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Nitrogen oxides (NOy), regarded as toxic air pollutants, are a group of highly reactive and hazardous gases
encompassing compounds ranging from nitrous to nitric acid. Especially in crowded cities, the release of these
gases from the industrial organizations and vehicles has reached serious levels. To eliminate the adverse effects of
these gases, titanium dioxide (TiO3) is used worldwide as a photocatalyst due to its high efficiency in oxidization
of NOy. Incorporating TiO; into cement-based composites gives them photocatalytic capability: uniform and
stable dispersion of TiO, throughout the matrix is an undisputable requirement for improved photocatalytic
efficiency. The main purpose of this study is to investigate the effects of different mixing techniques and sur-
factant materials on the dispersion of high dosage nano-TiO, particles (5% of total weight of binder materials)
throughout cement-based materials, with the goal of producing cost-effective cementitious systems, more
feasible mixing methods, and ensuring proper dispersion of nano-TiO,. Five different mixing methods were
proposed to achieve uniform distribution of the nano-TiO2. They were each implemented using different mixing
procedures, equipment and surfactants. The performance of each mixing method was evaluated based on pho-
tocatalytic performance, electrical impedance (EI), compressive strength and microstructural analysis. Test re-
sults showed evidence of the significantly positive effect of polyacrylic acid (PAA) on the dispersion of nano-
TiO,. In general, the highest dispersion occurred with ultrasonication and binary utilization of polycarboxylate
ether-based plasticizer (PCE) and PAA. The EI test was a highly effective evaluation method for homogeneous
distribution of conductive nano particles throughout the matrix. Results also showed a significant relationship
between electrical performance and nitric oxide (NO) degradation of composites, and electrical properties of
composites are able to provide a reliable estimate of the photocatalytic efficiency of them.

1. Introduction

Using nano-scale materials has become widespread in various in-
dustries over the last few decades due to their ability to improve the
properties of conventional materials according to the needs of specific
sectors. The abilities of nano materials are of particular interest to the
researchers and construction sector, which is focused heavily on con-
struction materials. This attention has led to a number of studies about
the nano material incorporation in cement-based systems, with the goal
of producing more durable, high-performance and/or environmentally
friendly composites. Including air purification capability to cement-
based composites by using nano materials is one of the innovative ap-
proaches, which allows them to absorb or transform deleterious parti-
cles (impurities) in the air. In this regard, researchers have intensified
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their efforts to develop innovative composites containing nano materials
to eliminate or reduce volatile organic compounds sustained in the air
such as carbon monoxide, sulfur oxides and nitrogen oxides (NOy) [1-8].

With the contribution of nitrogen oxides (“NOy” [NO and NO3]) to
the formation of ozone gases and acid rain, and human health concerns
[9,10], using NOyx-reducing materials in concrete technology is gaining
more importance. Materials such as titanium dioxide (TiO2) have been
frequently used as a photocatalyst due to their high efficiency in oxi-
dization of NOy gases [11,12]. TiOg shows superior skill in the activation
of photocatalytic reactions [13] and due to its chemical/photochemical
stability, chemical inertness in the absence of ultraviolet (UV) irradia-
tion, safety, cost-efficiency, and non-toxicity in cement-based systems, it
is a suitable photocatalyst [12,14,15]. The photocatalytic activity of
semiconductor TiO; is highly dependent on the size, shape, type and
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phase of the material and changes with particle properties [16]. Due to
the high photocatalytic efficiency of nano-sized TiO; particles compared
to larger size TiO; particles [17-22], TiO, is generally used at nano-scale
in cement-based composites.

The agglomeration of nano materials including nano-TiO, is a gen-
eral problem. This is caused due to intense surface interactions of nano
materials, which is triggered by high surface area/energy and very
strong attractive forces among nano-sized particles causing difficulties
in dispersing them homogeneously throughout the cement-based sys-
tems [23] and therefore, their use is limited in cement-based composites
[24-26]. Uniform and robust dispersion of nanoparticles is indisputable
for their successful and effective use [23]. In photocatalytic
cement-based systems incorporating TiO,, enabling homogenous and
effective UV radiation and uniform distribution of TiOy particles
(especially at nano-scale) along the surface of cement-based composites
are some of the main goals to achieve optimum photocatalytic perfor-
mance. Since the agglomeration problem reduces the photocatalytic
activity [27,28], proper dispersion of nano-TiO5, which is also prone to
excessive agglomeration [28,29], is critically important for the pro-
duction of cement-based composites with high photocatalytic activity.

To uniformly disperse nano materials in an aqueous suspension,
ultrasonication and utilization of surfactants are some of the commonly
used methods in the literature. For example, Sato et al. [30] investigated
the dispersion and agglomeration characteristics of nano and sub-micro
scale TiO, particles in a suspension (with 15% solid content) prepared
by using three different mechanical dispersion agitations and poly
acrylic acid (PAA), as a polymer dispersant, with different average
molecular weights. They stated that proper dispersion of nano particles
is very important to fully benefit from their advantages and ultrasonic
irradiation is an effective method to disperse nano particles in aqueous
suspensions. Othman et al. [31] examined the effect of different pa-
rameters including ultrasonication amplitude/type, and utilization rate
of dispersants on the dispersion and stability of photocatalytic nano--
TiO4 particles in aqueous suspensions. They used PAA and ammonium
polymethacrylate as different dispersants and their TiO utilization rate
was ~0.05% by weight of water. The study concluded that increment in
the ultrasonication amplitude has an improving effect on the deag-
glomeration process and stability of the suspensions. Yousefi et al. [32]
studied the effect of various parameters such as concentrations of
nano-TiO, powder, type of dispersant (lime-saturated water solution
and deionized water), mixing process and ultrasonication time on the
dispersibility of TiO, particles incorporated (up to ~1% by weight of
cement) into the cement paste and found that the conventional mixing
causes high agglomeration of nano-TiO, while ultrasonication is unde-
niably better in uniformly dispersing nano-TiO throughout the
cementitious system. They also stated that utilization of saturated lime
water improves the photocatalytic degradation capability of nano-
particles as well as convenient dispersion of nano-TiO; in cement paste.
Sobolkina et al. [26] studied the effects of sonication on the dis-
persibility of carbon nanotubes (CNTs) in water by considering different
implementation periods, types of surfactants (anionic sodium dodecyl
sulfate and nonionic polyoxyethylene (23) lauryl ether) with different
utilization rates. They also investigated the modification of cement
pastes with the CNT-dispersed (up to 0.25%, by weight of cement) so-
lutions. According to their results, a CNT-to-surfactant ratio of 1:1-1:1.5
and a sonication time of 120 min provided the most favorable disper-
sion. Mendoza et al. [33] investigated the effect of superplasticizer and
Ca(OH); on the dispersion stability of multi-walled CNTs for
cement-based systems with suspensions incorporating 0.25%wt of
multi-walled CNTs and concluded that the use of a dispersing agent with
the sonication is necessary to ensure a greater degree of dispersion of
particles for a longer duration. Alrekabi et al. [34] investigated the
dispersion of multi-walled CNTs in water under various sonication
conditions to prepare homogeneous suspensions (having different CNT
dosages up to 0.05% by weight of cement) for use in the preparation of
cementitious composites. They also used superplasticizer to achieve
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better dispersion of multi-walled CNTs. As a result, they revealed that
higher sonication intensity can increase the dispersion level of the sus-
pension and superplasticizer utilized in combination with ultra-
sonication provides better distribution of CNTs in water. Saafi et al. [35]
also used superplasticizer as a surfactant and ultrasonication as a mixing
method to ensure proper dispersion of multi-walled CNTs (up to 1.0% of
the total weight of the matrix) in solution prepared for the production of
geopolymeric nano-composites. They stated that the nanocomposites
produced by using multi-walled CNT concentration 0.1 and 0.5%
showed a good dispersion. Yazdani and Mohanam [36] examined the
effect of the dosage rate of carbon nano materials (CNT and Carbon
Nanofibers (CNF)) (up to 0.2%wt of cement) and water-cement ratio
(0.35-0.50) on the various properties of cement mortar reinforced with
these nano materials and they used ultrasonication and a surfactant
(plasticizer) to ensure a homogeneous mixing. They revealed that nano
particles were dispersed uniformly in the aqueous medium by using
ultrasonication although proper dispersion was not ensured when mixed
with the cement due to re-agglomeration of particles in cement matrices
because of absorption of water by the cement. Zhang et al. [37] and
Zhang and Islam [38] also used ultrasonication and mechanical mixing
to produce cement paste, mortar and concrete specimens incorporating
nano silica (2.0%, by the mass of cementitious materials), and stated
that ultrasonication provides better dispersion of nano-silica than me-
chanical mixing. As above-detailed, several researchers have used
ultrasonication and/or different surfactants to solve the agglomeration
problem of nano particles and improve the dispersion quality. Although
higher number of studies has been carried out for the homogeneous
dispersion of low-dosage nano materials in cementitious systems, there
is very limited number of studies on the homogeneous distribution of
high-dosage nano materials. The dispersion of high-dosage nano parti-
cles in cement-based systems by using common mixing processes (e.g.
ultrasonication) can be quite difficult and even with the very proper
dispersion of particles, additional treatments can be required to keep
them in the suspended condition, as they tend to re-agglomerate
[39-41].

