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ARTICLE INFO ABSTRACT

Keywords: The main objective of this study was to evaluate the photocatalytic behaviour of 3D printed
3D concrete printing cementitious mortars that were functionalised with TiO2 nanoparticles. This study is one of the
TiO> nanoparticles few available regarding functionalisation of 3D concrete printing (3DCP) with photocatalytic
Photocatalytic behaviour properties. Despite the fact 3DCP research is swiftly growing, it is still necessary further inves-

Surface roughness

tigation to fully understand these materials’ physicochemical and mechanical properties, which
Smart functionalised composite

will influence the functionalised properties of the composite. Due to the freeform nature of the
3DCP there are no moulds, therefore the functionalisation through coating can be performed in a
much earlier stage than in conventional moulded concrete. The developed smart 3D printed
concrete could promote the photodegradation of pollutants for self-cleaning and air purification.
In particular, this study investigated the effect of two parameters on photocatalytic behaviour:
light power intensity and the coating rate of nano-TiO, particles. Surface coating was adopted as
the functionalisation method, and the Rhodamine B dye degradation efficiency was used as an
indicator to evaluate the photocatalytic behaviour. Additionally, the surface roughness and
microstructure of the 3D printed cementitious mortar specimens were assessed to distinguish
between the reference and TiO3 coated series. Scanning electron microscopy (SEM), X-ray Energy-
dispersive spectroscopy (EDS), and X-ray diffraction (XRD) crystallography were carried out as
three techniques to evaluate the morphology, composition, and microstructure of the specimens,
respectively. The results indicated successful activation of catalyst particles under illumination,
where higher light power intensity increased the degradation efficiency. Furthermore, dye
degradation efficiency increased with increasing coating rates of nano-TiO, particles on the
surface of the specimens. The roughness of the 3D printed specimens’ surface was sufficient for
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settling the nano-TiO, particles. Finally, microscopy results confirmed the presence and suitable
distribution of the nano-TiO, particles on the surface of the coated specimens.

1. Introduction

In the last decades, the increase of environmental pollutants has become one of the major concerns worldwide, since it is directly or
indirectly related to population health issues [1-3]. Air pollutants, such as ground level ozone, carbon monoxide, and nitrogen oxides
(NOy), among others, released due to the gas emission from the industrial activities and traffic exhausts, may cause several types of
illnesses, such as respiratory and lung diseases, which can significantly influence the quality of life of an human beings [4-8].
Moreover, polluted urban areas and soot fouling are two reasons for the life cycle reduction of construction materials that may
deteriorate the aesthetic performances of the built environments’ surfaces [9,10]. Since construction materials cover an extensive area
of the build environment, adding the photocatalytic function to such materials is one of the methods for improving the quality of the
environment through organic pollutants degradation, self-cleaning, self-sterilisation, air and water purification and solar energy
conversion, among others [6-8,11,12]. Reduction in the maintenance efforts and costs of cleaning the surface of buildings/infras-
tructures is another advantage of adding photocatalytic functionalisation to the construction materials [13].

Photocatalytic materials using semiconductors are capable of photodegrading organic and inorganic pollutants [14,15].
Electron-hole pairs are generated with the incidence of a photon with a higher energy than the band gap of the semiconductor, which
react with humidity and oxygen producing species with a high ability of oxidation and reduction [16]. High chemical stability, high
oxidising and reducing ability, non-toxicity, and lower price of TiO particles make them the most employed semiconductors for these
purposes when compared to other compounds [1,13,17-19].

TiOs is found on three crystalline phases: anatase, rutile, and brookite [8,12]. Anatase can demonstrate the highest photocatalytic
activity due to its higher exposed structure compared to the other two mineral forms of TiO, [20,21]. The higher exposed surface area
of anatase can enhance the hydroxylation degree of the adsorbing surface, and consequently decrease the velocity of electron-hole
pairs recombination [8]. Nonetheless, it is reported that combining anatase and rutile, can improve the efficiency of photocatalytic
behaviour compared to the individual application of each crystalline phase [22]. The photocatalytic efficiency of TiO2 can be influ-
enced by the number of crystalline phases, particle size, specific surface area, exposed surface facets, pore volume and the structure of

