-3 1 3 0.55 0.5% 3%
WC-5 1 3 0.55 0.5% 5%
GC-0 1 3 0.55 0.5% 0%
GC-1 1 3 0.55 0.5% 1%
GC-3 1 3 0.55 0.5% 3%
GC-5 1 3 0.55 0.5% 5%
$8-0 1 3 0.55 8% 0%
S8-1 1 3 0.55 8% 1%
S8-3 1 3 0.55 8% 3%
S8-5 1 3 0.55 8% 5%
$12-0 1 3 0.55 12% 0%
S12-1 1 3 0.55 12% 1%
S12-3 1 3 0.55 12% 3%
S12-5 1 3 0.55 12% 5%
S16-0 1 3 0.55 16% 0%
S16-1 1 3 0.55 16% 1%
S16-3 1 3 0.55 16% 3%
$16-5 1 3 0.55 16% 5%
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by, :bﬂbjbf ¢ 100 &)
0

where ap* and by* are the color intensity coordinates of specimens
before the UV irradiation, a;* and by* are the color intensity coordinates
of specimens at t hours of irradiation.

4.4. Dirt pick-up resistance

The tendency of the different mixtures to absorb and retain dust and
other impurities deposited on the surface was observed in accordance
with Italian standard UNI 10792. In particular, five 80x100x10 mm?
mortar samples were partially immersed for 30 s in a black solution (1%
of hydro-dispersible carbon black paste in distilled water), then the
specimens were washed in tap water for about 10 s, dried with an
absorbent cloth and left to dry for 24 h at a room temperature (20 °C +
2 °C). After 24 h, the difference in lightness (AL) between the part of
specimens that was immersed and the part that was not immersed was
measured by using a portable spectrophotometer. Furthermore, the
black solution absorption of the mortars was also determined by
weighting the sample.

4.5. Outdoor natural photocatalytic tests

Forty different samples of mortars applied on bricks were exposed to
the polluted industrial environment of the Po Valley (Northern Italy) for
2 years. Specimens were put on tilted supports (45° with respect to the
ground) on the rooftop of the Engineering Laboratory of the University
of Bergamo in order to ensure homogeneous exposure to sunlight
without shading and to avoid stagnating rain water on mortar surfaces.
One half of mortar samples were positioned facing South while the other
half was facing North in order to evaluate the influence of the different
exposure on the self-cleaning capability of alkali activated materials.
Specimens were monitored over time by measuring the color variation
on CIELAB color space AE, corresponding respectively to the color at the
time t and to the initial color at t = 0, by means of the Eq. (5):

AE =\~ 1)+ 0 — i) + () 9

With L*, a;* and by* chromatic coordinates at time t and Ly*, ag™ and
bo* chromatic coordinates before the exposure to the polluted urban
environment. The measurements were done after a rainy day in order to
test samples without detached atmospheric soling that would cause a
gray shift of the color and thus unreliable results.

5. Results and discussion
5.1. Fresh state properties

Fig. 2 shows the flowability of fresh mortars as a function of titanium
dioxide content. Even if other authors evidenced the key modification
induced by TiO, nanopowders in fresh cementitious mixtures is a
decrease in workability, all the samples (both cementitious and alkali
activated) show a consistency in the range of 150-200 mm of spreading
on the flowing table without significant variations as the TiO5 nano-
particles dosage increases. This could be explained with the higher
average size of titanium dioxide nanoparticles with respect to those used
by Meng et al. [30] and Suneel et al. [31]. Moreover, as expected, the
increase in alkali content leads to an increase in the workability of the
mixtures. This behavior is caused by the deflocculating and plasticizing
effect promoted by the use of sodium silicate as activator that reduce the
yield stress at early ages [32].

The air content and the specific mass at fresh state of mortars con-
taining nano-TiO, are similar, regardless of the nanoparticles content
(Table 5). The cementitious mortars are characterized by an entrapped
air volume close to 6% while alkali-activated slag-based mixtures are in
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Fig. 2. Flowability of fresh mortars as a function of TiO2 content.

Table 5
Air content and specific mass at fresh state of mortars.

TiO, content [% vs binder mass]

0% 1% 3% 5%
GC 6.0% (2120) 6.0% (2130) 5.5% (2150) 5.5% (2145)
wC 6.4% (2165) 6.0% (2165) 6.3% (2185) 5.8% (2165)
S8 5.2% (2120) 4.6% (2135) 5.2% (2125) 5.2% (2140)
S12 4.9% (2145) 5.2% (2140) 5.1% (2165) 5.0% (2155)
si6 4.0% (2175) 3.5% (2190) 3.8% (2180) 4.6% (2190)

the range of 3.5-5.2%. Similarly, the variation of specific mass of fresh
mortars due to the use of nanoparticles is negligible (lower than 1.5%).