To improve processing methodologies and further evaluate their
influence, more research is needed to better understand the mechanisms
underlying the effects of mixing methods on the photocatalytic activity
and mechanical properties of cement-based composites containing high-
dosage nano materials (specifically nano-TiOy). The current experi-
mental study was undertaken to address the need for cost-effective/
feasible mixing methods that will allow proper dispersion of high-
dosage nano-TiOy (5%, by the total weight of binder) and ensure its
stability for a certain period during the fresh state of cement-based
composites. Since, aggregates in mortar/concrete mixtures, due to
their comparatively larger size than nano-TiO5 and cement particles,
may break down the nano-TiO, agglomerates and lead to better
dispersion of agglomerates compared to cement paste mixtures, this
study was undertaken by focusing on cement paste mixtures only. For
this purpose, five different mixing methods were developed taking the
extensively performed literature review and authors’ preliminary/past
studies [42] into account. These mixing methods were based on three
main techniques (i.e. ultrasonication, high-shear hand blender and
conventional cement mixer) and implemented with different procedures
and surfactant contents. Two surfactant materials were used: poly-
carboxylic ether-based superplasticizer (PCE) and polyacrylic acid
(PAA). To compare the mixing methods, in addition to the evaluation of
photocatalytic performance, researchers have recorded the compressive
strength and electrical impedance results in an effort to determine the
mixing method that will be regarded as more successful in terms of
dispersion of nano-TiO; throughout the cement-based composites.

2. Materials and mixture proportions

CEM I 52.5R white Portland cement (WPC) complying with EN
197-1 [43] was used as the main binder material for all mixtures.
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Chemical composition and physical properties of WPC are provided in
Table 1. In order to clearly understand the effect of mixing method on
dispersion of nano-sized TiO5 in the cementitious system, a nano-sized
anatase form of TiO, was used. Table 2 shows its physical properties.
TiO5 powder used 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 diffrac-
tometer at 40 kV, within a scan range of 26 = 5-55° and 30 mA with
Cu-Ka (A =1.5405 f\) radiation.). To avoid any misleading results, a true
representative sample of powder, weighing a few grams, was taken from
the core of the powder batch of nano anatase TiO, and was dried
overnight in an oven before testing. The SEM micrograph image and
XRD pattern of the nano-sized anatase form of TiO, are shown in Fig. 1.
Considerably small size and extremely rough surface morphology of the
nano-TiO, particles can be seen from Fig. 1a and the diffraction peak
value of 25.4°, that can be seen from Fig. 1b, validated the anatase
phase/structure of TiO; used in this study [44,45].

Cement paste mixtures were prepared with water to binder ratio (w/
b) of 0.35, by weight. The available water in chemical admixtures was
also considered during the calculation of the w/b ratio. Tests were
performed on a trial batch of cement paste specimens nano-modified
with TiO; to find the optimum TiO; content prior to the experimental
stage. NO degradation capabilities were calculated for specimen groups
with TiO; contents ranging from 1% to 20%. The specimens exhibited
considerable different NO degradation capability when the percentages
of above 5 wt% (including 5%) of TiO, were incorporated. Conse-
quently, the cement paste specimens prepared for the experimental
stage contained 5% nano-TiO, additions by weight.

Two different surfactant materials including polycarboxylic ether-
based superplasticizer (PCE) satisfying minimum requirements of
ASTM-C494/C494 M standard [46] and polyacrylic acid (PAA) were
used together or separately in dosages ranging from 0.5 to 1% to ensure
homogeneity of mixtures and better dispersion of nano-sized TiO2
powders without endangering other mixture properties. PCE was liquid,
containing 40% solid material, with a density of 1.1 kg/l. PAA was a
white and milky liquid, containing 48% solid material, with a density of
1.22 kg/1 and pH value of 3-4.5.

3. Dispersion techniques of TiOz at nano-scale

Due to the agglomeration and sedimentation problem of nano-TiO;
in suspension, and consequently in fresh cement paste mixtures,
different mixing equipments (A Vibra-Cell ultrasonic mixer with a 25
mm probe diameter that can be operated at different amplitudes
(0-100%) and energy levels (0-9999 J) (Fig. 2-a), a high-speed kitchen-
type hand blender (Fig. 2-b) and a conventional cement mixer (Fig. 2-c))
were implemented under different mixing scenarios alongside with
surfactant utilization to determine their effectiveness on the dispersion
of nano-TiO; particles within the cementitious matrices. Initially, the
preliminary studies were undertaken for determination of optimum
utilization rates of PCE and PAA admixtures and amplitude and energy
input values of ultrasonication process. After that, different mixing
methods were proposed by considering outcomes from preliminary
studies.

3.1. Determination of suitable mixing parameters for TiO, dispersion

Selection of amplitude and energy values during the

Table 1
Chemical composition and physical properties of CEM I 52.5R WPC.
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Table 2
Physical properties of Nano Anatase TiO».