Table 1
Definition of the specimens’ series, the type of test performed, and related sections of the results.
Specimens’ Series TiO, Coating Rates [mg/cmz] Type of Tests/Related Sections of Results
Surface Roughness Photocatalytic Efficiency Microstructure’s Analysis
SEM EDS XRD
Ref vE v v v /'
Sec. 3.1 Sec. 3.2.3 Sec. 4.1 Sec. 4.2 Sec. 4.3
CR5 5 v v v v -
Sec. 3.1 Sec. 3.2.3 Sec. 4.1 Sec. 4.2
CR10 10 - v - - -
Sec. 3.2.3
CR20 20 - v v v -
Sec. 3.2.3 Sec. 4.1 Sec. 4.2
CR40 40 - v - - -
Sec. 3.2.3
CR80 80 v v v v /'
Sec. 3.1 Sec. 3.2.3 Sec. 4.1 Sec. 4.2 Sec. 4.3
CR10 (L) 10 - v - - -
Sec. 3.2.2
CR10 (D)° 10 - v - - -
Sec. 3.2.2
CR20 (L)° 20 - v - - -
Sec. 3.2.2
CR20 (D)° 20 - v - - -
Sec. 3.2.2
CR20 (LPI 1 mW/cm?)? 20 - v - - -
Sec. 3.2.1
CR20 (LPI 8 mW/cm?)® 20 - v - - -
Sec. 3.2.1
Notes:

@ Ref considered as non-coated series.

b CR10 (L) & CR20 (L) tested under Light irradiation.

€ CR10 (D) & CR20 (D) were tested under Darkness.

4 CR20 was tested under irradiation with Light Power Intensity of 1 mW/cm?

CR20 was tested under irradiation with Light Power Intensity of 8 mW/cm?.

XRD test was carried out on Top surface and Cross Section of series Ref and CR80 designated as Ref(top, ... Ref(cs), CR80(rop), and CR80(cs), respectively in Sec. 4.3.
& The check mark symbols show the type of tests performed on the specimens’ series.
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TiO, particles [23,24].

Cementitious construction materials with a porous structure, strong binding ability and the existence of compatibility between
their alkaline nature and semiconductors are defined as an ideal medium for applying the semiconductors’ particles, in particular TiO,
[6,18,19,25-27]. Different methods, such as surface coating and volume incorporation are used to apply TiO; particles in cementitious
materials [6,8,13,19,23,28-30].

The main novelty related to this work is the fact that it is one of the few (as far as the authors are aware) that studies the influence of
surface morphology (surface roughness) and microstructure of 3D printed cementitious mortars (which is different from conventional
cementitious mortars) on their photocatalytic properties resulting from the inclusion of nanoparticles of semiconductor materials
(titanium dioxide). Moreover, it also studies the influence of light power intensity and the coating rate of nano-TiO; particles on the
photocatalytic efficiency of 3D printed cementitious mortars. Regarding the photocatalysis, the focus was on the RhB dye degradation
efficiency as an indicator of the self-cleaning performance. The combination of photocatalysis and 3DCP can result in an improved
product as a multifunctional cementitious mortar. Even though the number of research works is growing fast in the field of 3DCP in
both cases of process and material characterisation, still in-depth research is necessary regarding functionalisation of these materials.
Therefore, in this study a 3DCP is combined with photocatalysis through a surface coating approach to produce a smart multifunctional
cementitious material in an automated fashion.

2. Materials and experimental methods

This section discusses the materials and functionalisation method, followed by an explanation of different test methods on the
functionalised samples. Table 1 shows the definition of the specimens’ series, the type of test performed, and related sections of the
results.

2.1. Materials

2.1.1. Cementitious mixture

Cement CEM I 42.5 R, fly ash type F and silica fume were used as binders in the mortar composition. The other constituents
comprised fine quartz sand with a maximum aggregate size of 1 mm, a polycarboxylate based superplasticiser and water. A water to
binder ratio (W/B) of 0.31 was adopted. The partial replacement of cement by additions, such as fly ash and silica fume, i.e., two by-
products, can reduce the usage of Portland cement and therefore contribute to decreasing the ecological footprint [31], as well as
contribute to the densification of the matrix and hence having stiffer matrix [32], while maintaining adequate fresh properties [33].
Table 2 includes the mortar composition per cubic meter and specific mass of its constituents, while Table 3 resumes the main me-
chanical and physical properties at the curing age of 28 days. A comprehensive description of the development process and charac-
terisation of the mechanical properties of this composition can be found elsewhere [33,34].

2.1.2. Semiconductor

TiO2 nanoparticles (nano-TiO5) were used as the semiconductor catalysts to endow photocatalytic functionality to the developed
3D printed cementitious specimens. The nano-TiO; consisted of 80% anatase, and 20% rutile and were acquired from Quimidroga
Company, Spain. The band gap energy of the nano-TiO5 was measured through a diffuse reflectance device and calculated based on the
Kubelka-Munk theory [35]. The results showed an energy band gap equal to 3.19 eV for the nano-TiO; particles used in this study.