On the contrary, the addition of titanium dioxide affects the setting
time of fresh mixtures as reported in Fig. 3. The initial setting time of
cementitious and alkali-activated mortars decreases with the increase of
the nanoparticles content up to about 60 min while the opening time
remains constant by varying the dosage of nano-TiO,. Only the alkali-
activated S8 evidences a decrease in opening time when nanopowders
are added to the mixture. This behavior has already been highlighted by
Zhang et al. [33] in cement-based mortars due to a seeding effect pro-
moted by nanoparticles.

5.2. Elasto-mechanical performances

Table 6 shows the elasto-mechanical properties of mortars manu-
factured with different amount of TiO, nanoparticles. The 28-day
compressive strength of plain WC, GC and S16 are similar and they
are in the range of 41-44 MPa while alkali-activated mixtures with
lower activators content (S8 and S12) evidence compressive strength
after 28 days equals to 16.0 and 23.8 MPa, respectively. On the contrary,
at early ages (1 day), the compressive strength of cementitious mixes is
higher with respect to that of alkali-activated ones. The dynamic
modulus of elasticity (DME) is influenced by both the nature of the
binder and the compressive strength of mortars. Cementitious mixtures
without nanoparticles exhibits DMEs close to 26-27 GPa at 1 day and
35-36 GPa at 28 days while alkali-activated S16 mortar, even if has a
compressive strength similar to that of WC and GC, evidences slightly
lower values both at early (24 GPa) and late (31 GPa) ages. Finally, S8
and S12 are characterized by DMEs equal to 26 and 30 GPa, respectively.

The addition of titanium dioxide nanoparticles seems to have only a
marginal effect on the elasto-mechanical properties of mortars at early
ages. On the contrary, the 28-day compressive strength of cementitious
mixtures linearly increases with the addition of nanoparticles (Fig. 4),
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Fig. 3. Initial (solid color fill) e final (pattern fill) setting time of mortars.

Table 6
Elasto-mechanical properties of mortars.

Compressive strength [MPa] Elastic modulus [GPa]

1d 7d 28d 1d 7d 28d

WC-0 18.2 35.1 41.2 25.3 33.3 35.2
WC-1 17.1 36.4 41.6 25.8 34.0 35.3
WC-3 18.7 39.3 45.2 25.7 33.6 35.3
WC-5 19.3 41.3 45.3 25.8 34.0 35.1
GC-0 25.0 42.1 44.8 26.4 35.6 36.5
GC-1 25.7 40.8 45.7 26.2 35.4 36.1
GC-3 26.0 44.0 48.1 26.8 35.4 35.7
GC-5 26.8 44.3 49.5 27.0 36.0 36.1
S8-0 5.1 16.0 22.9 16.8 24.1 25.9
S8-1 5.8 17.9 25.8 18.9 25.8 27.7
S8-3 5.9 18.8 26.0 18.3 26.0 27.6
S8-5 5.6 18.1 25.0 17.6 26.0 28.1
S12-0 10.1 23.8 36.4 23.0 27.8 29.9
S12-1 10.1 24.1 37.1 23.1 27.8 30.2
S12-3 10.0 24.6 36.5 23.1 28.0 30.6
S12-5 10.5 24.9 36.4 23.4 28.1 30.8
S16-0 14.2 31.3 43.4 24.8 28.9 31.3
S16-1 14.0 30.1 44.0 24.6 28.8 31.7
S16-3 15.8 30.4 44.8 24.7 28.9 31.9
S16-5 16.1 31.7 43.7 25.1 28.9 31.6
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Fig. 4. 28-day compressive strength of mortars as a function of TiO; content.

up to + 10% when 5% of TiO, nanoparticles with respect to binder mass
is used. This behavior was also highlighted by Shafaei et al. [34] that
attributed it to the micro-filling effect of the fine titanium dioxide which
promotes the formation of denser microstructures, improving the
strength of cementitious mixtures, while Chen et al. [4] confirmed that
nano-TiO; is a non-reactive fine filler without pozzolanic activity, acting
as potential nucleation sites for the accumulation of hydration products.
On the contrary, alkali activated-based mortars do not evidence signif-
icant improvements in 28-day compressive strength when titanium di-
oxide nanoparticles were added to the mixtures, with the exception of
the TiO2-containing S8 mortar which evidences an increase in strength
from 9 to 14% with respect to the S8 mortar manufactured without
nano-TiOs.

