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This paper explores the effect of the inclusion size of titanium dioxide (TiO2) particles on a variety of perfor-
mance properties of cementitious systems via experimental studies. In addition to comprehensive microstructural
analysis including pore size distribution and scanning electron microscopy with energy-dispersive X-ray spec-
troscopy (SEM-EDX) analyses, particular consideration was given to the effect of particle size distribution (PSD)
of TiO; particles on mechanical and photocatalytic properties and hydration kinetics of cementitious systems.
Nano-sized, submicron-sized and micron-sized anatase-phase TiO, powders were utilized as photocatalysts at a
dosage of 5% by total weight of powder material. In addition to the single use of TiO2 particles with three
different size ranges (nano, submicron and micron), they were also used in combination by adjusting their PSDs
with three different PSD moduli (q): 0.1, 0.5, and 0.9. Test results show that techniques for achieving optimal
microstructural characteristics of cementitious systems also help design and improve their performance in favor
of multifunctionality. As a result of PSD optimization of TiO; particles with three different size ranges, which was
significantly influential on the microstructure of the cementitious systems, superior photocatalytic degradation
results were obtained from mixtures containing lower amounts of nano-sized TiO, particles. Cementitious
composites with denser microstructure showed lower performance in terms of being able to maintain photo-
catalytic degradation capability for a prolonged period, whereas the opposite was the case for compressive
strength.

1. Introduction been gaining importance with sectors looking to improve air quality: the

construction industry is one of those sectors. Their focus is shifting to-

Air pollution has become a major global issue with negative envi-
ronmental, economic and health impacts. To overcome this problem,
many approaches have been taken to eliminate or reduce polluting
emissions such as carbon monoxide, sulfur oxides and nitrogen oxides
(NOy) sustained in air [1-8]. Nitrogen oxide (NOx [NO and NO-]) leads
to the formation of ozone gases and acid rain [9-10], and is particularly
detrimental to the health of living things. To reduce its negative effects,
it should be captured and permanently stored as harmless substances,
using efficient process facilities/methods. In that regard, multi-
functional advanced materials with NOy reduction capability have

wards use of NOy-reducing materials (photocatalysts) in cementitious
systems to provide air purifying properties and decrease environmental
burden. In this regard, materials such as titanium dioxide (TiO3), zinc
oxide (ZnO) and cadmium oxide (CdO) are photocatalysts frequently
used by the construction sector worldwide [11-12]. Among all the
available materials capable of reducing NOy under ultraviolet (UV) ra-
diation, TiO; is recommended for use in cementitious systems due to its
cost-effectiveness, high photocatalytic degradation capability [13],
chemical stability, non-toxicity in the cement matrix and remaining in
an inert state unless exposed to UV radiation [12,14-15].
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Photocatalytic degradation capability of the TiOs-incorporated
cementitious systems is directly related to the surface morphology,
specific surface area and particle size of TiO utilized and the number of
photocatalyst particles on UV-reached surfaces of photocatalytic
cementitious systems. Considering that the particle size of TiO5 is a
significantly influential factor on the activity of photocatalytic systems,
studies addressing the relationship between the particle size of TiOy
incorporated into the cement-based systems and photocatalytic activity
of such systems have been performed. Seo and Yun [16] used 35 nm- and
100 nm-sized TiO,, particles, and obtained higher NO removal rate from
mortar mixtures produced with smaller TiO, particles (35 nm)
compared to those with larger ones (100 nm). Their results were found
attributable to the fact that (i) smaller-size particles mean the presence
of larger number of particles and thereby large surface area beneficial
for NO absorption capability, and (ii) smaller-size particles provide
higher amount of active surface areas. Similarly, Chen and Poon [17],
Husken et al., [18]; Hunger et al., [19], Meng et al., [20] and Folli et al.,
[21] found results indicating that TiO, particles with higher surface area
exhibits better photocatalytic degradation capability compared to TiO;
with lower surface area. Although high photocatalytic efficiency of
nano-sized TiO particles compared to larger-sized TiO, particles
[22-27], considering the fact that obtaining nano-sized particles re-
quires a costly, demanding and intense production process, to ensure
more sustainable and cost-effective air cleaning through photocatalytic
reactions stimulated in TiOy-incorporated cementitious systems,
cheaper larger-sized TiOy particles should be included in the photo-
catalytic cement-based systems along with nano-sized ones to improve
performances of cementitious systems other than photocatalytic per-
formance in favor of multifunctionality. Although the properties of TiO,
used as photocatalyst in cement-based systems have significant effects
on the NOy degradation capability, the microstructure of such systems
(the number of voids and pores and pore size distribution) undeniably
affects the activity as well. Pérez-Nicolas et al. [28] manufactured
mortars with different types of binders namely, Portland cement, high-
alumina cement, low-alumina cement and dry slaked lime and ob-
tained relatively higher photocatalytic degradation activity from mor-
tars prepared by using high-alumina cement and lime separately, which
contained higher amounts of pores with diameters above 0.05 pm
allowing easier reach of NO molecules into the more in-depth parts of
the mortars in favour of further contact between the surface of photo-
catalytic materials and pollutants. Lucas et al. [29] prepared several
mortars by using different types of binders (e.g. lime, cement and gyp-
sum) and established links between the microstructure and photo-
catalytic performance of these mortars. They emphasized that high
porosity promotes the photocatalytic activity through facilitating the
gas diffusion in an effort to assist the contact between the photocatalyst
and NOy gas at the irradiated surface, and the diameter of pores should
not be less than 1 pm (nanopores) to restrict the gas diffusion, as also
reported by Giosue et al. [30]. Similarly, Sugranez et al. [31] stated that
the formation of higher amount of hydration products provides a denser
microstructure through the filling of the pores, while lower amount of
hydration products and the amount of adsorbed water filling the space
between the cement grains provide a more porous structure, which is
beneficial for higher photocatalytic activity. They also concluded that
photocatalytic activity is enhanced as the total porosity increases due to
higher possibility of having larger number of active sites accessible to
the molecules needed for the photocatalytic reactions and increasing in
the generation/amount of hydroxyl radicals to react with NOy, and they
proposed that poor packaging of aggregate particles [through modifi-
cation of particle size distribution (PSD)] is a method that can be used to
create a macro-porosity structure. In order to achieve improved photo-
catalytic activity through altering the porosity of cementitious mate-
rials, Chen and Poon [17,32] and Poon and Cheung [33] recommended
changing the PSD of aggregates or decreasing the cement content of the
mixtures. Meng et al. [20], Matéjka et al. [34], Lee et al. [35], Guo et al.
[36], Xu et al. [37-38] and Boonen and Beeldens [39] observed
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increments in the NO removal rate with increased porosity as well. Chen
et al. [40] also noted the positive contribution of porosity to the pho-
tocatalytic activity, as it provides a channel for pollutants to easily flow
through, more surface area for the deposition of photocatalysts and
more space for holding/accumulation of final products, which prevents
the covering of the surface of the photocatalyst. Jin et al. [41] stated that
the presence of larger amount of micropores (less than 5 nm) in cement-
based mortars is beneficial for NOy uptake.