Physical Properties Type

Nano Anatase TiO,

Purity (%) 99.86
BET* (m?/g) 79.6
Density (gr/cms) 3.55
Average Grain Size 10-20 nm
Maximum Grain Size 50 nm
Minimum Grain Size 10 nm

2 BET: Brunauer-Emmett-Teller surface area.

ultrasonication process:

Optimum amplitude and energy value of the ultrasonic mixing pro-
cess for more homogeneous dispersion of nano-TiO were determined by
comparing the duration of suspended state of nano-TiO; particles in the
solution. The influence of the ultrasonic mixer amplitude value on the
zeta potential of suspension was investigated. For this purpose, solution
ingredients were determined based on the nano-TiO, and water content
of a reference mixture with water-to-binder ratio of 0.35 containing 5%
nano-TiO3 by total weight of binder materials. Therefore, 140 mL water
and 20 gr nano-TiO; were mixed for 10 min with different amplitude
values and constant energy inputs of 1100 J. The zeta potential values of
the suspensions for different amplitude values are shown in Fig. 3a. Zeta
potential results clearly decreased with increased amplitudes of ultra-
sonication, which means that high amplitude values provide a signifi-
cant dispersion of TiO, particles, leading to increased suspension
stability as a result of more repulsive force application of nanoparticles
on each other.

After investigating the effect of different amplitude values on the
zeta potential measurement, researchers examined the combined effect
of sonication with different amplitude and energy input on suspension
stability, using the same solution composition and mixing time. The
amplitude and energy input values of this experiment are shown in
Table 3.

Solutions prepared with the given mixing parameters were stored
under the same environmental conditions during an appropriate sus-
pension period. The suspense state of solutions for different time periods
is shown in Fig. 4.

Amplitude and energy input value increments caused remarkable
increases in period of suspended state. In the D-1 and D-3 solutions,
nano-TiO, particles completely precipitated in the first 30 min. How-
ever, this was not the case for D-5, which was mixed using ultra-
sonication, using the same amplitude value with a different energy level.
Due to the high energy input of D-5, the nano-TiO, did not completely
collapse, even after 1 h. Although nano-TiO; particles in the D-2 solution
collapsed in 30 min with an amplitude of 80%, D-4 and D-6 did not show
any precipitation in 1-h period. Due to the sufficient duration of sus-
pended state with optimum energy inputs during the ultrasonic mixing
process, amplitude and energy input value of the ultrasonic mixer used
for the D-4 solution were used in later stages of the study.

Suitable surfactant materials for uniform distribution of nano-TiO5 in
solution:

This section describes the investigation into the effect of utilization
rates of surfactant materials on the zeta potential of the suspension. To
this end, the ultrasonic mixer was used at 40% amplitude and 1100 J
energy input, and solutions were prepared as described above. 140 mL of
water, 20 gr nano-TiO; and relevant surfactant materials were mixed for

Chemical Composition, %

Physical Properties

SiOy Aly03 Fe;03 CaO MgO SO3

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

21.39 3.37 4.89 62.6 2.39 4.55

3.1 3.15 4650
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Fig. 1. (a) SEM micrograph, (b) XRD analysis of nano-sized anatase TiO,.

Fig. 2. The mixing processes of nano sized TiO, with a) ultrasonic mixer b) high-speed kitchen-type hand blender c) conventional cement mixer.

Sonication Amplitude %
0 10 20 30 40 50 60 70 80 90 100

404
504

-60

Zeta Potential (mV)
5
ot

-80

-904

@)

Table 3
Amplitude and energy input values of ultrasonic mixer used during mixing
process.

Label Amplitude (%) Energy (J)
D-1 40 1000 J
D-2 80 1000 J
D-3 40 1900 J
D-4 80 1900 J
D-5 40 4000 J
D-6 80 4000 J

10 min. The effect of PCE on zeta potential was studied with utilization
rates of 0.5%, 1%, 1.5% and 2%, by total weight of binder materials.
Results in Fig. 3b show that zeta potential value increased negatively up
to 1.5% utilization rate of PCE and reached its maximum negative value
as —55 mV. Once PCE exceeded 1.5%, a negative decrease started in zeta

Utilization Rate of Surfactant Materials %
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Fig. 3. The influence of (a) sonication amplitude modification, (b) utilization rate of surfactant materials on zeta potential (mV) of suspensions.

potential value. Therefore, the optimum utilization rate for PCE in terms
of zeta potential was determined as 1.5%. Suspensions including PAA
with up to 4% of binder materials by weight were also prepared to
evaluate the effect of PAA on zeta potential. Zeta potential value
increased negatively up to 2.0% utilization rate of PAA, reaching its
maximum value at —65mV, when a negative decrease began (Fig. 3b).
With binary utilization of PAA and PCE with equal rates, zeta potential
value increased negatively up to 2.0% of total utilization rate of PAA and
PCE (1% + 1%), and reached its maximum value at —62mV, when a
decrease in negativity started (Fig. 3b). The point of the highest zeta
potential value at which the curve changes from a negatively incre-
mental tendency to a negatively decremental direction tendency is
where potential stability is highest [31,47]. Therefore, the utilization
rate of surfactant for the highest zeta potential values is the optimum
value to disperse nano-TiO; particles throughout the suspensions.
After evaluating zeta potential values according to the surfactant
material content of suspensions, solutions with the same composition
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Fig. 4. The dispersion states of nano-TiO, for different periods a) 15 min, b) 30 min, ¢) 1 h, d) 2 h..

and mixing time as those used for zeta potential measurements were
prepared with different proportions of surfactant materials to examine
the effect of the different surfactant contents on the suspended state of
TiO4 particles in solutions. Although solutions containing surfactant
materials required relatively higher dosages to achieve optimum zeta
potential values, using surfactant materials at lower utilization rates can
provide sufficient time for sustaining TiO dispersion until the final
setting time of the concrete. After this time, TiO5 particles can remain
scattered as concrete starts to harden. In addition, utilization of sur-
factant materials affects the hydration process and the mechanical
properties of cement-based composites and also raises the cost of pro-
duction. Taking all these factors into consideration, the utilization rates
of surfactant materials seen in Table 4 were determined without
compromising the time needed for proper dispersion of TiO, in
cementitious matrices. The prepared solutions were stored under the
same environmental conditions, and the precipitation state of TiOs
particles was observed for different periods of time. The precipitation
state of solutions for different periods of time and surfactant dosages are
displayed in Fig. 5.

The TiO, particles of S-1 (prepared without surfactant materials)
completely precipitated at the bottom of glass jar in a short period. For
the S-7 (binary utilization of surfactant materials with 2% utilization
rate), the nano-TiO, did not completely collapse, even after six months.
By considering the duration of suspended state of TiO, particles in re-
gard to single usage of surfactant materials, PAA showed better per-
formance than PCE. Considering both duration of suspended state and
zeta potential measurements, optimum utilization rates for single usage
were 1% of PCE and 0.5-1% of PAA, separately. In the case of
concomitant usage of these surfactant materials, the total optimum
utilization rate (equal utilization rate for both) ranged from 1 to 1.5%.
With all abovementioned statements taken into account, nano-TiO5
particles were suspended for a sufficient period of time with the
concomitant use of 0.5% of PCE and 0.5% of PAA by total weight of
powder materials. Nevertheless, in order to clarify the effect in the
cement-based mixture, various utilization rates were combined with the

Table 4
Utilization rates of surfactant materials (% by total weight of binder
materials).

Label PCE (%) PAA (%)
S-1 - -

S-2 0.5 -

S-3 0.5 0.5

S-4 - 0.5

S-5 1.0 -

S-6 - 1.0

S-7 1.0 1.0

mixing methods described next section.
3.2. Methods for dispersion of nano-TiO2

In light of preliminary studies, five mixing methods were proposed to
enhance the dispersion of nano-sized TiO3 and improve photocatalytic
performance without endangering the mechanical properties of cement-
based matrixes.