5.3. TiO; nanoparticles distribution

In order to evaluate the TiO5 nanoparticles distribution inside the
binder matrix, SEM observations and EDS analyses have been carried
out both on the fracture surfaces (bulk material) and on the external
surface finished with steel float. EDS maps confirmed that the TiOq
nanoparticles are homogeneously distributed in the cementitious and
alkali-activated matrix with no significant differences between bulk and
external surfaces (Fig. 5).

5.4. Accelerated photocatalytic tests

Fig. 6 reports the color variation a% of mortars sprayed with
rhodamine B after 4 and 24 h of exposure to UV light as a function of
titanium dioxide nanoparticles content. The cementitious mortars WC
and GC manufactured without TiO, exhibit a moderate self-cleaning
capability as already evidenced by Tyukavkina et al. [35] and Shen
et al. [36] with a color variation a% equals to 5% and 16% for WC and
8% and 26% for GC after 4 and 24 h, respectively. On the contrary, the
color variation a% of TiO,-free alkali-activated slag-based mortars is less
than that shown by cementitious mortars, regardless of the alkali con-
tent (S8, S12 or S16) and the exposure time to UV light.

The beneficial effect of TiO, addition in self-cleaning capability is
evident both in cementitious and alkali-activated mortars. In particular,
regardless of UV light exposure time, the color variation a% increases
almost linearly by increasing the nanoparticles content, with the
exception of the GC mortar which appears to be little affected by the
titanium dioxide dosage. Similar results can be found in Fig. 7 where the
color variation b% of mortars treated with methylene blue after different
UV light exposure was plotted as a function of TiO, content. In general, it
can be noted that the ability of UV light to discolor MB is higher to that
with RhB, regardless of the composition of cementitious or alkali-
activated mortars.

In order to evaluate the efficiency of the TiO, nanoparticles addition
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Fig. 5. SEM observation and EDX analysis of the external surface of S12-5 sample.
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Fig. 6. A% variations as a function of titanium dioxide content after 4 h (left) and 24 h (right).

on mortars with different intrinsic ability to degrade organic dyes, the
dimensionless efficiency coefficient I' was calculated as the average
slope of the curves a% and b% vs TiO; content (with the exception of the
GC samples which showed a non-linear trend in Figs. 6 and 7). Results
reported in Table 7 evidence that the alkali content in AAS mortars plays
a fundamental role in the efficiency of the titanium dioxide nano-
particles to promote the self-cleaning capability, regardless of dyes
sprayed on the surface of samples. In fact, when RhB is applied on
samples the I'p41, coefficient is 0.0195 for S8, 0.0418 for S12 and 0.0536
for S16 while the cementitious based WC mortar evidenced an efficiency
coefficient of 0.0552. Similarly, the I'a4 coefficient of specimens
sprayed with MB is influenced by the alkali content of AAS even if the
differences between S8, S12 and S16 are smaller than those evidenced
by the AAS samples tested with RhB. The samples GC are not included in
Table 7 because there is not a linear relationship between a% (RhB) or b
% (MB) and TiO content as reported in Figs. 6 and 7.

The different self-cleaning behavior of mortars could be ascribed not
only to the nature of the binder but also to the different roughness of the

samples (Table 8) evaluated through the Sa (arithmetic mean height)
parameter. In fact, regardless of the TiO, content, the average Sa
parameter for cementitious mixtures is close to 41.8 and 36.2 pm for WC
and GC samples, respectively. On the contrary, this parameter is higher
for AAS mortars and it is equal to 44.8 (S16), 48.5 (S12) and 55.5 pm
(S8). In general, the lower the roughness of the samples, the higher the
efficiency coefficient I'.

Finally, it can be noted in Fig. 8 that the efficiency of degradation is
strongly influenced by the chemical nature of dyes. In fact, in accor-
dance with findings reported by Zhu et al. [37], composites containing
TiO4 are more efficient to discolor MB with respect to RhB under UV
light due to the different HOMO (Highest Occupied Molecular Orbital)
energy gap of RhB (-10.128 eV) and MB (-10.494 eV) which affect the
ease of electron transfer in photocatalysis.

5.5. Dirt pick-up resistance

Fig. 9 reports the brightness loss (AL) as a consequence of the
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Fig. 7. B% variations as a function of titanium dioxide content after 4 h (left) and 24 h (right).

