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Abstract: Concrete decomposing the organic compounds on because of natural or anthropogenic contaminating sources
with photocatalysis existing in its structure is called self-cleaning concrete. In this study, the self-cleaning concrete with
industrial waste has been searched from the point of mechanical and physical characteristics. Fly ash, blast furnace slag
and sepiolite materials has been used as industrial waste in concrete. Titanium dioxide (TiO2) has been used as photoca-
talysis material. Specimens with the dimensions 15x15x15 cm were produced using 0 %, 10 %, 20 % and 30 % industrial
wastes and 0 %, 1 %, 3 %, 5 % TiO, by weight instead of cement. Compressive strength, unit weight, and ultrasonic pulse
velocity tests were performed on the specimens after 28 days standard cure. Rhodamine-B test in Italian UNI 11259 stand-
ard and additional Phenantroquinone test have been performed as self-cleaning test. XRF test also has been made on some
of the samples for the chemical analysis. The best photocatalysis performance has showed in the concrete including 5 %
TiO,. Test results show that 10 % use of industrial wastes in self-cleaning concrete production is recommended from the
point of economic and environmental benefits.

Keywords: Photocatalysis, titanium dioxide, blast furnace slag, fly ash, sepiolite.

1. Introduction

Generally, the pollution occurring on the surfaces of the buildings is caused by atmospheric pollution, which is divided
into two as human resources and natural resources. The development of photocatalytic systems, which will be effective in the
elimination of these impurities, is of great importance (Glrbiz et al., 2009). The usage areas of the self-cleaning feature,
which is one of the main application areas of photocatalysis, in construction building materials are gradually expanding. (Chen
and Poon, 2009; Stamate and Lazar, 2007). Studies have shown that self-cleaning concrete decomposes contaminants con-
taining NOx, SO, etc. by photocatalytic reactions (Awadalla et al., 2011; Torgal and Jalali, 2011; Melo and Triches, 2012,
Shen et al., 2015; Luna et al., 2020). Studies aimed at gaining photocatalytic properties of building materials by adding tita-
nium dioxide (TiOy) in cement, mortars or concretes and thus removing the surface of the building from contaminants (Krish-
nan et al., 2013; Pozo-Antonio and Dionisio, 2017). TiO; in photocatalysis reactions; due to its strong oxidation ability, long-
lasting resistance against corrosion and good dispersion, hydrophobicity, chemical stability, inert structure, non-toxicity,
cheapness and light permeability, it is the most frequently studied and used material in applications (Chang et al., 2009; Affam
and Chaudhuri, 2013; He et al., 2019). Concretes containing titanium dioxide, which has the feature of self-cleaning from
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photocatalytic materials, not only clean its surface, but also help to clean the dirty air it is exposed to (Ramirez et al., 2012).
By self-cleaning of these concretes, a great profit can be achieved by reducing maintenance costs (Hanus and Harris, 2013).

Photocatalysis is the degradation of organic compounds by reduction and oxidation reactions by means of a photocatalyst
under UV light or visible light irradiation (Costa et al., 2013; Ferella, 2019). Semiconductor materials such as TiO> contain
valence and conductivity bands in their atomic structures. If a photon is absorbed from the UV source or from the visible
region of the electromagnetic spectrum at an energy greater than the band gap of the semiconductor material, an electron in
the valence band is stimulated and leaps into the conductivity band, and the void of that electron is formed in the valence
band. Thus, the reaction results in a stimulated electron (e°) - positive space (h*) pair. This pair of e- h* undergoes reduction
and oxidation reactions of chemicals on the surface of the photocatalyst (Angelo et al., 2013; Nakata and Fujishima, 2012;
Vasilache et al., 2013). As can be seen in Figure 1, photocatalysis reactions can degradate, but physical effects such as wind
and rain are needed to remove them from the concrete surface. Figure 1 shows concrete surfaces with TiO; added (Delnavaz
etal., 2015).

reductions

diffusion rain

wind =~

pollution of concrete surface photocatalytic degradation remove the pollution with physical effect

Figure 1. Mechanism of photocatalytic degradation.