1st mixing method: This method was used to prepare reference
specimens and was a modification of the standard mortar mixing
method specified in TS EN 196-1 for the paste phase. All dry raw ma-
terials (TiO2 and WPC) were mixed in a 5-L-capacity conventional
cement mixer at 100 rpm for 10 min. Mixing water was added into the
raw materials over 30 s while mixing was in progress at 100 rpm. Mixing
speed was then increased to 300 rpm and all the PCE (1%) was added to
the mixer over 30 s. Finally, all the materials were mixed for an addi-
tional 10 min at 300 rpm [48].

2nd mixing method: TiO, and PCE (1%) were added to the mixing
water and ultrasonication was applied for 10 min with 80% amplitude
and 1900 J energy inputs. After ultrasonication, the suspension was
slowly added to the WPC in the 5-L-capacity conventional cement mixer
operating at 100 rpm over 30 s. Mixing speed was then increased to 300
rpm and mixing was continued for an additional 10 min at 300 rpm [26,
35,49].

3rd mixing method: TiO2, PCE (1%) and all of the mixing water
were mixed using a hand blender for 10 min at 3000 rpm. After that, the
suspension was slowly added to the WPC in the 5-L-capacity conven-
tional cement mixer operating at 100 rpm over 30 s. Mixing speed was
then increased to 300 rpm and mixing of all the ingredients (WPC, TiOo,
water and PCE) continued for an additional 10 min at 300 rpm.

4th mixing method: To evaluate the effect of PAA on the dispersion
of TiO5 particles in the cementitious matrices, PAA was used alone by
0.5% of the total weight of powder materials. TiO and all of the mixing
water were ultrasonicated for 10 min with 80% amplitude and 1900 J
energy inputs. PAA was slowly added to this suspension during ultra-
sonication, then the suspension was slowly added to the WPC in the 5-L-
capacity conventional cement mixer operating at 100 rpm over 30 s.
Finally, mixing speed was increased to 300 rpm and all the ingredients
(WPC, TiO,, water and PAA) were mixed for an additional 10 min at 300
rpm.

5th mixing method: PAA and PCE (0.5% + 0.5% of the total weight
of powder materials) were used together to evaluate their combined
effect on the dispersion of nano-TiO;, particles in cement-based com-
posites. All the ingredients except WPC were ultrasonicated for 10 min
with 80% amplitude and 1900 J energy inputs. The suspension obtained
at the end of ultrasonication was slowly added to the WPC in the con-
ventional cement mixer operating at 100 rpm over 30 s. As the final step,
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Fig. 5. The dispersion states of nano-TiO, for different periods a) 2 h, b) 1 month, c¢) 3 months, d) 6 months.

mixing speed was set to 300 rpm and mixing of all materials (WPC, TiOo,
water, PCE and PAA) was continued for an additional 10 min at 300
rpm.

4. Specimen preparation and testing

Mixtures were manufactured by using each proposed mixing method
to assess the performance of different mixing methods for dispersion of
nano-TiO particles by measuring photocatalytic performance, electrical
impedance and compressive strength. After mixing, these mixtures were
poured into oiled molds and cured in a laboratory environment for 24 h.
After initial curing, the specimens were de-molded and further cured in
water at room temperature (23 + 1 °C) until the time of testing. All
mixtures were named with letters and numbers to indicate particle size,
TiO5 phase and mixing method. For instance, in mixture NA-3, the TiOy
was nano-anatase, and it was mixed by using the third mixing method.

Compressive strength: The compressive strength test was con-
ducted on 50 mm cubic specimens by following the ASTM C109 stan-
dard [50]. Tests were performed at 7 and 28 days under uniaxial
loading, at a rate of 0.9 kN/s. Six replicates from each mixing method
were tested for each curing age and results were averaged.

Electrical impedance (EI) test: The main purpose of this process is
to effectively assess nano-sized TiO2 dispersion capability of the relevant
mixing method. Electrical properties of cement-based composites
depend on matrix microstructure, and enhanced microstructural ho-
mogeneity in cement-based composites containing nano-TiO5 provides a
uniform and stable electrical performance throughout the matrix. For EI

measurements of cement-based composites, two ¢#100 x 200 mm cy-
lindrical specimens were prepared using each mixing method. @100 x
50 mm cylinder specimens were extracted from these larger cylinders
with a diamond blade. Considering the possibility of inaccuracy in EI
measurements due to trowelled and/or molded surface conditions, the
top and bottom portion of each specimen were not used to determine
electrical property. Consequently, for each mixing method, six @100 x
50 mm-cylindrical pieces were used for EI tests at 7, 28 and 90 days
(Fig. 6a) and results were averaged.

A 2-probe electrical resistivity meter — which gives impedance results
using alternating current (AC) impedance, works with frequencies from
1 Hz to 30 kHz and detects the phase angle between 0° and 180° — was
used to measure EI (Fig. 6b). According to Hou (2008) [51], polarization
effect can be eliminated with a frequency of at least 1 kHz AC current
application, therefore operating frequency was chosen as 1 kHz for this
study. In this configuration, cylindrical specimens were placed between
two parallel plate electrodes and wet sponges (10 mm high and 150 mm
in diameter) were positioned between the specimen and electrodes to
ensure adequate electrical contact. Sponges were each saturated with
the same amount of water to eliminate any deflection of the EI mea-
surement results.

Tomography imaging and SEM characterization: The dispersion
of nano-TiOy particles throughout the matrix was also evaluated using a
computed tomography device (CT) for non-destructive testing of @18 x
20 mm cylindrical specimens (Fig. 7). Cross-section images from the CT
scan were pre-treated for the nano-TiO, particles to be clearly visible.
SEM/EDX (Energy-dispersive X-ray spectroscopy) mapping images,
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Fig. 6. (a) Specimen preparation, (b) Concrete resistivity meter and testing of a specimen.
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Fig. 7. (a) Computed tomography device, (b) test specimens (#18 x 20 mm).

which identify the elemental composition of the analyzed specimen and
show distribution states of chemical elements via elemental mapping by
using representative colors of each certain element, were also used to
observe the dispersion and/or agglomeration of the nano-TiO5 particles
in the matrix. Small portion of specimens taken from tested cubic
specimens under compressive strength test were oven-dried overnight
and their SEM-EDX mapping images were captured.

Photocatalytic efficiency.

In this study, photocatalytic efficiency of the specimens was
measured by using dynamic test method. According to this method, NO
or both of NO and NO;, gases flow at a constant rate and are in contact
with the surface of the specimens. The gas concentration is continuously
measured in real time to compare the input and output concentration of
gases associated with photocatalytic degradation [52,53]. The testing
parameters are summarized in Table 5.

The photocatalytic activity measurement system used in this study is
schematized in Fig. 8. Photocatalytic performance was determined ac-
cording to the degradation of NO gas applied to the surface of 50 x 100
x 100 mm?® test specimens while the UV light source was on. A flow of
1000 =+ 50 ppb (particle per billion) of NO gas was maintained at a rate
of 3.0 1/min from a 5 mm distance, between the 50 + 1 cm? specimen
surface and UV permeable quartz glass. Specimens were illuminated
with two Osram brand 18W UV-A blue lamps and one Philips 36 W
(UVA-1) white lamp. The light intensity was adjusted to 10 W/m? by a
light intensity controller and was kept between 350 and 450 nm. NO gas,
regulated in terms of flow rate and concentration, was moistened about
50-60% in the humidifying bottle before contacting the specimen sur-
face. The NO gas used in the experiments was diluted from 100 ppm to 1
ppm using dry air. The NO gas supplied for the system at 1 bar pressure
was continuously measured using the Thermo Scientific Model 42i NOx
analyzer.