Table 7
Efficiency coefficient I' of mortars.
RhB MB
4h 24 h 4h 24h
WwC 0.0325 0.0552 0.0425 0.1021
S8 0.0156 0.0195 0.0154 0.1012
S12 0.0201 0.0418 0.0405 0.1055
S16 0.0289 0.0536 0.0442 0.1148
Table 8
Roughness parameter Sa [pm] of different mortars.
TiO, content Average
0% 1% 3% 5%
WwC 42.3 41.7 39.7 43.6 41.8
GC 36.2 35.9 36.0 36.6 36.2
S8 56.0 56.2 55.5 54.2 55.5
S12 47.9 48.2 49.0 48.9 48.5
S16 44.7 44.6 44.2 45.9 44.8
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Fig. 8. Color variation under UV light of mortars treated with RhB (a%) and
MB (b%). Linear correlation in orange for AAS materials, in green for cemen-
titious mortars. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Brightness loss (AL) as a consequence of immersion in carbon black
solution for different mortars containing TiO,. On the right axes the limits
identified by the standard UNI 10792 are reported.

immersion of mortars in carbon black solution to investigate the ten-
dency of samples to retain ultra-fine particles; the higher the brightness
loss, the lower the dirt pick-up resistance. It can be noted that the
resistance to dirtiness of mortars is not influenced by the addition of
titanium dioxide but differs by varying the binder nature (cementitious
mortars WC and GC are less susceptible to dirt pick-up with respect to
alkali-activated mixtures) and the alkali content (the higher the acti-
vator dosage, the lower the brightness loss). In particular, after the
exposure to carbon black-based solution, the brightness loss was very
low for GC, low for WC and S16, medium for S12 and high for S8 in
accordance with the limits reported in the Italian standard UNI 10792.

This behavior is primarily attributable to the different roughness of
mortars but also to the very different porosity of the outermost layer of
the mixtures, investigated by evaluating the absorption of solution
containing carbon black. Fig. 10 reports the brightness loss as a function
of the carbon black-based solution absorption and it shows that the
porosity of the external layers is very different among the AAS mortars;
the higher the alkali content, the lower the porosity and thus the higher
the dirt pick-up resistance (AL). At the same time, it is also evident the
effect of the surface properties of samples (i.e., superficial roughness) on
the brightness loss of samples after immersion in carbon black-based
solution (Fig. 11). As expected, smooth surfaces are less prone to
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Fig. 11. Brightness loss as a function of the superficial roughness evaluated
through Sa parameter.

surface soiling than rough ones, regardless of the titanium dioxide
content, due to the greater ease of dirt particles to settle permanently in
the valleys of the surface.

5.6. Outdoor natural exposure

The self-cleaning ability, induced by titanium dioxide, has been
evaluated by measuring the color variation during the exposure of
mortar samples to the polluted industrial environment for 2 years where
the rainfall ranging from 0 to 50 mm/hour and global radiation reaches
maximum values close to 1000 W/m? (Fig. 12). First of all, it can be
noted that, before exposure to the polluted environment, the chromatic
differences in mortar samples depend almost exclusively on the binder
type (white cement, grey cement or alkali-activated slag) used. In fact,
the addition of TiO, determines only marginal variations in the L*
parameter which are reflected in visually not appreciable color changes
(Table 9).

The color variation AE of samples exposed to the external environ-
ment mainly occurred in the first 90 days, beyond which only limited
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changes were observed to the L*, a* and b* coordinates, regardless of the
TiO; content added to the material. This trend over time, common to all
the mortars investigated, is shown in Fig. 12 which displays the AE value
over time for the alkali-activated S12 mortars exposed to the South.

After 2 years of exposure (Fig. 13), it can be seen that the color
variation of reference samples (without TiO») is strongly influenced by
the binder type and, only for AAS systems, alkali content. Regardless of
the orientation (North or South), grey cement-based mortars GC show
AE close to 6 while WC and high alkali content AAS (AAS 12 and AAS16)
evidence AE in the range of 7.5-8.5. Similarly to the dirt pick-up
resistance, also the exposure to polluted environment causes a strong
color variation AE (more than 11) in the alkali-activated slag-based
mortars AAS8 probably due to the high superficial roughness compared
to the other mixtures investigated in this research.

The addition of TiO, drastically reduces color variations of all the
samples exposed to South of about 40-60% compared to the reference
mixtures without titanium dioxide. However, the self-cleaning capa-
bility is only marginally influenced by the dosage of nanoparticles; in
fact, 2-year AE of samples made with 1, 3 or 5% of TiO, appear very
similar with differences not detectable by human eyes, in general lower
than 0.5. This limited color variation of samples containing titanium
dioxide is clearly ascribable to the photocatalytic activity of TiOy and
not to a different fouling resistance of the surfaces as confirmed also
with the dirt pick-up resistance tests previously reported.