In the case of co-utilization of TiO, particles of different sizes, opti-
mizing PSD of all TiO, particles can be essential for optimum perfor-
mance and/or improvement in performance of systems in several ways.
Feret [42] first studied the PSD to obtain more economical concrete
mixture designs by filling in voids among particles. The Fuller and
Thompson method has also been used for a long time in determining the
extent to which concrete aggregates should be mixed during PSD opti-
mization [43]. In 1980, the “minimum particle diameter” technique,
which considers the size of the smallest grain used as well as the largest
one, was used by Funk et al. [44] to create mixtures with the highest
packing density. There have also been other methods used to ensure
high compactness of aggregates [45-46]. On the other hand, in addition
to PSD optimization of aggregates, proper gradation of powdery mate-
rials such as cement or mineral admixtures can fill entire voids among
different particles. There are number of studies related to the effects of
optimizing the PSD of some powder materials on several properties of
cementitious systems. Sevim and Demir [47] studied the effect of opti-
mizing the PSD of fly ash on the performance of cement-based systems in
terms of mechanical and durability perspectives. They concluded that
optimizing the PSD of fly ash particles in a proper manner provided
much better performance for cementitious systems. Another study of
Sevim and Demir [48] investigated changes in physical and permeability
properties of cementitious mortars through optimizing the PSD of fly
ash. They found that modifying the PSD of fly ash particles as a pozzo-
lanic material has an undeniable effect on the properties of cement-
based systems, due to proper PSD playing a major role in filler effect
and providing a good distribution of solid concentration. Lim et al. [49]
also studied the effects of particle grading on autogenous shrinkage and
strength of ultra-high-performance concrete, and they reported that PSD
is reasonably influential on these concrete properties.

As results of several literature studies show, the PSD of powder
materials has a significant influence on several properties of cementi-
tious systems. However, until now, there have been no specific studies
on using different-sized TiOy materials with optimized PSD in cemen-
titious systems to improve microstructures in favor of optimum photo-
catalytic efficiency. In this instance, optimization of the PSD of TiOq
particles in a wide range of sizes (inert ingredients that can be consid-
ered filling materials along with their photocatalytic efficiency) is
necessary to improve the engineering properties of cementitious systems
and/or the degree of photocatalytic reactions in favor of NOy degrada-
tion capability. Therefore, due to the absence of relevant studies, the
authors set out to investigate the effects of PSD of TiO4 with ternary use
of nano-sized, submicron-sized and micron-sized TiO, particles on
photocatalytic performance and mechanical properties of cementitious
systems. The effects of PSD optimization on mechanical properties
(compressive strength), physical properties (pore volume and pore size
distribution), hydration kinetics and NOy degradation capability were
investigated using different distribution modules. In addition, micro-
structural features of specimens were examined by microstructural
characterization analyses including scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM/EDX).

2. Experimental program
2.1. Materials

Considering its lower light absorption ability compared to that of
Ordinary Portland Cement (OPC), CEM I 52.5R type White Portland
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Cement (WPC) conforming to the EN 197-1 cement standard was used
as the main binder material in all mixtures. Its chemical composition and
physical properties are summarized in Table 1. Nano-sized, submicron-
sized and micron-sized anatase-phase (NA, SMA and MA) TiO, powders
were used as photocatalysts to degrade the NO in the presence of UV
light. Physical properties of different sizes of anatase-phase TiO2 pow-
ders used in this study are presented in Table 2. Different-sized TiO;
used as photocatalyst material in this study was characterized by using
scanning electron microscope (SEM) (Tescan GAIA 3 FIB-SEM operated
at 3.0 kV) and X-Ray diffraction measurement (XRD) (Rigaku Ultima-IV
diffractometer at 40 kV, within a scan range of 20 = 5-80° and 30 mA
with Cu-Ka (A = 1.5405,&) radiation.). To prevent any error in results, a
representative sample of powder was obtained from the inside of the
premixed powder batch of TiOz powders and was dried overnight in an
oven before analyzes. X-ray diffraction (XRD) patterns of NA, SMA and
MA TiO, powders are shown in Fig. 1. The morphology and micro-
structure of NA, SMA and MA TiO, powders obtained by SEM for each
size of TiO are presented in Fig. 2.

Two different surfactants were used in this experimental study,
namely polycarboxylic ether-based superplasticizer (PCE) and poly-
phosphates and aminocarboxylate-based liquid polyacrylic acid (PAA).
The PCE was liquid, conforming with ASTM-C494/C494M standard
[50], with 40% solid material content and a specific gravity of 1.1. The
PAA was used to provide particle surface charges with its polyelectrolyte
dispersant ability [51]. White, milky liquid PAA contained 48% solid
material, with a density of 1.22 kg/I and pH value of in the range of
3-4.5.

2.2. Mixture proportions

All mixtures were prepared at a constant water to powder ratio of
0.35, by weight. Preliminary studies were performed for determining
optimum TiO, content to be utilized in this study. Specimens prepared
with different TiO5 contents, ranging from 1% to 20% of total weight of
powder material, were subjected to NO degradation tests and there was
not significant increase in NO removal rate beyond TiO» utilization rate
of 5% and even declines after a certain point. Therefore, utilization rate
of TiO, powders was kept constant at 5% of total weight of powder
material for all mixtures. NA, SMA and MA TiO5 powders were used as
ternary and their incorporation rates were determined in accordance
with the PSD equation proposed by Funk et al. [24]. Various PSD moduli
(0.1, 0.5, 0.9) representative of a wide region were used. NA, SMA and
MA TiO2 powders were also used solely. To ensure homogeneous dis-
tribution of TiO3 particles throughout matrix without compromising any
other properties of the mixtures, the proper amounts of PCE (around
0.5% of the total weight of powder materials) and PAA (0.5% of total
weight) were used as binary surfactant materials in all mixtures. These
utilization rates for surfactant materials were chosen based on a previ-
ously conducted study by the authors [51].

2.2.1. Particle size distribution of TiOz particles

To study the influence of optimizing the PSD of TiO; particles in co-
utilization of different-sized TiO; particles on the mechanical properties
and photocatalytic efficiency of the cementitious systems, PSD Equation
(1) proposed by Funk et al. [44], was adapted to this study. When using
this equation to calculate incorporation rates of TiO, powders with
different particle size fractions, three sieve diameters of 50 nm, 255 nm
and 1110 nm were considered: the maximum grain sizes of each TiO,
powder batch classified by particle size (NA, SMA, MA; respectively) and

Table 1
Chemical composition and physical properties of CEM I 52.5 R WPC.
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Table 2
Physical properties of different sized anatase-phase TiO2 powders.

Physical Nano-sized Submicron-sized Micron-sized
Properties Anatase (NA) Anatase (SMA) Anatase (MA)
Purity (%) 99.86 99.89 99.87
Density (g/cm®) 3.55 3.55 3.60
Maximum Grain 50 255 1110
Size (nm)
Minimum Grain 0.4 50 255
Size (nm)
A
—MA
—SMA
NA
I T T T T T T T T T T T T T T T T 1
0O 10 20 30 40 50 60 70 80

20 (°)
Fig. 1. XRD analysis of MA, SMA and NA TiO: (Anatase: A).

the limit values separating the TiO, materials from each other in
accordance with particle size.