Since moisture content has a significant effect on photocatalytic
activity [52,54,55], the specimens were dried in the oven at 45 °C for 48
h before testing to prevent moisture-related variability. After that, the
specimen’s relevant surface was ground, and it was placed into the
reactor cabinet under UV lamps without any gas flow for 3—-4 h to adapt
it to the testing environment. The UV lamps were then switched off and
gas flow was initiated throughout the system at the specified flow rate
and concentration. At least 10 min after balancing the gas concentration
passing through the system, the UV lamps were turned back on. This
regulation and implementation method ensured that any measurement
errors caused by the system were prevented or minimized and the
testing procedure was optimized to examine NO degradation originating
from the specimen. Testing was continued until NO degradation ceased,

Table 5

Photocatalytic efficiency testing parameters used in this study.
Type of Gas NO
Gas Concentration (ppb) 1000 + 50
Gas Flow Rate (L/min.) 3
Test Duration (min.) 30
UV Light Intensity (W/m?) 10
Specimen Surface Area (cm?) 50+1

Analyze Method NO degradation %

and gas flow become stable.

After completing degradation measurement, the experiment was
continued until the first gas concentration was achieved by turning off
the UV sources while the gas flow continued. Changes in NO and NO,
values can be observed in the test results. NO degradation capability of
the specimens was calculated by using equation given below.

NO;— NO¢
— X

100
NO;

NOqeg (%) =

where NOgeg, NO;, NOf are degradation percentage of the NO, initial
concentration of NO and final (reduced) concentration of the NO. Each
test was repeated by using three different specimens and the average
values were obtained.

5. Experimental results
5.1. Compressive strength

The compressive strength test results of the specimens incorporating
nano-TiOz produced with five different mixing methods for different
curing ages are shown in Table 6. The effect of mixing methods on
compressive strength was evident, especially for the 1st and 2nd mixing
methods. The compressive strength results of NA-3, NA-4 and NA-5 were
slightly different from each other, ranging between 75.80 MPa and
78.37 MPa at the age of 28 days. As shown in the table, the highest
compressive strength values at 7 and 28 days were for the NA-1: these
values are 77.03 and 88.30 MPa, respectively. It can be also seen from
Table 6 that the lowest strength values at 7 and 28 days were for NA-3
and NA-4. These values are 64.33 and 75.80 MPa, respectively.

Note: Numbers in parentheses are coefficients of variation (COV).

Due to the fact that the relatively smaller particle size of nano-TiO,
provides better particle size distribution, ensuring high-density matrices
and optimized particle packing of constituents because of its filler effect
and flaw-bridging effect at the nano level [42,56,57], the addition of
nano-TiO, reduced porosity and improved the microstructure of the
specimens, as expected. On the other hand, nano-TiO, also acted as a
nucleus due to the high surface areas of nano-scale materials, resulting
in more nucleation sites, which provided the proper conditions for for-
mation of hydration products. The logic behind this behavior is that
small particles provide heterogeneous nucleation sites, which pull
unhydrated cement particles and create more space for the formation of
hydration products [58,59]. In addition, nano-scale materials have hy-
dration agitation and acceleration effect [56-58,60]. Although it is ex-
pected, considering all these factors, that homogeneous dispersion of
nano-TiO3 in the cementitious systems prevents agglomeration prob-
lems and occurrences of weak points in the matrix and significantly
increases compressive strength, this was not the case for this study.
Normally, the dispersion of nanoparticles in cementitious systems can be
achieved by mechanical stirring, ultrasonication, and surfactants. A
combination of these techniques is reported beneficial for a homoge-
neous distribution of nanomaterial in cementitious matrices. The
importance of dispersion of nano materials throughout the cementitious
system is to reduce the required dosage for the targeted properties of
cementitious system. However, compared to the literature, because of
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Fig. 8. Schematic view of the photocatalytic activity measurement system.

Table 6
Compressive strength, NO degradation and electrical impedance test results.

Mixture ID. Compressive strength (MPa) NO degradation (%) Electrical impedance ()
7d 28d 7d 28d 90d 7d 28d 90d
NA-1 77.03 88.30 45.2 27.4 22.4 106.7 652.8 9015.0
(8.56) (6.38) (18.55) (16.58) (15.50) (12.73) (10.11) (6.43)
NA-2 71.63 87.93 28.3 18.7 22.2 86.4 491.0 6016.0
(4.15) (6.03) (12.13) (17.95) (15.23) (13.41) (6.88) (5.54)
NA-3 64.33 78.37 32.0 21.6 23.0 166.6 1073.0 9744.0
(5.19) (2.13) (20.11) (23.10) (19.32) (29.06) (20.78) (12.14)
NA-4 65.73 75.80 40.6 39.9 30.8 67.0 250.8 3227.0
(3.27) (2.56) (13.98) (13.56) (9.68) (9.54) (8.55) (3.54)
NA-5 66.00 77.63 55.3 46.5 44.8 47.7 162.1 1864.0
(1.00) (1.93) (9.88) (7.51) (8.19) (11.32) (3.08) (3.37)

the limitation due to adequate photocatalytic activity, relatively high
dosage of nano-TiO, was used (5% of total weight of binder materials) in
this study. Unlike cementitious system with low dosage nano materials,
ultrasonic technique has therefore limited effect on the compressive
strength of cementitious systems containing high-dosage nano-TiO,. In
addition, the distribution of high dosage of nano particles into
cement-based systems homogeneously by using ultrasonication can be
quite laborious and even with relatively proper dispersion of particles,
keeping them in suspended condition can require additional treatments
as they tend to re-agglomerate again [39-41]. Therefore, the expected
performance from nano materials may not be obtained as a satisfactory
dispersion does not occur [61-63]. For the additional treatment to in-
crease the dispersion stability and efficiency of the ultrasonication
process, it was reported that utilization of different chemicals (surfac-
tants) is needed [33,64,65] and the type, chemical content and physical
properties of these surfactants are very important relating to the
dispersion quality as well as the mechanical properties [65]. Therefore,
the type and amount of surfactants utilized in combination with ultra-
sonication may require a significant optimization to ensure proper dis-
tribution of nano-particles. For NA-2 specimen in this study, the
utilization of PCE (1%) as a surfactant may not have been sufficient
alone to result in ultrasonication to exhibit adequate/efficient perfor-
mance. For all these reasons, the strength of the systems prepared ac-
cording to 1st and 2nd mixing methods were very close to each other.
As mentioned before, although it is possible to state that the better
dispersion of nano materials, the higher the strength; to only evaluate
nano-TiO, dispersion according to compressive strength results will,
therefore, cause misleading results in the case of high dosage nano
modification. When compressive strength results are evaluated, it is
evident that the 1st mixing method gave the highest compressive
strength at all testing ages, but a more accurate evaluation for the dis-
tribution of nano-TiO particles throughout the matrix can be made by
considering not only compressive strength but also photocatalytic per-
formance, electrical properties and especially microstructural properties
of specimens prepared with different mixing methods. To understand
the relatively lower compressive strength results of NA-3 prepared with

high speed mixing, it is also important to note that this process can lead
to increase in agglomeration as a result of increased ionic concentration,
causing decrements in the thickness of electrical double layers [66]. As
for the relatively low compressive strength performance of the NA-4 and
NA-5 specimens, it can be attributed to the relatively high number of
voids throughout the matrix caused by the presence of PAA [67,68].
There are many studies in the literature that show PAA utilization rate
negatively affects compressive strength beyond a certain level [68-71].
Alqgedra et al. [69] investigated the effects of different concentrations of
PAA on the mechanical properties of concrete. The study concluded that
compressive strength results of 3-day-old and 28-day-old concrete
specimens increased up to a PAA utilization rate of 1%, beyond which
decrements were noted. Compared to the current study, which is based
on results from cement paste specimens, this limit value of 1% can be
lower considering the use of concrete specimens in that study. There-
fore, the compressive strength values of NA-4 and NA-5 were affected
negatively by incorporation of PAA.