In 1998, for the first time in history, self-cleaning concrete was used in a structure. The Jubilee Church in Rome, Italy, is
the first building containing concrete with a self-cleaning feature. The use of photocatalysis in structures has increased and
developed since this period (Hunger and Brouwers, 2009). In a study where the effect of TiO, size on photocatalytic reactions
in concrete was investigated, it was stated that micro size TiO, showed better photocatalytic performance than nano size TiO;
(Folli et al., 2009). In experiments using different ratios of TiO, on cement paste and mortars, maximum self-cleaning per-
formance was achieved with the use of 5% TiO,. Also, better results were obtained from cement pastes compared to mortars
(Ruot et al., 2009; Chen et al., 2011). In case of using TiO, as a photocatalyst in concrete, it has been observed that the
pollution caused by the nitric oxide and its derivatives present in the air exhaust and flue gas is removed by separating both
on the concrete surface and in the air (Husken et al., 2009; Folli and Macphee, 2010; Lucas et al., 2013). In addition, it is
stated that the carbonation resistance of 3 mm thick TiO, doped mortars applied on the reinforced concrete surface is increased
and the corrosion spread rate of the concrete reinforcements is decreased (Fiore et al., 2013). Rhodamine-B is used as a
pollutant in determining the self-cleaning performance (Calia et al., 2017; Guo et al., 2016). Phenantroquinone can also be
used as a pollutant. These experiments can be carried out under artificial UV source in laboratory conditions, as well as in the
open air to be exposed to external effects. In fact, it has been observed in the studies conducted that the pollutants disintegrated
as a result of photocatalysis move away from the surface more easily in the open air (Yiksel and Karagtler, 2011). In order
to increase the photocatalysis performance, there was an increase in the self-cleaning feature of TiO, doped mortar and cement
pastes modified with silicon, nitrogen and carbon compared to the control samples (Janus et al., 2015; Mendoza et al., 2015).
It was observed that the waste glass did not have a negative effect on the self-cleaning performance of the concrete in the
samples obtained by breaking the waste glasses into the concrete by breaking the grain size below 2 mm (Sikora et al., 2015).
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1.1. Scope and significance

In this study, TiO, was used as photocatalyst and Rhodamine-B and phenantroquinone were used as pollutants as in most
studies in determining the self-cleaning performance of concrete. Unlike other studies, the effect of industrial wastes on the
self-cleaning performance of concrete was investigated in this study. Recent studies, usage of industrial wastes as a admixture
in the concrete mixtures were investigated (Azevedo et al., 2020a; Azevedo et al., 2021). Some studies show that substitution
of cement with the industrial waste has enabled to cut down the greenhouse gas emission and energy consumption (Yin et al.,
2018; Silva et al, 2017). For this purpose, fly ash and blast furnace slag were used as industrial waste in gray cement concretes,
and sepiolite was used in white cement concretes because of its close to white color. Some of the samples produced were

exposed to external influences such as sun, rain and wind outdoors, while the other were exposed to artificial UV sources in
the dark environment (Unal, 2015).

2. Materials and methods

2.1. Materials

Cement: CEM 1 42.5 R (gray) and CEM | 52,5 R (white) cements were used in the experiment. The physical and chemical
properties of these cements are listed in Table 1. Fly Ash (FA): The entire experimental study was performed using F-type
fly ash. The physical and chemical properties of the FA are listed in Table 1. Granulated Blast Furnace Slag (BFS): The entire
experimental study was performed using slag from the Eregli Company. The properties of the slag are listed in Table 1.
Sepiolitte (ST): The entire experimental study was performed using ST from the Sakarya Mining Company. The physical and
chemical properties of the ST are listed in Table 1.

Table 1. Properties of materials and mixture ratios.

CEM 1425 CEM 1525
. - FA BFS ST
Content % Ordinar White
((EN 197}’1)) gTS 21; (EN450-2)  (EN197-4) (TS 12131)
CaOo 63.56 65.64 4.28 30.82 1.28
SiO2 19.25 21.60 53.71 34.09 59.65
Al203 5.05 4.28 22.4 12.19 1.56
Fe20s3 2.56 0.24 10.6 0.61 0.74
Spec. gravity 3.1 3.12 2.02 2.84 2.21
Fineness,cm?/g 3320 4100 2220 2230 2570

Aggregate: In this study, crushed sand (0-4 mm) and crushed stones (4-16 mm, 16-32 mm) were employed. TiO2: TiO;
was obtained from the Detsan company. The properties of TiO; are listed in Table 2.