P(D) = oo, M

where P(D) is the passing percentage of TiO, particles passing
through relevant sieve, D is the diameter of relevant sieve opening, Dpin
is the minimum particle diameter in all TiO; powders and Dy, is the
maximum, and q is the PSD modulus. Three different PSD moduli of 0.1,
0.5 and 0.9 were used. It should be noted that mixtures containing
relatively higher proportion of particles with larger grain size were
obtained when the numerical value of the PSD modulus increased. NA,
SMA and MA TiO; powders were also used solely to observe their in-
dividual influences on the performance of cementitious systems. In
addition, a reference mixture was manufactured without TiO, powder
content for comparison. PSD curves were plotted using the equation
above for values of q: 0.1, g: 0.5 and q: 0.9. These PSD curves and those
of NA, SMA and MA TiO; powders are displayed in Fig. 3. A total of 7
different mixtures were manufactured: their proportions can be seen in
Table 3.

Mixtures are denominated with letters and numbers based on in-
gredients used in production. MO is the reference mixture. The second,
third and fourth mixtures (MNA, MSMA, MMA) were prepared using
TiO5 powders solely according to their particle size. For example, MNA
was prepared using only NA TiO, powder. The fifth, sixth and seventh
mixtures (MQO.1, MQO.5, MQO0.9) were prepared by ternary use of NA,
SMA and MA TiO; powders with different PSD moduli. For example,
MQO.1 was prepared using a PSD modulus of q = 0.1.

Chemical Composition, %
SiO2 AlO Fe03 CaO MgO SO3

Physical Properties

Loss on ignition Density (g/cm>) Specific surface, Blaine (cm?/g)

21.39 3.37 0.89 62.6 2.39 4.55

3.1 3.15 4650
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Fig. 2. SEM images of a) NA, b) SMA and c) MA TiO-.
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Fig. 3. PSD curves of NA, SMA, MA TiO2 powders and TiO2 powders with
varying PSD moduli.

2.3. Mixing Process, specimen preparation and testing

All mixing was conducted with an Vibra-Cell ultrasonic mixer with a
25 mm diameter (Fig. 4.a) and a planetary-type laboratory mixer with a
4-liter capacity (Fig. 4.b). To investigate the effects of PSD accurately by
providing more homogenous dispersion of TiOz in system, the mixing
procedure developed/determined in the study of [51] has been followed
in this study. The overall mixing process included the following steps: (i)
To uniformly disperse powder materials throughout the matrix, surfac-
tant materials (PCE, PAA), TiO2 powders and water were initially mixed
with an ultrasonic mixer for 10 min at a working amplitude of 80% and
an energy input of 1900 Joules; (ii) The suspension obtained after ul-
trasonic mixing was slowly added to a simultaneously operating
planetary-type laboratory mixer containing WPC at 100 rpm over 30 s;
(iii) Mixing speed was increased to 300 rpm and all ingredients (WPC,
TiO2, water, PCE and PAA) were mixed for another 10 min at 300 rpm.

Mixture performance was evaluated by measuring compressive
strength, photocatalytic degradation capability (NO reduction in per-
centage), hydration kinetics, pore size distribution, and microstructural
characterization. For the compressive strength and photocatalytic

degradation tests, mixtures were poured into pre-oiled molds and
compacted using a vibration table. All specimens were then demolded
after curing for 24 h in the laboratory environment and moisture cured
in plastic bags at 95 + 5% RH, 23 °C until testing age. The compressive
strength of all mixtures was evaluated according to the ASTM C109
standard. 50 mm cubic specimens were prepared to determine uniaxial
compressive strength. Tests were conducted using a loading rate of 0.9
kN/s and the average compressive strength value of three cubic speci-
mens was reported for each curing age of 2, 7, and 28 days.

The dynamic test method was used as in study of [51] to obtain the
NO degradation capability of the specimens. In this method, gas passes
continuously throughout a test unit at a constant flow rate by interacting
with the surface of the specimen and the difference in gas concentration
between the system inlet and outlet, which is directly related to pho-
tocatalytic efficiency, is monitored by measuring simultaneously in real
time. Details of the equipment used to measure NO reduction capability
can be found in Fig. 5. To determine photocatalytic efficiency of the
mixtures, 50 x 100 x 100 mm prismatic specimens were prepared
separately for each curing age of 7, 28 and 90 days. A flow of 1000 =+ 50
ppb of NO gas was introduced at a rate of 3.0 1/min, from a 5 mm spacing
between the 50 4+ 1 cm? specimen surface and UV permeable quartz
glass positioned above a closed reaction cabinet. UV light with an in-
tensity of 10 W/m? was dropped on the specimen surface with two 18 W
UV-A blue lamps and one 36 W (UVA-1) white lamp. NO gas entering the
system was moistened with a humidifying bottle to reach 50-60% hu-
midity level. In addition, NO gas flowing through the system was diluted

Fig. 4. a) Ultrasonic mixer and b) planetary-type laboratory mixer.

Table 3

Mixture Proportions (values are in g).
Mixture PSD Modulus (q) WPC TiO2 Water PAA PCE
# D MA SMA NA
1 MO - 2000 - - - 700 10 10
2 MNA - 1900 - - 100 700 10 10
3 MSMA - 1900 - 100 - 700 10 10
4 MMA - 1900 100 - - 700 10 10
5 MQO.1 0.1 1900 25.0 23.5 51.5 700 10 10
6 MQO.5 0.5 1900 53.1 27.1 19.8 700 10 10
7 MQO0.9 0.9 1900 73.5 20.4 6.1 700 10 10
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Fig. 5. Schematic view of the photocatalytic testing system.

from 100 ppm to 1 ppm using dry air to ensure proper flow rate. Thermo
Scientific Model 42i NO analyzer was used continuously to measure
change in NO concentration. To ensure reliable testing under consistent
conditions and to prevent the manipulative effects of humidity on
photocatalytic efficiency reported by Cassar et al. [52], Dylla et al. [53],
and Seo and Yun [16], all specimens were dried in an oven at 45 °C for
48 h before testing. The testing surface of the specimen was then sanded
and cleaned, and the specimen was placed in the reaction cabinet, where
its upper surface could be illuminated with UV light. To adapt the
specimen to the test environment, it was kept under active UV-light
sources for four hours without any gas flow through the system. After
this process, UV light sources were switched off and pre-adjusted gas
flow was introduced to the system. The UV light sources were turned on
at least 10 min after the gas concentration remained constant. Under the
influence of UV irradiation, photocatalytic specimens started to reduce
the NO concentration of flow. The test was performed until the lowest
point at which NO concentration remained constant as a result of pho-
tocatalytic degradation reactions on the specimen. After that point, UV
lights were turned off and gas flow was continued until NO concentra-
tion reached its initial level again. At the end of the tests, in order to
determine the photocatalytic performance of the cementitious systems,
the NOy and NO reduction, and NO2 formation (%) values, which were
calculated according to Equations (2), (3), and (4), respectively, were
obtained. Furthermore, for the purpose of determining the photo-
catalytic efficiency of the system, selectivity that expresses the ratio of
degraded NO that ends up as innocuous nitrate rather than toxic nitro-
gen dioxide is used and is derived according to Equation (5) [54-55].

_NO.,
NO.w‘ed(%) = ]\’0*1’\/7()”0*/ X 1007 (2)
NO; — NO

NO,e(%) = Tf x 100, )

N (5) = OO o, @
NOxrrd(%)

S(%) = ——— x 100, 5)
(%) NOa)

where NOyyeq (%), NOreq (%), and NOzf,, (%) are NOy reduction, NO
reduction and NO: formation, respectively; NOy;, NO;, and NOz; are of
the initial concentrations in order of NOy, NO, and NOz; and NOf, NOy,
and NOx are the final concentrations of the NO, NO, and NO2, respec-
tively; finally, S (%) is the system selectivity.