5.2. Electrical impedance

The electrical impedance results of the specimens incorporating
nano-TiOy produced with five different mixing methods for different
curing ages are shown in Table 6. Electrical impedance values increased
continuously with time for all mixing methods. It is well-known that
electrical conductivity of concrete is generally associated with micro-
structural properties [72]. Therefore, one of the most important reasons
for the increase in electrical impedance values with prolonged curing
time is the time-varying microstructure of the composites. Due to
ongoing hydration reactions, pore structure (decrease in volume, size,
and connectivity of the pores) and pore solution (decrease in ion con-
centration) undergo changes, and the matrix will be denser, resulting in
greater electrical resistivity (and electrical impedance). Higher elec-
trical impedance value results were observed in the first three mixing
methods compared to the last two. For specimens prepared with the 1st,
2nd, and 3rd mixing methods, impedance values at 28 days varied be-
tween 491 Q and 1073 Q. On the other hand, the impedance values at 28
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days of the NA-4 and NA-5 specimens were 250.8 Q and 162.1 Q,
respectively. This trend was also seen for the 90-day test results:
impedance values at 90 days of specimens prepared with the 1st, 2nd,
and 3rd mixing methods varied between 6016 Q and 9774 Q, and the
NA-4 and NA-5 specimens were at 3227 Q and 1864 Q, respectively.
As mentioned earlier, electrical conductivity of cement-based com-
posites largely depends on their pore structure and pore solution, and
the addition of nano materials has a negligible effect on the compact-
ness, porosity, and microstructure of the matrix. On the other hand,
nano-TiO, as a semiconductor has an enhancement effect on electrical
conductivity, which could also be obtained due to the occurrence of
additional conductive paths [56,73-75]. It should also be noted that
both PCE and PAA have an enhancing effect on electrical conductivity
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[76-78]. However, this situation was valid for all mixtures and the
utilization rates of the surfactant materials in this study were low.
Therefore, it is possible to state that the effect of surfactants on the
electrical conductivity was too negligible to manipulate the results. It
can also be stated that the electrical impedance measurements of spec-
imens prepared with different mixing methods showed the same trend in
results for each testing age, including 90 days, which is a sufficient time
for almost completing the hydration process, which almost stops the
change in specimen microstructure. This is, therefore, a determinative
testing age for understanding the effects of the hydration process on
electrical properties and observing the effects of nano-TiO; based on its
existence and homogeneity in the matrix. Considering all these state-
ments, comparing the results shows that the nano-TiO5 used in the NA-5
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Fig. 9. Variation of NO concentration during each test.
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was distributed more homogeneously, enhancing electrical conductivity
due to additional conductive paths with semiconductor TiO; particles,
which can be regarded as the key factor in the better electrical con-
ductivity of specimens prepared with the 5th mixing method. The
enhancing effect of incorporation of nano-TiO, on the electrical con-
ductivity was more dominant than the electrical conductivity reducing
effect due to a dense microstructure formed through the use of nano--
TiOy [56]. The microstructural analysis results discussed in the next
sections support these results.

Cement and Concrete Composites 115 (2021) 103840
5.3. Photocatalytic performance

Table 6 lists NO degradation values obtained from specimens
incorporating nano-TiOy, produced with five different mixing methods.
Alteration graphs of the NO concentration in the reactor during each test
(covering all testing periods for each test) are provided in Fig. 9. When
the 7-day NO degradation results are evaluated, specimens prepared
with the 5th mixing method showed a higher degradation value (55.3%)
than those prepared with other methods. The 4th mixing method
showed the second-highest degradation rate, which was 40.6%. The
lowest degradation results for the 7-day curing age were recorded from
the specimens prepared using the 2nd mixing method, with a value of

(€)

Fig. 10. CT images of the specimens prepared with different mixing methods a) NA-1, b) NA-2, ¢) NA-3, d) NA-4 and e) NA-5.
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28.3%. The 3rd mixing method resulted in similar photocatalytic per-
formance as the 2nd at 32.0%. It is worth noting that the photocatalytic
performances of all specimens were higher at early curing ages. NO
degradation results exhibited a decremental trend with further aging,
most probably because TiO; particle surfaces were covered with hy-
dration product due to ongoing hydration reactions, changing the matrix
microstructure, which has also a significant effect on electrical re-
sistivity, as mentioned before. This finding has also been reported by
other researchers [79-81]. In regard to decrements in degradation re-
sults at 7- to 28- day curing ages, the highest decrement percentage was
obtained from the NA-1 at 39.3%. NA-5 had the lowest decrement
percentage at 19.0%. According to the 28-day NOy degradation results,
the highest and lowest degradation values were again obtained from the

Cement and Concrete Composites 115 (2021) 103840

5th and 2nd mixing methods at 46.5% and 18.7%, respectively. At the
end of the 90-day curing process, the NO degradation results of speci-
mens prepared with the 5th mixing method was still the highest at
44.8%. NA-1, NA-2 and NA-3 showed similar photocatalytic perfor-
mance with NO degradation values at 22-23%.

Table 6 and Fig. 9 show that specimens prepared with the 5th mixing
method clearly exhibited significantly higher photocatalytic degrada-
tion performance. The reason for better NO degradation results in the
5th mixing method can be related to its homogeneous dispersion capa-
bility, favoring uniformity of the nano-TiOy throughout the matrix. If
nano particles were not dispersed homogeneously, photocatalytic per-
formance could be lower because of the smaller number of photocatalyst
particles on UV-reached surfaces due to agglomeration problems in the

e) NA-5

Fig. 11. SEM micrographs taken from fractured specimens at age of 90 days.
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core or any point of specimens. It is also possible to state that the 5th
mixing method, which resulted in uniform/homogeneous dispersion of
the nano-TiO, throughout the matrix, contributed to photocatalytic
performance, which is more stable and less variable over time. In terms
of photocatalytic performance, it can be also concluded that in NA-4 and
NA-5, the effect of PAA on nano-TiO, dispersion was significantly
evident.

5.4. Microstructural characteristics

As for the microstructure of the specimens, cross-section views ob-
tained by the computed tomography device are shown in Fig. 10: the
yellow dots indicate TiO5 particles. Fig. 10-d and 10-e show that the
nano-TiO, particles have been well-dispersed and there is no sign of
agglomeration throughout the cross-section of the matrix. Therefore, the
stable photocatalytic performances of these specimens can be attributed
to proper distribution of the nano-TiO5 particles, in the case of the 4th
and 5th mixing methods. The highest NO degradation result of NA-5 was
also related with proper dispersion of the nano-TiO5 particles, which
ensured the presence of relatively high-TiO, particles on the specimen
surface reached by UV light. On the other hand, NA-3 has been shown to
have lower photocatalytic performance due to agglomeration problems
related to nano-sized TiO, resulting in instability throughout the matrix
that can be seen in Fig. 10-c. Due to the agglomeration problem asso-
ciated with the surface charge of particles resulting nonhomogeneous
dispersion, the vast majority of particles can remain at depths that
prevent them from coming into contact with UV light. This is, therefore,
a situation that prevents further photocatalytic reaction. Although this is
also valid for the 1st and 2nd mixing methods, it is more evident for the
3rd method, which can be easily seen from Fig. 10.