Table 2. Properties of TiO2.

Form Spec. gravity Fineness, m?/g Size distribution, nm
Anatase 4.1 85 15-25

Water: Eskisehir tap water was used. The chemical analysis of the drinkable water is displayed in Table 3.

Table 3. Chemical analysis of the water (mg/dmd).

pH NH4 Mg Fr S04 P As Fe NOs
8.00 0.07 0.002 3143 78 0.06 3.57 0.005 8.80
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2.2. Methods and tests

In concrete mixture, 0, 10, 20, and 30 % by weight (wt %) industrial wastes replaced with cement were used. In this study; fly
ash, blast furnace slag and sepiolite were used as industrial waste. In the studies conducted in the literature, it has been seen that the
usage rate of industrial waste materials is up to 30% of the cement weight (Topcu and Canbaz, 2007). TiO, was added into concrete
mixtures as a photocatalyst 0, 1, 3, and 5 % by weight (wt %) of cement. Concretes were produced using mix ratio of concrete
ingredient shown in Table 4. Slump test performed on each type of concrete mixture. 15x15x15 cm specimens of each mixture were
prepared. Concrete specimens were cured in standard conditions until 28-day. Unit weight, ultrasonic pulse, and compressive
strength tests were performed. Effects of industrial waste and TiO2 on concrete properties were determined with these tests.

Table 4. Mixture ratio by weight.

Water/  Cement/  Additive/ TiO2/ Aggregate mixture

binder aggregate  cement cement 0-4mm  4-16 mm 16-32 mm
0.00 0.00

0550  0.232 229 oo 50% 30% 20%
0.30 0.05

For determining self-cleaning performance, tests were made with pollutants like Phenantroquinone and Rhodamine- B according
to Italian UNI 11259 standard (UNI 11259, 2008). A solution with 0.05 g/l concentration resoluble Rhodamine-B was prepared for
the Rhodamine-B tests. 1 ml solution applied to 3.5x7 cm? area on the surface of specimen. These specimens cured at 20 °C and 50
% relative humidity in the unilluminated condition for 24 hours. Reference colorimetric measurements were carried out on dyed
surfaces with spectrophotometer, which measures directional 65°/10° and diffuse 8°/d sphere geometry, according to CIE L*a*b*
color system. CIE is an organization that aims to establish basic standards and methods for measurements in the fields of light and
illumination. Many different color systems are used in the CIE color system, named after the organization. In this experiment, the
L*a*b system required in the Italian codes was used. In this system, L* indicates lightness, a* is the red/green coordinate, and b* is
the yellow/blue coordinate as shown in Figure 2.

L=100
White

Black
Figure 2. L, a, b color plane in the CIELAB system.

In this study, a* calorimetric coordinate was considered due to the use of red color Rhodamine-B. After these processes, 300
watts of UV light (osram) were exposed to light. All test samples were placed equidistant to the UV source and approximately 75
cm. Then, a (26) colorimetric readings of concrete samples kept under UV light were made during the 26-hour period. After these
processes, concrete samples were exposed to UV light for 28 days. At the end of 28 days, a (s) values were read. As can be seen in
Figure 3, the color formed by Rhodamine-B chemical is supported by colorimetric readings, which over time fade with UV light
source. Similarly, in phenantroquinone experiment, phenantroquinone solution was applied to the sample surface and after waiting
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for 24 hours in dark environment, only b colorimetric coordinate spectrophotometer was measured due to the yellow color of phen-
antroquinone. The samples were kept under two different conditions to be found under the UV light and natural environment out-
doors. Colorimetric readings of the samples kept under UV light were made at the beginning (0 hours), 116 hours and at the end of
28 days, while the samples left in the open air were read at 0 hours and 28 days. Thus, the self-cleaning performances of the samples
were determined. In addition, the dust obtained by grinding the samples taken from the surface of concrete samples containing 5%
TiO2 and 30% industrial waste was placed in the XRF measuring device and the chemical analysis was carried out and TiO; ratios
on the surface were measured.