Hydration kinetics of cementitious mixtures were examined using a
TAM Air Microcalorimeter in isothermal conditions at 25 °C, in accor-
dance with the practice of ASTM C 1679-17. The fresh pastes were
immediately placed in plastic with closed lids and the ampoules were
transferred into the calorimeter. Ampoules were placed into the calo-
rimeter within 2 min of the end of mixing. Thermal power (as mW/g of

total powder present in the cement paste) was recorded for 72 h to
measure rate of hydration (rate of heat evolution). Cumulative heat of
hydration curves of the cementitious pastes were also obtained as area
under rate of hydration vs. time curves.

The mercury intrusion porosimetry (MIP) technique was used to
characterize porosity and pore size distribution of TiO2-based cementi-
tious systems. First, 28-day-old prismatic specimens used for photo-
catalytic degradation tests were broken into small pieces, with sizes
between 7 and 10 mm. The specimens were then dried in an oven at
50 °C for 1 day and the MIP test was conducted on the dry specimens.
The instrument used for MIP testing (Quantachrome Corporation,
Poremaster 60) had a pressure capacity of 380 MPa (55000 psia) with a
contact angle of 140°.

Microstructural characterization of TiO2-based cementitious systems
were investigated with scanning electron microscopy observations
coupled with energy-dispersive X-ray spectroscopy (SEM/EDX) (Tescan-
GAIA3 + Oxford XMax 150 EDS) to clarify their morphologies and
elemental compositions. For this purpose, specimens were obtained
from 28-day-old prismatic specimens used for photocatalytic degrada-
tion tests. To do that, tested surface of the photocatalytic specimen was
firstly sanded and cleaned. After that, the specimen was broken into
small pieces and samples were randomly selected from among the
broken pieces. SEM/EDX analyses were conducted on these specimens
after being oven-dried overnight. SEM micrographs were captured, and
the elemental compositions of the sections viewed were analyzed by
SEM-EDX mapping.

3. Experimental results
3.1. Hydration kinetics

Isothermal calorimetry was used to examine the hydration of
cementitious pastes, using 0.35 water-to-powder ratio at 25 °C to
observe the influence of the PSD of anatase-phase TiOz on hydration
kinetics. Hydration rate and cumulative heat of hydration of cementi-
tious pastes are presented in Fig. 6. As seen from Fig. 6-a, although MO
(reference specimen non-containing TiOz) was not the specimen which
reached rate of hydration peak earliest, the highest rate of hydration
peak value was obtained from this specimen. This result can be attrib-
utable to the relatively higher cement content of the reference specimen
compared to those of TiO2-substituted specimens, which will be detailed
in compressive strength results section (Section 3.2).

Among the non-optimized specimens (MNA, MSMA, MMA), NA
addition resulted in an earlier and higher rate of hydration peak than
SMA and MA, probably due to a more effective nucleation effect pro-
vided by significantly smaller particles of NA (Table 2). Incorporating
nano materials with extremely small particle size has a hydration
agitation and acceleration effect [56-59]. This caused higher heat of
hydration for the cementitious system containing NA than for the pastes
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Fig. 6. a) Rate of hydration and b) heat of hydration of cementitious systems
with variable PSD of anatase TiO-.

with SMA and MA, especially between 8 and 48 h of hydration (Fig. 6-b).
However, the NA, SMA and MA heat of hydration values were similar at
the end of 72 h of hydration. On the other hand, cementitious systems
containing a combination of NA, SMA, and MA TiO: particles with
varying PSD moduli exhibited a maximum rate of hydration comparable
to that of the paste with only NA indicating similar seeding/nucleation
effects. However, the apparent initial retardation effect—where a longer
induction period is observed but without a reduction rate of peak heights
for the MQO.1, MQO.5 and MQO0.9 may be attributed to retardation of
cement grains dissolution because of residual inorganic substances.
Knowing that some inorganic (S04%, COs*, PO4%>, and F) materials
have an adverse effect on early dissolution rate [60]. In this regard,
sulfate ions, coming from extracting and purifying process, on TiO2's
surface may be dissolved into CgS particles, causing dissolution to be
delayed [61-62]. The reason why shifted peak observed by MQO.1,
MQO0.5 and MQO0.9 were related with retardation effects of residual
inorganic materials. However, these retardations were not effective on
non-optimized TiOy used paste mixtures. This could be attributed to
effects of PSD which lead more densify structure and covering more
cement grain in fresh stages, hence results more retardation effects and
less dissolution of particles in initial duration.

When comparing the influence of PSD modulus on the rate and heat
of hydration, increasing PSD modulus of TiO: particles from 0.1 to 0.9
made no considerable difference. Besides, TiO2 addition with varying
PSD moduli resulted in a higher heat of hydration than SMA and MA
TiO: for hydration time of up to 48 h. However, the reverse was true
thereafter. This finding indicates that using nano-, submicron- and
micron-size particles, mixed to provide varying PSD moduli, is highly
effective on the rate and total heat of hydration at early periods before
48 h. Furthermore, anatase-TiO> with varying PSD moduli caused a
small shoulder formation in the rate of hydration curves at around 8 h.
This kind of shoulder formation in the deceleration stage of the main
hydration peak is generally associated with the conversion of AFt to
AFm [63]. Earlier conversion of AFt to AFm, in the case of anatase-TiO-
with varying PSD moduli, could be attributed to the specific influence of
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PSD on the hydration of calcium aluminates, which cause earlier con-
version of AFt to AFm.

3.2. Compressive strength

Fig. 7 illustrates the compressive strength test results of each mixture
for different curing ages. MNA, MSMA, MMA were designed to reveal
the effect of the particle size of TiO2 powders on the performance of
cementitious systems. In addition, MQO.1, MQO.5, MQO.9 were designed
to better understand the effects of PSD optimization on TiO: particles.
Due to ongoing hydration reactions, the extended aging/curing resulted
in continuous increments in the compressive strength results, irre-
spective of mixture parameters. MSMA showed the highest strength
increase at 33.7%, from 2-day to 7-day curing age. Between 7-day and
28-day curing ages, strength increases slowed for all mixtures. The
highest compressive strength test results were recorded from MO spec-
imen (reference specimen non-containing TiO2) for each curing age with
the values reaching 59.32 MPa for 2-day-old specimens, 71.33 MPa for
7-day-old specimens and 85.30 MPa for 28-day-old specimen. In the
available literature, it was reported that the mechanical performance of
cementitious systems can be improved with the incorporation of
different nano materials up to a certain nano-material utilization rate
beyond which decrements or negligible increments can be noted
[64-65]. In the study of Jimenez-Relinque et al. [66], incorporation of
2% TiOz (by mass of cement) reduced the compressive strength of the
cementitious systems. In this regard, considering relatively higher
incorporation rate of TiO2 powder in this study (5% of total weight of
powder material), the relatively lower compressive strength results of
the TiOz-incorporated systems (especially of MNA) compared to that of
reference specimen (MO) can be attributed to the dilution effect (dimi-
nution of cement). The addition of inert TiO> powders resulted a less
amount of presence of reactive cement (in percentage) in the mixtures
decreasing the rate/amount of hydration products manufactured and
causing lower compressive strength [65-67].