SEM/EDX results.

The dispersion of Ti elements in the mixtures prepared with different
mixing methods is demonstrated in Fig. 11. SEM/EDX mapping micro-
graphs show that the dispersion of Ti elements was quite different be-
tween specimens. It is clear that the Ti particles (indicated in red) are
distributed very homogeneously in the cross-section of NA-5 (Fig. 11-e),
which is also evidence of the good nano-TiO5 dispersion capability of the
5th mixing method. The significantly better NO degradation capability
and higher electrical conductivity performance of NA-4 and NA-5
compared to the others allows us to conclude that PAA considerably
contributes to homogeneous distribution of nano-sized TiO, particles
throughout the matrix. It has been reported that the fluidity of speci-
mens can affect their homogeneity [82]. It is therefore very likely that
the higher fluidity of NA-5 (along with the presence of PAA) leads to
relatively more homogeneous systems, further improving the micro-
structural properties of mixtures in favor of photocatalytic efficiency. As
for the NA-3 specimen, it can be easily observed from Fig. 11-c that the
3rd mixing method caused high-level agglomeration. Fig. 11-a and 11-b
show some agglomeration zones throughout NA-1 and NA-2.

6. Discussions

6.1. Influence of the mixing method on compressive strength of
cementitious composites

Compressive strength tests showed an incremental trend for all
mixtures, regardless of mixing methods, which can be attributed to
ongoing hydration and further curing. Increments were more pro-
nounced in NA-2 and NA-3 than in NA-1, NA-4 and NA-5. The increment
rates in the compressive strength results of NA-1, NA-2, NA-3, NA-4, NA-
5 specimens from 7 to 28 days were 14.6% (from 77.03 to 88.30 MPa),
22.76% (from 71.63 to 87.93 MPa), 21.82% (from 64.33 to 78.37 MPa),
15.32% (from 65.73 to 75.80 MPa) and 17.62% (from 66.00 to 77.63
MPa), respectively. When the COV (the ratio of the standard deviation of
a number of measurements to the arithmetic mean) values in Table 6 are
evaluated, the COV values of NA-5 were 1.0% and 1.93% for 7 days and
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28 days curing age, respectively, the lowest ones for each age. Although
the compressive strength results of NA-1 were the highest for all curing
ages, the individual strength values of six different replicates varied
significantly, with COV values of 8.56% for 7 days and 6.38% for 28
days as the highest ones. COV values of NA-2, NA-3 and N-4 were 4.15%,
5.19% and 3.27% for 7 days and 6.03%, 2.13% and 2.26% for 28 days
respectively, which were higher than NA-5 results and lower than NA-1.
Relatively low COV values of NA-5 specimens indicate that individual
strength values of these specimens were concordant with each other,
showing consistent results throughout the test. This low variability be-
tween the results can be attributed to the capability of the 5th mixing
method to distribute nano particles homogeneously throughout the
matrix. Consequently, homogeneously incorporating nano-sized TiO»
particles into the matrix with a proper mixing process is believed to
provide a stable and uniform microstructure and thereby obtaining
reproducible products with more consistent performance.

6.2. Influence of the mixing method on NO degradation of cementitious
composites

In mixtures containing nano-TiO, particles, the highest photo-
catalytic efficiency was obtained by using the 5th mixing methods,
regardless of curing age. NO degradation rates were the most stable with
prolonged curing ages compared to other mixtures. Degradation values
at 7, 28 and 90 days were 55.3%, 46.5% and 44.8%, respectively. In
terms of COV values related with NO degradation capability of the
specimens given in Table 6, the NO degradation results of NA-5 repli-
cates have shown least variation as with other test methods used in this
study. Several previous studies have measured photocatalytic efficiency
of cement-based composites containing different types of photocatalysts
with different properties arising from their production process and
differing ingredients. However, many of those studies used standards
related to measurement of photocatalytic efficiency that have since been
revised. There are also many differences between the ingredients used in
different studies. Therefore, it is not possible to make a direct compar-
ison. Nonetheless, it is possible to look at those that used mixtures with
minimum common characteristics with those of current study. Hiisken
et al. [14] investigated the effects of different parameters related to the
production process. When they compared degradation rate results, they
observed that pretreatment on surfaces where photocatalytic reactions
occur (surface conditions), the technique used to incorporate TiO into
the composition (application technique), as well as the applied light
source and pigments used for aesthetic concerns all have major in-
fluences on NO degradation capability. Their degradation rate results, in
accordance with product-related parameters, ranged from 2.9 to 39.6%.
All NO degradation results of NA-5 in the current study are significantly
higher than those of the study conducted by Husken et al. [14]. For the
specimen in their study, which has almost the same parameters as NA-5
(such as 5% TiO, content and incorporation of TiOy with a prepared
suspension), the degradation value was 16.5%, which is significantly
lower than that of NA-5. In another research study from the same au-
thors [83], they reported a 30% degradation rate for the specimen
containing 5% TiO,. According to Ballari et al. [84], 100 x 200 mm
specimens (about twice the area of those used in the current study) were
used and the maximum NO degradation value of specimens under
almost the same conditions as NA-5 was 43.3%. Although its surface was
wider than that of NA-5 and its TiO, content was 5.9%, their specimen
showed almost the same photocatalytic efficiency performance as NA-5.
Considering these comparisons, it can be stated that the incorporation
technique of nano materials, additives and additional ingredients used
for homogenous distribution have an undeniable influence on specific
performances of the final product, including photocatalytic efficiency. In
this study, developing only the mixing method undeniably improved the
mixture properties. One of the main goals was to investigate the effect of
mixing procedure or technique on photocatalytic performance, and it
has confirmed that the NO degradation capability of NA-5 can be
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improved by implementing different processes and parameters around
measuring procedures, measurement process related parameters, and
some product-related parameters or processes. For example, according
to Hiisken et al. [14], using the sand blasting process on the
UV-reachable surface before NO degradation rates are measured
significantly increases NO degradation capability compared to the
grinding process, which was also used in the current study. Therefore, as
mentioned above, the photocatalytic efficiency of NA-5 (which was the
best one for the current study) can be advanced by different improve-
ment techniques.

6.3. Influence of the mixing method on electrical impedance of
cementitious composites

To determine electrical conductivity performance, three different
parts of the same specimen were used to monitor the conductivity
behavior of the whole cast specimen (as mentioned earlier). The results
obtained from different parts of two identical specimens for each mixing
method is a more realistic parameter for revealing the overall micro-
structure of the matrix in terms of homogeneity and homogenous
dispersion of semi-conductive nano-TiO, particles. In this study, indi-
vidual EI results of six NA-5 replicates for late age were closest to each
other, possessing very small COV values of 3.08% for 28-days and 3.37
for 90-day curing ages, compared to specimens prepared with other
mixing methods. The low variability between EI results from the 5th
mixing method was expected, considering microstructural properties
and NO degradation capability of NA-5. Thereby, it can be definitively
stated that the variability between results found in this study reveals the
effect of the mixing process on matrix microstructure. Additionally,
considering that the COV value of the NA-4 at the 90-day curing age was
relatively low compared to the others, therefore use of PAA has unde-
niable benefits for obtaining more reliable and uniform EI results due to
the homogeneous microstructure of specimens. The highest COV values
of EI results of NA-3 replicates for all curing ages have also proven that
high-speed mixing leads to agglomeration problems, as mentioned in
Section 5.1. The COV values were in line with the other test methods
used in this study as ranking especially with those of NO degradation
test. However, the COV values of NO degradation results were arith-
metically greater than those of EI test.