. 5%TiO:

| e 3 .'
Figure 3. Exposing UV radiation and determining colorimetric parameters.

3. Experimental results and analysis

Slump, unit weight, ultrasound transition speed (UPV), compressive strength found in the results of experiments to deter-
mine the effects of industrial wastes and TiO, on the mechanical and physical properties of concrete are given in Table 5.
When Table 5 is examined, as the percentage of use of FA and BFS in concrete increases, the slump values increase up to
67%, while the ST rate increases, the slump values decrease up to 37%. Due to the high water absorption capacity of ST,
slump decreased due to the decreasing consistency. BFS and FA increased the process ability due to the lubrication effect,
which caused the slump to increase. The slump increased when 5% TiO- was added to the samples without industrial additives.
When the unit weight values of the samples are examined, unit weights decreased by 4.2% in case of industrial waste inclusion.

Table 5. Properties of SCC.

_ FA, % BFS, % ST, %
TiO2, %
10 20 30 0 10 20 30 0 10 20 30
) 0 130 150 150 180 130 160 180 170 150 130 120 110
g‘ e 1 120 150 170 200 120 140 170 180 160 140 100 120
7:’) S 3 150 140 170 170 150 140 180 170 150 120 140 100
5 140 160 180 170 140 150 190 200 160 140 120 100
o 0 2358 2336 2294 2262 2358 2331 2310 2278 2302 2275 2247 2255
f»m 1 2342 2333 2297 2274 2342 2335 2311 2293 2315 2262 2251 2231
u;') % 3 2361 2321 2274 2269 2361 2322 2290 2295 2284 2305 2265 2248
— X
g 5 2356 2306 2288 2281 2356 2330 2309 2304 2318 2286 2270 2261
0 424 405 368 395 424 408 388 376 427 38 386 357
> @ 1 402 386 374 367 402 395 397 373 425 412 362 354
% E 3 3.90 3.78 3.64 3.52 3.90 4.13 3.95 3.82 4.25 4.02 3.71 3.81
5 414 3.72 3.61 3.66 414 4.03 3.86 3.68 4.37 3.94 3.70 3.79
e 0 26.26 2470 2137 20.76 26.26 23.28 20.36 21.69 2882 28.75 27.58 2552
% g < 1 25,57 2254 2252 1979 2557 2333 2165 20.86 30.14 2853 24.03 25.24
5 § % 3 28.29 2381 19.79 19.81 28.29 2158 2112 2216 29.46 2959 2750 27.08
§ @ 5 26.58 2476 19.97 20.12 26,58 23.72 20.28 2158 31.07 2757 26.60 26.72
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Unit weights have decreased as industrial wastes with lower density compared to cement are used by replacing with cement.
When UPV values are examined, UPV values decreased by 17% with the addition of industrial waste. UPV values were found
to be lower as the lower specific surface areas of wastes compared to cement cause them to react more slowly and fill the
voids more slowly. The addition of TiO; had no significant effect on the unit weight of the samples and the UPV. When the
compressive strength values are analyzed in Figure 4, strengths decrease up to 25% in all samples have been observed due to
the increase in the industrial waste percentage. It was observed that the compressive strength of the samples using ST was
higher than the compressive strength of the samples using FA and BFS. The use of cement with a nominal compressive
strength of 42.5 MPa in samples using FA and BFS, and the use of cement with a nominal compressive strength of 52.5 MPa
in samples using ST can be shown as the reason for the change in concrete compressive strengths. The addition of TiO had
no significant effect on the unit weight, UPV and compressive strength of the samples.

32

30

28

26

24

22

Compressive strength, MPa

20

18

0 10 20 30 0 10 20 30 0 10 20 30
FA, % BFS, % ST,%

Figure 4. Compressive strength of concrete.