Among the non-optimized specimens (MNA, MSMA, MMA), it was
evident that those containing nano-sized TiO2 (MNA) showed the
highest compressive strength results for each curing age. The compres-
sive strength values of MNA for 2-day, 7-day and 28-day curing ages
were 55.40, 66.00 and 77.63 MPa, respectively. The probable reason for
this behavior is that nano-sized powders create higher density due to the
filler effect arising from comparatively smaller particle size [68]. This
behavior can also be attributed to the seeding effect, which is the
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formation of additional area (nucleation sites) due to the extremely fine
particle size of nano materials (and thereby their high surface area) that
can pull unhydrated cement particles towards themselves, resulting in
more suitable places for the precipitation of hydration product [69-70].

MMA showed the lowest compressive strength performance among
all tested mixtures for each curing age, most probably because of the
lower capability of the micron-sized TiO: particles in terms of refine-
ment of pore size structure in the paste due to their coarser structure and
thereby lower surface areas. In the PSD-optimized specimens (MQO.1,
MQO.5, MQO0.9), although there was no significant difference in their
compressive strength values, MQO.1 had the highest compressive
strength values at approximately 52.10 (2-day), 65.82 (7-day) and
78.01 MPa (28-day), for almost all curing ages except for 7 days. The
lowest compressive strength obtained after 28 days of curing among
PSD-optimized specimens was 75.37 MPa for MQO0.9. When all results
(obtained from TiOz-incorporated mixtures) are evaluated together and
MMA results are excluded, the differences in compressive strength re-
sults of mixtures at 28 days was not significantly evident, and
compressive strength test results were 76-79 MPa for tests carried out on
all TiOz-incorporated mixtures after 28 days.

3.3. Photocatalytic performance

The photocatalytic activity of 5% anatase-phase TiOz-substituted
cementitious systems was tested to assess the effects of single or com-
bined utilization of three different size ranges of TiO: particles on the
photocatalytic degradation capability of cementitious systems. Fig. 8
shows NOy, NO, and NO: concentration profiles obtained during the NO
degradation tests under illumination. In addition, NOy and NO degra-
dation and NO: formation rates (in percentage) of the developed systems
together with the system selectivity values are summarized in Fig. 9 for
easy comparison of photocatalytic performances of the specimens. When
the degradation rates of 7-day, 28-day and 90-day-old specimens are
evaluated, it can be clearly seen that the NOy degradation rates of MNA
were the highest for each curing age. Although using nano-sized mate-
rials in the cementitious systems triggers agglomeration problems
caused by the high surface interactions due to the particles’ high surface
area and energy [71], specimens containing nano-sized TiOz powder had
comparatively high photocatalytic degradation capability. This can be
attributed to the easy current transfer capability of the nano-sized TiO-
from its surface, especially when uniform distribution was guaranteed
[9,12,72].

Due to the fact that photocatalytic reactions occur at the surface of
the photocatalyst and photons are captured from the surface of materials
[73], it is also possible to state that the photocatalytic activity directly
depends on the total surface area of the photocatalyst where UV irra-
diation is reached and on the grain size of the photocatalyst affecting
this area, and therefore nano particles can provide maximal photo-
catalytic surface area accessible to polluting substances. However, the
microstructure of cementitious systems incorporating TiO: particles is
significantly influential on the dispersion of TiO: particles throughout
the surface where the photocatalytic reactions occur and thereby on the
performance of these systems. On the other hand, MSMA and MMA
showed considerably lower photocatalytic degradation performance
than MNA, with the differences in degradation results becoming
significantly more pronounced with longer curing periods. Among the
PSD-optimized specimens, photocatalytic degradation rates of MQO0.9
were the highest for all curing ages and after that, in decreasing order,
those of MQO.5 and MQO.1. Photocatalytic degradation rates of all
specimens exhibited a decremental trend starting from 7 to 90 days. This
time-dependent trend may have come from the ongoing hydration re-
action, leading to the coating of TiO: particles with further hydration
product and thereby reducing the presence of TiO» materials on spec-
imen surfaces reached by UV irradiation. A more likely reason is that
carbonation products, produced by binding carbon dioxide (CO3) into
solid carbonates on the specimen surface or another possible process,
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cause the specimen surface to be coated [17,33,74]. The rate of decre-
ment in photocatalytic degradation results of non-optimized specimens
from 7 to 28 days was more evident than in PSD-optimized specimens.
With further aging of specimens beyond 28 days, the rate of decrement
in photocatalytic degradation results of MSMA and MMA was signifi-
cantly higher than in other specimens.

As followed from Fig. 9, different NO: formation levels were ob-
tained from the specimens at the end of the photocatalytic reactions. The
formation of NO: in photocatalytic reactions can be related to the HNO3
and NO3™~ accumulation on the TiO: surface over time, reacting with NO,
beyond a threshold value, to form NO: [75-76]. Besides, the reactions
between NO and O3 and/or HNO; and *OH could be another possible
reason of the formation of NOz [75-77]. Considering the fact that the
toxicity of NO: is significantly higher than the primary pollutant NO
[78], it was critical to monitor the change of NO: levels throughout the
photocatalytic reactions, and the system selectivity. When evaluating
the system selectivity of the cementitious systems, it was clearly
observed that the system selectivity of all specimens exhibited an in-
cremental trend starting from 7 to 90 days. In terms of NOyx and NO
reduction, although the MNA specimen containing nano-sized TiO2 was
exhibited better performances, the higher selectivity values were ob-
tained from the PSD-optimized specimens. Therefore, it is possible to
state that PSD optimization significantly contributed to enhancement in
the photocatalytic efficiency of the cementitious systems by increasing
the system selectivity. In the PSD-optimized specimens (MQO.1, MQO.5,
MQO0.9), although there was no significant difference in their system
selectivity values, MQO.9 had the highest one (%91.1) at the end of the
90-day curing age.

3.4. Pore size distribution

MIP was used to test the pore size distributions of 5% TiO--
substituted cementitious systems containing NA, SMA, MA TiO: parti-
cles individually or in combination and with varying PSD moduli, at the
age of 28 days. MIP was also performed on reference specimen (MO) for
comparison. The current pore size classification proposed by the Inter-
national Union of Pure and Applied Chemistry (IUPAC) was used to
describe the pore structure of the cementitious system [79]. This pro-
posed classification classifies the pores into three groups according to
their sizes, including macropores, over 50 nm; mesopores, from 50 to 2
nm; and micropores, under 2 nm. According to studies available in the
literature, voids larger than 50 nm are, more influential on imperme-
ability and strength characteristics of cement-based systems, whereas
voids smaller than 50 nm are more influential on drying shrinkage and
creep [80-82]. Therefore, in addition to the IUPAC classification, in this
paper, pores were divided into two categories: pores larger than 50 nm
termed as pores above 50 nm and pores smaller than 50 nm termed as
pores below 50 nm. Total porosity (% of volume) of specimens is pre-
sented in Fig. 10. Pore size distribution percentages and curves of all
specimens are illustrated in Fig. 11-a and 11-b, respectively. As indi-
cated in Fig. 10 and Fig. 11, reference specimen (MO) had the lowest
total porosity value (3.9%) and all pores available in this specimen were
smaller than 50 nm, evidencing the highest compressive strength results
of the MO specimen. The figures also show that almost all pores
dispersed throughout MNA were smaller than 50 nm. Furthermore, a
total porosity value of 4.0% for MNA (Fig. 10) reveals that MNA has a
relatively low pore volume compared to the other single-size TiO2-
substituted specimens (MSMA and MMA). As the size of TiO: incorpo-
rated to the matrix got coarser, the volume of pores smaller than 50 nm
formed in the matrix decreased. The rate of pores, ranged between 0 and
50 nm, dispersed throughout MSMA and MMA was at 87.5% and 47.4%
of the total amount of pores, respectively. Moreover, the total porosity
values of these mixtures were 8.6% for MSMA and 10.4% for MMA:
higher than that of MNA, as previously mentioned. It is therefore
reasonable to state that using NA TiO2, (the much finer fraction of the
TiOz2) leads to better packaging of the grains, as expected and
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consequently improves the compactness of the microstructure of speci-
mens because of its filler effect.