Based on the abovementioned statements, the EI test is a more
effective method for evaluating homogeneous distribution of conductive
nanoparticles throughout the matrix. On the other hand, variable EI test
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results for all matrix specimens showed a decreasing trend with pro-
longed curing age, regardless of mixing method. It should be noted that
the effect of porosity, pore solution chemistry and tortuosity of the pore
network on electrical conductivity is more pronounced, especially at
early ages, due to the uncompleted hydration process. These are the
main parameters influencing electrical conductivity of cement-based
composites [72]. Therefore, the pore structure of every replicate spec-
imen prepared with different mixing methods is quite different at early
age. Pores are gradually closed by ongoing hydration, and the majority
of the pore solution is consumed by the ongoing hydration process. In
addition, paths between pores disappear as they are covered by hydra-
tion products. Due to the effect of final hydration products on pore
characteristics, the manipulative characteristics of these parameters in
terms of EI values are eliminated at late curing ages. Consequently, the
decremental trend in variability between EI results with prolonged
curing age may be due to the occurrence of more stable and regular
microstructure at the end of the hydration process. A similar trend was
also observed for the correlation between NO degradation and EI test
results. This correlation, directly associated with the presence of
semi-conductive nano-TiOy particles and their homogeneous distribu-
tion throughout the matrix, tended to get stronger with prolonged
curing age (Fig. 12). At the end of 90-day curing, the correlation was
strong, with a coefficient of correlation value of 0.89. Based on the
above-mentioned explanations and Fig. 12, it is possible to state that
there is a significant relationship between electrical conductivity and
photocatalytic efficiency regardless of mixing method, although this
relationship becomes more evident with prolonged curing time.

One of the main aims of this study was to obtain reliable, repro-
ducible products with the same performances associated with micro-
structural property. This can be ensured by homogeneous and uniform
distribution of ingredients throughout the matrix. As mentioned before,
the electrical property and NO degradation capability of cement-based
composites are strongly associated with their microstructural proper-
ties. EI results and NO degradation rates both changed depending on
curing age. This variation can be attributed to the changed micro-
structure of cement-based composites with prolonged curing ages. For
the cement-based composites containing TiOy as a photocatalyst, the
dispersion of semi-conductive TiO5 throughout the entire volume of the
specimens (which can be considered as the path of the electric current) is
the main criteria for increasing electrical conductivity. On the other
hand, NO degradation capability or photocatalytic efficiency depends on
the presence and amount of TiO, in the UV-accessible surface of the
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specimen rather than its entire volume. To stimulate photocatalytic re-
actions and ensure satisfying photocatalytic efficiency, it is necessary to
ensure there are sufficient photocatalysts on the surfaces where UV light
can reach. Agglomeration of nano-TiO2 on the surface where the pho-
tocatalytic reactions occur can contribute to the NO degradation capa-
bility of cement-based composites, but this type of agglomeration cannot
be guaranteed. Therefore, the purpose of the uniform dispersion of nano-
TiO4 particles was to increase of number of TiO, particles distributed
throughout the matrices as much as possible to obtain reliable repro-
ducible products with the same performance. Homogeneous dispersion
of nanoparticles in the mixtures eliminates embedded particles that
remain lumpy in the dark depths of composites due to the agglomeration
effects of nanoparticles and increases/guarantees the presence of pho-
tocatalyst particles on the specimen’s surface illuminated by UV light. In
a general sense, it is possible to state that factors associated with
microstructural properties of cement-based composites influencing EI
results are also generally effective on NO degradation results. However,
NO degradation capability can be more easily affected because of its
dependence on the conditions of a single surface, and accordingly, the
possibility of surrounding the TiO; particles too close to the surface or
on the surface with ongoing hydration products.

7. Conclusions

The purpose of this study is to investigate the effects of different
mixing techniques and surfactant materials on the dispersion of high
dosage nano-TiO, throughout cement-based materials. Five different
mixing methods based on three mixing techniques: ultrasonication,
hand blender and conventional cement mixer, as well as two surfactant
materials: polycarboxylate based superplasticizer (PCE) and polyacrylic
acid (PAA) were used. All specimens created with these methods were
evaluated in terms of nano-TiO, dispersion throughout the cement-
based mixtures. The main aim was to ensure good dispersion of the
nano-TiOs in the matrix to maximize NO degradation capability of the
mixtures by using a large part of the nano-TiO; incorporated into the
mixtures for photocatalytic activity. To evaluate dispersion, electrical
impedance and compressive strength values were measured, photo-
catalytic performance of the specimens was determined, and micro-
structural analysis was performed. Conclusions are as follows:

e The amplitude of the ultrasonication process was highly influential
on zeta potential, which increased negatively with increasing
amplitude value applied. The effect of using surfactant materials on
the zeta potential was also evident. The zeta potential of the sus-
pension increased negatively to a certain level with increased utili-
zation rates of surfactant materials.

Use of PAA resulted in higher electrical conductivity due to the
occurrence of additional conductive paths and owing to the better
dispersion of semi-conductive nano-TiO2 materials.

Irrespective of the test, the results obtained from specimens with
higher NO degradation capability were largely concordant with each
other. Therefore, uniform dispersion of nano-scale materials
throughout cement-based matrix provides stable and uniform
microstructure, and these specimens can be considered a reliable,
reproducible products with the same performance.

Photocatalytic performances of the specimens decreased with time.
The specimens prepared more homogenously showed the highest NO
degradation rates. The degradation capability of these specimens
was more stable with prolonged curing ages.

The correlation between NO degradation rates and EI results is
directly associated with the presence of semi-conductive nano-TiO;
particles and their homogeneous distribution throughout the matrix,
which tended to get stronger with prolonged curing age. Regardless
of mixing method, there is a significant relationship between elec-
trical conductivity and photocatalytic efficiency, which becomes
more evident with prolonged curing time. Therefore, electrical
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properties of composites containing photocatalytic semi-conductive

materials can provide a reliable estimate of the photocatalytic effi-

ciency of them.
o In the presence of PAA, greater fluidity resulted from including PCE
leads in relatively more homogeneous systems, providing mixtures
with the ability to further improve their microstructural properties in
favor of photocatalytic efficiency. Therefore, greater fluidity can
contribute to homogeneous dispersion of ingredients throughout the
matrix.
Finally, the results indicate that the 5th mixing method has a higher
capability to evenly disperse high dosage TiO5 materials at the nano-
scale, without sacrificing any other properties. The effect of PAA was
more pronounced for better dispersion of the nano-TiO5 in the ma-
trix. Incorporating nano-TiO; into cement-based mixtures using the
ultrasonication process and binary utilization of PCE and PAA can
provide better dispersion of the nano-scale particles throughout the
matrix.
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