In order to determine the self-cleaning performance, the first color readings are taken as reference in samples whose sur-
faces are painted. Color readings were calculated by comparing the color readings made with samples kept under UV light
with reference values. Time-dependent color fading samples containing FA using Rhodamine-B as contaminants is shown in
Figure 5. When Figure 5 is examined, it is seen that the color fading is close to each other in the samples with TiO- ratio
below 5%. When the TiO; ratio was 5% in samples without FA, color fading increased approximately doubled. In the samples
containing 5% TiO; and FA, the lightening increased up to three times. The most fading was observed as 58% in concretes
containing 5% TiO. and 20% FA. As a reason for this increase, it can be said that FA accelerates the reduction and oxidation
reactions of photocatalysis, thereby breaking down the pollutant in greater amounts. When the color fading of the samples
using BFS as industrial waste is evaluated, it is seen that the color fading increases in case of using 5% TiO.. The highest
color fading was observed in samples containing 5% TiO2 and 10% BFS. It can be said that BFS has an active role in structural
fragmentation of the pollutant in 10% usage, but this activity does not increase with the increase in BFS ratio. Because of
white cement was used as a binder in samples produced using ST, it was easier to reflect the color during color readings. The
fading of these samples is given in Figure 5. The fading of reference concretes exceeded 60% if 5% TiO, was used. The
highest color fading was observed as 66% in concretes containing 5% TiO; and 10% ST. It can be said that ST is not as
effective as FA and BFS in photocatalysis reactions caused by TiO,. In the samples using phenantroquinone as pollutant,
color fading was determined under artificial UV light in the indoor environment and without using artificial UV source in the
open air.
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Figure 5. Photocatalytic degradation of Rhodamine-B of concrete.
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Figure 6. Photocatalytic degradation of Phenantroquinone of concrete.
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Fading of the samples containing FA under artificial UV light in indoor environment is given in Figure 6. When Figure 6
is examined, the color fading increased approximately 2.5 times due to the increase of photocatalyst ratio in samples without
FA. Maximum fadings were measured in samples using 5% TiO. In terms of color lightening, it can be said that the optimum
FA usage rate in concrete is 20%. The fading in the experiments with Phenantroquinone has decreased by 20% compared to
the fading in the experiments with Rhodamine. Accordingly, it can be said that Rhodamine-B is more easily broken down by
photocatalysis and is more effective in determining the effect of the photocatalyst. Color fading of the samples using BFS is
given in Figure 6. The highest color lightening was observed as 34% in concretes containing 5% TiO and 10% BFS. It was
observed that high rates of BFS use did not have a negative effect on photocatalysis reaction efficiency. As seen in Figure 6,
more color fading values were obtained in the samples using sepiolite compared to other industrial waste samples, just like
Rhodamine readings, in phenantroquinone readings. As the rate of use of sepiolite increased, the color fading values increased
to 12%. Since the chemical structure of phenantroquinone is different compared to Rhodamine, 1% and 3% ratios of TiO»
have also been effective in degradation phenantroquinone.

The color fading values of the samples using Phenantroguinone as an outdoor pollutant are shown in Figure 7. When Figure
7 is examined, maximum color fading values were obtained in samples using 5% TiO». The maximum fading value was 76%
in concretes containing 5% TiO2and 20% ST. It has been observed that physical effects such as rain, wind in the open air are
effective in removing the pollutants degradated by photocatalysis on the concrete surface and increasing the color fading
values by around 30% to about 70% levels. Photocatalysis reactions in the open air did not take place at the desired level since
it was not continuously exposed to UV light according to experiments with artificial UV source in the indoor environment.
For this reason, in case of using TiO, there has been an increase in color fading up to 30% compared to reference samples
without TiO..

80

0l @3 @5

Degradation, %

0 — =
0% 10% 20% 30% 0% 10% 20% 30% 0% 10% 20% 30%
FA BFS ST

Figure 7. Photocatalytic degradation of Phenantroquinone of concrete under natural conditions.

The results of the XRF experiment carried out on samples reclaimed from concrete surfaces containing 5% TiO2 and 30%
industrial waste are given in Table 6. When Table 6 is examined, TiO, is observed at the surface of gray cement samples with
FA and BFS additives at a rate of 1%. In ST-added white cement concrete samples, approximately 1.5% TiO, was observed
on the surface. In experimental studies, TiO, was added at the rate of 5% of the binder. However, in the section taken from
the concrete surface, not only the binder, but all the concrete including the aggregates were examined. Therefore, these values
were expected to be below 5%. This result explains why color fading is higher in ST-cemented white cement samples.