The MIP test results of PSD-optimized specimens show that the
number of pores below 50 nm in MQO.1 and MQO.5 were 100% and the
specimen incorporated with TiO2 using a PSD modulus of 0.9 (MQ0.9)
resulted in a lower rate of pores below 50 nm (64.8%) compared to other
PSD-optimized mixtures (Fig. 11a). Total porosity values were 4.5%,
4.8% and 6.4% for MQO.1, MQO.5 and MQO.9, respectively; the increase
in PSD modulus resulted in an increase in total porosity and proportion
of pores above 50 nm. The probable reason for this is that the TiO» with
the lower PSD modulus (q = 0.1) contained a higher proportion of small
particles, which can provide more closable smaller interparticle spacing,
better fill the voids between larger particles, and improve the packing
density of the powder materials (TiOz and cement). On the other hand,
for MQO.9, which contained the highest proportion of micron-sized TiO-
particles among the PSD-optimized specimens, the small-sized TiO:
content was not enough to fill the voids between large particles and
thereby prevented significant improvement in packing density of the
powder materials compared to other specimens prepared using a smaller
PSD modulus. Consequently, these results show that PSD-optimized
specimens have a relatively low amount of porosity compared to non-
optimized specimens, except MNA and PSD optimization significantly
contributes to the pore refinement of mixtures, although the use of nano-
sized TiO: alone performed slightly better.

3.5. Microstructural characterization

SEM micrographs with EDX analyses, performed to determine the
number of Ti elements dispersed throughout a specific section, were
obtained for microstructural characterization studies of TiO2-based
cementitious systems. Analyses of non-optimized and PSD-optimized
specimens are shown in Fig. 12 and Fig. 13, respectively. It can be
clearly seen from these figures that carbon (C), oxygen (O), calcium (Ca)
and silicon (Si) were the primary elements of all specimens, and sub-
stantial part of the chemical content of all specimens was composed of
Ca and O. The C contents by weight of all specimens were lower than
9%. The Ti contents (by weight %) of MNA, MSMA and MMA were 2.4,
1.7 and 4.9, respectively. For the PSD-optimized specimens, Ti contents
(by weight, %) of MQO.1, MQO.5 and MQO0.9 were 1.9, 2.2, and 4.9,
respectively. Although the amount of photocatalyst located across the
surface reachable by UV-radiation has an undeniable influence on
photocatalytic performance of cementitious systems, there was no
obvious correlation between the amount of photocatalyst and the pho-
tocatalytic degradation rate of specimens. Considering that photo-
catalytic efficiency of TiO: particles can be affected by their crystal
structure, surface area and particle size [83], the NO degradation results
should be associated with the higher presence of small-sized TiOz on the
UV-reached surface, which resulted in increments in the number of
active surface sites and thereby high separation and transfer efficiency
of surface charge carriers.

EDX elemental mapping images of relevant specimens are also
illustrated in Figs. 12-13: red corresponds to Ti atoms and green to Ca
atoms. One of the main elements (Ca) was detected in all regions of the
specimens. Based on the evidence in these images, Ti elements have
more uniformly dispersed throughout the PSD-optimized specimens. For
the non-optimized specimens, the distribution of the Ti atoms on the
surface of MNA and MMA was also generally homogeneous, although
some irregularities in the dispersion of the TiO, particles were seen in
the microstructure of MSMA specimens.

4. Discussions

In term of mechanical properties, in the non-optimized specimens,
the compressive strength of the MNA surpassed all other mixtures for all
curing ages. This finding has been reported by several other researchers
in the literature. They attributed it to various enhancement influences of
nano-scale materials on microstructural and mechanical properties in
favor of obtaining a denser matrix. Well-graded ingredients stimulate
the hydration process due to their high surface area, resulting in
nucleation sites bonding with cement hydrates [58,84], hydration
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agitation, acceleration effect [56-59] and filler effect, resulting in
relatively better particle packing of constituents [56-57]. The hydration
kinetics results of cementitious pastes shown in Fig. 6 show that using
nano-sized TiO2 (NA) caused an enhanced/accelerated degree of hy-
dration reaction (kinetics) of the cementitious paste (larger peak
magnitude and earlier time of peak occurrence) owing to its consider-
ably fine structure providing significant surface energy. This accelera-
tion confirms that using nanoparticles (NA) provides higher early-age
strength. As the particle size of the TiO: in cementitious systems
increased (among specimens characterized by single use of TiO: parti-
cles), the peak occurrence time increased and the peak magnitude
decreased. This situation is in accordance with the results of compres-
sive strength, which determined that increasing particle size decreases
strength. Although the MNA showed highest compressive strength per-
formances among non-optimized specimens for each curing age, the
incorporation of nano-sized TiO2 reduced the compressive strength re-
sults of the cementitious system considering relatively higher
compressive strength performance of the TiO2 non-containing specimen
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(MO). In this regard, it is possible to state that the decremental effect of
the decrease in the reactive cement content of MNA, because of
replacement of cement with inert TiO2, on mechanical performance was
more dominant than the enhancing effects of the nano materials
(detailed above) incorporation into cementitious systems. It should be
also stated that although, at the end of the 48 h, heat of hydration
released from MNA was higher than the reference mixture, the
compressive strength results were inconsistent with this case. The
possible reason of this situation can be related with (i) differences in the
consistency of the mixtures due to the different sized TiO, content, (ii)
formation of heterogenous reaction product for faster hydration at the
early age and (iii) differences in the hydration products because the
possible effects of TiO, existence.

Of the PSD-optimized specimens, MQO.1 showed better compressive
strength results than the other mixtures at the end of 28 days. It is
especially noteworthy that the compressive strength of MQO.1 is higher
than that of MNA, which can be attributed to its well-graded PSD
achieving high particle packing density. When the hydration kinetics
results shown in Fig. 6 are evaluated, it can be clearly seen that using
TiOz with varying PSD moduli resulted in a retardation of peak occur-
rence compared to the single-sized TiO: (longer time of peak occur-
rence) due to retardation of early dissolution as a result of residual
inorganic chemicals [62] and better covering capability of PSD-
optimized TiOy particles. As the PSD modulus increased, the peak
occurrence time increased and also its magnitude decreased due to
decrement in seeding and nucleation capability with increased coarser
TiO4 particles. The 28-day compressive strength results of optimized
specimens were consistent with these results. Peak magnitude values
(maximum rate of hydration) of cementitious systems containing a
combination of NA, SMA, and MA TiO: particles with varying PSD
moduli were higher than those in systems containing SMA or MA TiOx,
and lower than in those containing NA TiO2. The cumulative heat of
hydration values of single-size TiO2-substituted cementitious systems at
the end of 72 h of hydration were higher than those of systems con-
taining a combination of NA, SMA, and MA TiO: particles with varying
PSD moduli. As a result, considering the higher peak magnitude value,
the earlier peak occurrence and the higher cumulative heat of hydration
of cementitious system containing NA TiO: at the end of 72 h of hy-
dration, it can be clearly stated that MQO.1’s relatively high compressive
strength compared to MNA was geometry-related (physical) rather than
chemistry-related (chemical), and PSD optimization with PSD modulus
of 0.1 provided the highest particle packing density, as mentioned
earlier.