As expected, different exposures modify the efficiency of the tita-
nium dioxide as photocatalyst in mortars due to the lower solar irradi-
ation in the 45°-tilted North-faced surfaces with respect to the South-
faced ones. The different exposure to natural light caused significantly
distinct color variation of specimens exposed to the industrial environ-
ment. It was measured an increased 2-year AE up to 3 in the samples
with titanium dioxide while no significant differences were detected in
reference mortars without nanoparticles (Fig. 13 right).

Finally, from the spectrophotometric measurements a superficial
yellowing of the specimens is evident which is expressed through an
increase of the color coordinate b* shown in Fig. 14. This color variation
evolves quickly in the first weeks of exposure and then stabilizes over
time around values that mainly depend on the titanium dioxide content.
In fact, as the TiO, content increases, yellowing also increases: the
increasing of b* is close to 1.5 for mortars with 1% of TiO, while is about
2.0 and 2.5 when 3 or 5% of titanium dioxide nanoparticles is used,
respectively. However, there is also a slight yellowing of the reference
samples without nanoparticles. This behavior is generally related to the
surface soiling, degradation of organic admixtures in mortars and
mineralization of organic pollutants previously absorbed on the surface
[20,39]. Taking into account the limited dosage of superplasticizer in
cementitious mixtures, the yellowing of the samples may indirectly
indicate that the mortars, in addition to their self-cleaning characteris-
tics, also contribute to the degradation of polluting compounds in the
atmosphere.

6. Conclusions

This experimental study was aimed at evaluating the effect of the
addition of titanium dioxide nanoparticles on the properties of one-part
alkali-activated slag-based mortars in comparison with traditional
cementitious mixtures. The following conclusions can be drawn:

o The fresh state properties of mortars are not significantly influenced
by the addition of TiO, nanoparticles. It can be observed only a
reduction in the setting times by increasing the titanium dioxide
dosage;

o The TiO,-doped mortars AAS8 and the reference mixtures based on
Portland cement show an enhancement in the compressive strength
and elastic modulus with the addition of nanoparticles. On the
contrary, only negligible improvements can be noticed on AAS
mortars with high activator-to-slag ratios;
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Table 9
Initial color coordinates of samples, CIELab space (L*; a*; b*). The color of the cells represents the color coordinates of samples.
0% 1% 3% 5%

WwC (80.73;0.58;2.78) (83.18;0.56;2.40) (82.41;0.52;2.78) (81.40;0.22;2.38)
GC (69.50;-0.27;0.65) (68.70;-0.34;0.70) (70.26;-0.25;0.71) (70.56;-0.23;0.69)
S8 (72.96;1.84;7.28) (73.37;1.67;7.04) (76.03;1.37;6.16) (78.08;1.15;5.84)
S12 (75.49;1.70;7.04) (76.99;1.52;6.40) (76.28;1.40;5.95) (79.51;1.11;5.30)
S16 (78.18;1.36;6.29) (79.46;1.38;6.30) (77.72;1.23;5.60) (79.81;1.20;5.29)

Color variation AE after 2 years of
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Fig. 13. Color variation of mortars after 2 years of exposure to industrial environment. On the left the South exposure, on the right the North ones. The grey area
represents the color variation not detectable by unexperienced human.
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Fig. 14. Variation of b* color coordinate as a function of exposure time for
samples containing different amount of titanium dioxide. The average value is
calculated on samples manufactured with different binders (cementitious and
alkali-activated) exposed to North or South.

o The RhB and MB photodegradation shows a pronounced beneficial
effect of TiO addition in self-cleaning capability in both cementi-
tious and alkali-activated mortars. However, alkali content in AAS
mortars plays a fundamental role in the photocatalytic efficiency of
the titanium dioxide nanoparticles: the higher the alkali content, the
higher the efficiency coefficient I';

o The dirt pick-up resistance is strongly influenced by the superficial
roughness and porosity of mortars but it not depends to the addition
of nanoparticles;

o TiO, nanoparticles are responsible for a reduction of about 40-60%
in color variation after 2 years of exposure in an industrial envi-
ronment, independently of dosage and binder type. Moreover, the
superficial yellowing of samples may indicate that the self-cleaning
mortars are also able to degrade the polluting compounds in the
environment.
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