Revista de la Construccion 2022, 21(3) 493-505; https://doi.org/10.7764/RDLC.21.3.493 www.revistadelaconstruccion.uc.cl
Pontificia Universidad Catélica de Chile



https://doi.org/10.7764/RDLC.21.3.493
http://www.revistadelaconstruccion.uc.cl/

Revista de la Construccién 2022, 21(3) 493-505
502 of 505

Table 6. XRF of SCC.

Content. % 5% TiO2 + 30% FA 5% TiO2 + 30% BFS 5% TiOz + 30% ST
Na20 0.2125 - 0.2439
MgO 2.2964 2.6241 5.7087
Al20s3 3.2473 3.3694 2.6841
SiO 9.7963 9.7496 11.3278
SOs 0.7873 0.8489 1.2427
K20 0.2353 0.1498 0.1099
CaO 45.8425 47.1739 60.8962
TiO2 0.9886 1.0192 1.5214
Fe203 1.8305 0.9929 0.9606

The cement industry creates up to 5-8% of emissions of carbon dioxide in the world. Thus, greenhouse gas balance was
affected badly (Zou et al., 2020; Azevedo et al., 2020b). Turkey is among the countries that influence the greenhouse gas
balance with an annual production capacity of 100 million tons of cement (Akar and Canbaz, 2016). For this purpose, indus-
trial wastes such as fly ash and blast furnace slag instead of cement are highly used in concrete (Gholampour and Ozbakka-
loglu, 2017). The amount of industrial wastes is enough for evaluating in concrete production (Amaral et al., 2020). Reduction
in cement ratio by using industrial waste in concrete, decreases the cement production and provides less carbon dioxide emis-
sions (Azevedo et al., 2020c). In addition, utilization of industrial wastes in self-cleaning concrete production has extended
the usage areas like green concrete production of these wastes.

One way to reduce the country's external dependence in energy production is to use low-calorie lignite coals in thermal
power plants that cannot be utilized in other parts of the industry. Therefore, annual fly ash amounts are expected to increase
more in the future. Currently, the annual production of fly ash from these power plants in Turkey, the average is about 13
million tons. In iron and steel production, blast furnace slag can be occurred up to 20% of the amount of steel. Iron and steel
production in Turkey is the top ten in the world. In Turkey, the annual average of around 5.4 million tons of blast furnace
slag is revealed. Storage of fly ash and blast furnace slag causes land resources pollution, groundwater pollution and air
pollution in addition to the load it brings to thermal power plants and iron-steel plants.

4. Conclusions and comments

Increasing the FA and BFS ratio increased the slump values of the concrete mixtures, while the increase in the ST ratio
caused a decrease in the slump values due to the fact that ST has a very high-water absorption capacity. As the density of the
industrial wastes is less than the density of the cement, the unit weights of the concrete decreased as the amount of waste
increased. Similarly, as the amount of waste increased, the UPV values and compressive strengths of the concrete decreased
by 25%. While the addition of TiO; increased the slump values of the concrete, it had no significant effect on unit weight,
UPV and compressive strength.

As a result of the Rhodamine B and Phenantroquinone test performed to determine the self-cleaning performance, it was
observed that the best efficiency was obtained in samples containing 5% TiO2. It has been observed that the self-cleaning
performance of the samples containing waste material is also high. According to these results, TiO,, which is used as a pho-
tocatalyst in photocatalysis reactions, can be mixed with FA, BFS, ST and used to increase its self-cleaning performance.

In the open environment, in the Phenantroquinone experiment without artificial UV source, effects such as rain and wind
were very effective in removing the pollutant disintegrated by photocatalysis reactions on the concrete surface. This shows
that the self-cleaning mechanism needs physical interventions such as water cleaning, except for photocatalysis reactions as
examined in other studies (Xu et al., 2020). The results obtained in the Phenantroquinone experiment in open environment
have obtained 30% more color fading rates.

As a result of study, it is recommended to use 5% TiO; as a photocatalyst for self-cleaning of concrete by photocatalysis
reaction. It has been observed that in case of high amount of industrial wastes, it decreases concrete compressive strength.
However, these rates can be recommended due to the positive effect of using waste materials in concrete at 20% FA, 10%
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BFS, 10% ST rates both on self-cleaning performance and on the economic and environmental contribution of using these
wastes in concrete.
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