Considering all of these results, it can be clearly stated that although
the difference between compressive strength results was not signifi-
cantly prominent, meaningful differences were noted for 28-day-old
specimens. Less pronounced effect of the modification/optimization of
the PSD of TiO> powders on the compressive strength of specimens
containing PSD-optimized powders can be attributed to the relatively
wide range of particle sizes of NA and SMA TiO: batches, resulting in
naturally good particle grading, thereby positively affecting the me-
chanical properties of specimens. Although it was minimally effective in
increasing compressive strength for this study, the advantages of PSD-
optimization of TiO2 powders in tailoring microstructural properties
are also likely to improve compressive strength results of mixtures with
PSD-optimized powders over those containing TiO: powders with a
narrower range of particle sizes.

The most important element of this study is the enhancement of the
NOy degradation efficiency of mixtures through optimization of the PSD
of TiO2 powders. As mentioned earlier, the photocatalytic activity of
TiO: is highly dependent on its size, shape, type, phase and on changes in
particle properties [85], and the photocatalytic degradation capability
of the nano-sized TiO: particles is higher compared to the larger ones
[22-27]. It is therefore not surprising that the highest performance in
NOy degradation capability was obtained from MNA for all curing ages.
When the EDX analyses of MNA and MMA in Fig. 12(a) and 12(c) are
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Fig. 12. Representative EDX elemental mapping images and SEM micrographs with EDX spectra of non-optimized specimens.

evaluated, it is evident that the Ti content (by weight %) dispersed
throughout the viewed section of MNA (2.4%) was lower than that of
MMA (4.9%), possibly due to the denser structure of the MNA. However,
higher amounts of the Ti element throughout MMA did not provide
higher NO degradation results than in MNA. This result also confirmed
that smaller-size photocatalysts provide a more efficient photocatalytic
degradation process than larger ones. This was not the case when MSMA
and MMA results were compared, which is likely related to the micro-
structural characteristics of these specimens (explained below). How-
ever, it should be kept in mind that EDX results of the equivalent
specimens can vary according to the section viewed. On the other hand,
for PSD-optimized specimens, MQO.9 showed better NOy degradation

11

capability, even though it contained a significantly lower amount of
nano-sized TiOz than the other PSD-optimized specimens. In addition,
whereas the amount of nano-sized TiOz in MNA was quite a bit larger
than in MQO.9, a remarkable difference in the nano-sized TiO- content
was not apparent when comparing NOy degradation rates of these two
specimens. This situation is directly related to specimen microstructure
and surface characteristics and may be attributed to the ability of the
mixtures, through PSD optimization of TiO: particles, to keep distribu-
tion and/or the amount of TiO: particles optimal throughout the UV-
reached surface where photocatalytic reactions occur. Fig. 10 and
Fig. 11 show a low amount of total porosity in MNA and more small-size
pores compared to the others, both of which indicate good packing
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Fig. 13. Representative EDX elemental mapping images and SEM micrographs with EDX spectra of PSD-optimized specimens.

density in favor of particle distribution homogeneity and higher
compactness. Therefore, the relatively lower difference between NOy
degradation rates of MNA and MQO0.9 was most probably due to the
surface of the nano-TiO: particles in MNA being further covered with
hydration products. As a result, nano-TiO: particles are likely to remain
in the dark depths of the denser specimens, resulting in insufficient
contact with UV-light and TiO: particles and preventing photocatalytic
reactions. This situation was also valid for PSD-optimized specimens.
Moreover, when evaluating the system selectivity of the cementitious
systems, it can be clearly seen that MQO.9 exhibited relatively higher
performance, which means a more efficient NOy degradation capability.

Although a refined pore structure due to good particle grading
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caused relatively greater compressive strength, this negatively affected
the photocatalytic activity of the mixtures, thereby causing NOy degra-
dation with low efficiency. Furthermore, the optimal TiO2 quantities
from different-sized TiO: batches sufficient for efficient photocatalytic
activity were different than those sufficient for mechanical property. In
this regard, the most favorable particle packing was provided at a PSD
modulus of 0.1 with well-graded TiO: particles (MQO.1), which achieved
higher strength results than the other PSD-optimized mixtures, although
some natural variations were observed. This can be attributed to the
improvement/optimization of the PSD of powder materials in a proper
manner, which promoted pore refinement of the microstructure of the
cementitious systems, thereby obtaining a relatively denser matrix.
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Although MQO.1 contains higher amounts of more active nano-sized
TiO2, its dense structure resulted in lower photocatalytic efficiency
compared to other PSD-optimized specimens. On the other hand, MQO0.9
showed superior photocatalytic efficiency among all PSD-optimized
specimens, despite having a small amount of nano-TiO2. Therefore, it
is plausible that the NOx degradation capability of the mixtures is
strongly related to the microstructure characteristics of matrix (as
mentioned earlier) although their relationship is quite different than the
relationship between microstructure and compressive strength.

MIP test results of MQO0.9 showed 6.4% total porosity and 64.8%
pores below 50 nm, the highest total porosity and lowest number of
pores below 50 nm among all the PSD-optimized specimens. This means
that the PSD modulus of 0.9 provided a considerably higher number of
pores above 50 nm, and that the amount/volume of pores dispersed
throughout MQO0.9 was relatively higher compared to the other PSD-
optimized specimens. Hence higher photocatalytic degradation capa-
bility of the MQO0.9 compared to the other PSD-optimized specimens
may stem from the larger number of pores limiting coverage of the TiO2
particles with hydration product. Another possible reason for the better
photocatalytic efficiency of MQO.9 is due to the multiple pore-structure
of MQO0.9 homogeneously spread throughout the surface morphology,
which causes a large number of TiO: particles to be dispersed
throughout pore walls for maximum photocatalytic surface area. In
addition, larger pores can allow pollutant gas (NO gas) to diffuse into the
cementitious matrix more easily, thereby more pollutants participate in
the photocatalytic reactions and provide easily reaching of photons to
the TiO:-containing inner parts of the specimens in favor of further
contact between the surface of photocatalytic materials and UV irradi-
ation. This situation also evident for MMA and MSMA. Although MSMA
contained submicron-sized TiO- particles with photocatalytic efficiency
that is expected to be higher than in micron-sized TiO2, the NO degra-
dation capability of MMA at 7 and 28 days was higher than that of
MSMA. This can also be attributed to the fact that MMA contained a
relatively higher volume of pores, the large majority of which were
pores above 50 nm. Fig. 14 shows the relationship between the total
porosity (% of volume) and NO degradation rate of specimens. Although
MIP tests were carried out on 28-day specimens, total porosity (% of
volume) of 28-day old specimens (considering that these reflect the
tendency of specimens to form pores), was associated with NOy degra-
dation results at all ages of relevant specimens.

It can be seen from Fig. 14a and 14b that the general trends of these
two graphs are different from each other. According to Fig. 14a (non-
optimized specimens), NOy degradation had an inversely proportional
relation to the total porosity of the specimen, whereas the opposite was
the case with the PSD-optimized specimens in Fig. 14b. Considering the
limitations of using trend lines to show the general trend of specimens,
as well as the complexity of this situation due to the presence of many
factors affecting the characteristics of the specimens, this requires a
deeper, more careful assessment. In this regard, if MNA is excluded, it
can be clearly stated that the increased total porosity value contributes
positively to photocatalytic degradation capability. MNA not fitting this
trend is due to its relatively smaller particle size TiO2 content, resulting
in higher NOy degradation capability. The photocatalytic efficiency of a
cementitious system is significantly related to factors such as physically
and chemically effective factors including pore structure and quantity or
NOy degradation capability/efficiency in relation to photocatalyst par-
ticle size. When they were more dominant/prominent, the negative ef-
fect of comparatively less porosity on photocatalytic efficiency was not
dominant enough for MNA to cause lower degradation in the positive
effect of finer TiO: particle content on photocatalytic efficiency
compared to MSMA or MMA. However, this was not the case for PSD-
optimized specimens. As mentioned earlier, the relatively higher pres-
ence of nano-TiO:z content could not provide greater NOy degradation
results for PSD-optimized specimens. Increments in total porosity and
the presence of pores above 50 nm had a greater effect on NOy degra-
dation capability of PSD-optimized specimens, indicating that more

13

Construction and Building Materials 318 (2022) 125992

a)
60
MNA
~50
g
c
840 MMA
E=]
©
T30
5 o 7-day
8 o | ©28-day
O>< 90-day
4 10 —-Linear fitting (7-day)
—Linear fitting (28-day) MSMA
Linear fitting (90-day)
0
3 4 5 6 7 8 9 10 11
Total Porosity (% of Volume)
b)
60
o 7-day
50 © 28-day
;\? 90-day
E’ —Linear fitting (7-day)
o 40 —Linear fitting (28-day)
® Linear fitting (90-day)
§30
Q MQ0.9
c MQ0.5
g MQO.1 E
10
0
4 5 6 7

Total Porosity (% of Volume)

Fig. 14. Relationship between total porosity (% of volume) and NO degrada-
tion rate of specimens for (a) PSD non-optimized specimens (b) PSD opti-
mized specimens.

pores could lead to higher photocatalytic efficiency for TiO2-substituted
cementitious systems.

Matrix transformations that also take place on the surface of the
cementitious matrix with prolonged age mostly affect the photocatalytic
activity of the specimens. The results of PSD-optimized specimens
showed that optimizing the PSD of TiO: particles can limit the decrease
in photocatalytic performance with further aging, such limitation was
more pronounced for specimens with denser structure. These results
revealed that a TiO2 batch optimized with the proper PSD modulus could
be used as a long-term, stable and efficient photocatalyst for air purifi-
cation, with optimum performance in practical use.

Of the non-optimized specimens, those with denser structure (MNA)
also showed more stable photocatalytic efficiency over time. This could
be because the dense structure of the specimens limits further coating of
the already coated TiO: particles over time with further hydration and
leads to less sensitivity to carbonation because their network of inter-
connected pores is more significantly developed than in mixtures with
denser structure. Low efficiency of MSMA and MMA in terms of aged
photocatalytic efficiency can be also attributed to their relatively high
pore volume content. This situation was also valid for PSD-optimized
specimens, even though it was more pronounced for non-optimized
specimens. MQO0.9, which has highest pore volume content among the
PSD-optimized specimens, also showed more unstable photocatalytic
degradation performance over time than denser PSD-optimized
specimens.

High porosity allows further penetration of carbonation in deeper
layers. By sanding the surface of specimens with lower pore volume,
most of the carbonation product can be removed from the UV-reached
surface, thereby freeing it of TiO particles. In this way, photocatalytic
reactions occurred due to a surface being free from carbonation product,
and more stable specimens were obtained depending on time. Further
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investigations are necessary to clarify the effect of carbonation on
photocatalytic efficiency of cementitious systems by considering its
relationship with the pore structure characteristics of these systems.

5. Conclusions

This study investigated the effect of particle size distribution (PSD)
and optimization of TiO: particles on the mechanical and photocatalytic
efficiency of cementitious systems. Specimens were prepared with
single-use nano-sized, submicron-sized and micron-sized TiO: particles
and co-utilizing them with different PSD moduli. This assessed the ef-
fects of PSD optimization with different PSD moduli on mechanical and
physical properties of mixtures based on compressive strength, porosity
and pore size distribution, hydration kinetics and NOy degradation
capability of cementitious systems. The following conclusions are based
on the findings of this study:

o The compressive strength of the reference mixture without TiO2 (MO0)
was the highest among all mixtures, regardless of the curing ages.
Among the TiOz-incorporated mixtures, modification/optimization
of the PSD of TiO2 powders with a proper PSD modulus provided
relatively better mechanical performance by ensuring high
compactness. Specimens prepared by using TiO2 powder optimized
with the PSD modulus of 0.1 performed comparatively better under
compressive strength test than other non-optimized and PSD-
optimized specimens at the end of 28 days.

Although specimens containing nano-sized TiO: particles showed the
highest photocatalytic activity, a comparatively high efficiency
cementitious system in terms of NOy degradation capability was
obtained with PSD optimization of TiO2 powders, probably due to the
pore structure. High photocatalytic efficiency was obtained by using
a considerably smaller number of nano TiO: particles, which have
higher photocatalytic activity than larger ones. By optimizing the
PSD of TiO: particles, lower decrements in NOy degradation of
mixtures over curing time were also achieved. Furthermore, PSD
optimization increased the system selectivity, which proves that PSD
optimization contributes to the enhancement in photocatalytic effi-
ciency of the TiOz-incorporated cementitious systems.

When results related to hydration kinetics are evaluated separately
for the optimized and non-optimized cementitious systems, the sys-
tem with higher peak magnitude value, earlier peak occurrence, and
higher cumulative heat of hydration (at the end of 72 h of hydration)
showed lower total porosity formation (% of volume) and less pores
above 50 nm formation. A more pronounced enhanced/accelerated
hydration process was obtained by using nano-sized TiO: particles,
resulting in the decrease of total volume of pores and the formation
of pores above 50 nm. When all results are compared, it is clear that
although an enhanced/accelerated hydration reaction (kinetics) was
not obtained, the formation of a dense structure with proper particle
packaging through ideal PSD optimization (for ¢ = 0.1) prevented
the formation of pores above 50 nm and thereby provided higher
compressive strength.

The pore structure of the TiO>-substituted cementitious systems is
significantly influential on their mechanical and photocatalytic
properties. Although higher volume of pores (especially pores above
50 nm) increases the NOy degradation capability of specimens, it
causes higher rate of decrements in photocatalytic degradation
capability with increasing curing time. In addition, a higher pro-
portion of pores reduces compressive strength of the cementitious
systems. The optimum PSD value may differ depending on the per-
formance expected from the specimens. While the PSD value, which
causes an optimum packing density and very dense microstructure,
was beneficial in terms of compressive strength, it provided a less
effective photocatalytic activity.

Increasing the number of TiO: particles across the surface of speci-
mens that UV rays can reach, is the key parameter in improving the
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photocatalytic efficiency of cementitious systems, and is significantly
related to specimen microstructure. Therefore, the PSD of TiO: par-
ticles, which is also effective on microstructure, must be considered
for the design of photocatalytic cementitious systems.
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