2.1.3. Nano-TiO2 aqueous suspension

Three different concentrations of the nano-TiO5 aqueous suspensions were prepared, including 4, 8 and 16 g/L. The nano-TiO;
particles have a high tendency to agglomerate due to their large surface area to volume ratio [8]. Therefore, a pH of 8 was adopted for
all the suspensions to reduce their tendency to agglomerate and consequently have more stable colloidal suspension [13]. In fact, the
negative value of the zeta potential for the nano-TiO, dispersion at the pH of 8 [13] can improve the nano-TiO5 dispersion quality
through the formation of the Coulomb forces. Although, it is reported that a lower pH can enhance the oxidising activity of TiOo, at the
same time, the acidic condition can reduce the specific surface area of the semiconductor due to the enhancement of the agglomeration
tendency of the particles [11]. Moreover, using a suspension with a pH of 8 could also reduce the risk of any negative effect on the
properties of the cementitious materials with alkaline nature.

2.2. Sample preparation and functionalisation

In this study, semiconductor particles were coated on a cementitious matrix for 3DCP developed in a previous experimental work
[33,34]. Fig. 1 shows the process of preparation and functionalisation of the cementitious mortar specimens. A small 3D concrete

Table 2

Ternary mortar composition.
Material Quantity [kg/m>] Specific mass [g/cm®]
Sand 1183.0 2.66
Cement 286.0 3.11
Fly ash 423.0 2.35
Silica fume 79.0 2.25
Water 248.0 1.00
Superplasticizer 10.2 1.04
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;ael;llfaiical/physical properties of the cementitious mortar composition at the curing age of 28 days.
Specific weight [g/cm®] Porosity [%] Elasticity modulus Compressive strength f,, [MPa] Flexural strength f.;z [MPa]
E. [GPa]
Ps® Mmc” PS MC PS MC PS MC PS MC
L-Pa‘ L-Pe’ L-Pa L-Pe L-Pa L-Pe
2.16 2.15 11.3 - 33.9 27.2 36.4 51.0 50.2 58.0 6.8 6.8 6.6

@ Printed Specimens.

> Mould Cast.

¢ Loaded Parallel to the layers’ orientation.

4 Loaded Perpendicular to the layers’ orientation.

printer was used to create the cementitious mortar specimens (Fig. 1a). The detailed information about the 3D concrete printer can be
found elsewhere [33]. In this experimental work, specifically for printing the specimens for photocatalytic tests, a custom-made
rectangular nozzle in PLA was designed and printed using a commercial 3D printer. The extrusion dimensions of the nozzle were
25 x 9.5 mm? (Fig. 1a). Several cementitious mortar batches were prepared, and the 3D printed elements comprised just two layers
with the dimensions of 250 x 25 x 15 mm?, see Fig. 1 b. The height of each layer was set at 7.5 mm to have the final height of 15 mm
for each printed strip. Finally, the printed strips were cut immediately after printing to prepare the final specimens with adequate
dimensions (i.e., 25 x 25 x 15 mm?) for the photocatalytic tests (Fig. 1c). This method was used to eliminate any post-treatment
process of the specimens at later ages, such as using conventional cutting hardware for hardened concrete. Since these conven-
tional methods usually use water during cutting, dust and cement paste originated during the cutting could cover the surface of
specimens resulting in covering the semiconductors’ particles and ultimately biasing the photocatalytic results.

In this work, the surface coating methodology was selected to functionalised the 3D printed cementitious specimens based on
previous research studies from the authors on asphalt and cementitious materials [13,15,36,37]. In this method, an atmospheric air
compressor (Fig. 1d) was used to spray the nano-TiO; aqueous suspension onto the surface of specimens. The freeform capabilities of
3DCP technology allowed spraying the TiO, particles on the surface of the elements immediately at the end of the printing process,
when the cementitious material was still fresh. Spraying the semiconductors in the fresh state of cementitious materials could improve
the immobilization of the TiO; particles, i.e., the bond quality between the particles and the specimens. The application of this coating
method has already been used for conventional mould cast concrete, however note that the semiconductor particles can only be
sprayed after removing the moulds, therefore after the concrete has hardened, which may affect the adherence of the semiconductor
particles to the surface. Additionally, the smoother surface of the cast elements, due to the mould boundary conditions, may also
contribute to decrease the bond of the semiconductor particles and consequently reduce the photocatalytic efficiency. This removal of
the semiconductor particles from the surface may be more prone when under environmental conditions, such as by e.g., wind and rain
[22,38]. A detailed description of this coating method can be found in Ref. [15]. Various coating rates in the range from 5 mg/cm? to
80 mg/cm? onto the surface of specimens could be obtained through the coating method based on the given volumes of the nano-TiO;
aqueous suspension.

Considering the applied technique for functionalisation of the samples, it should be mention that the surface coating technique is
the most efficient and easiest functionalisation method compared to other methodologies, such as volume incorporation [3,8,13,17,

tionalizing the Specimens

Fig. 1. Preparation and functionalisation of the cementitious specimens.
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39]. In the coating technique, a higher number of semiconductor particles are exposed to light on the surface when compared to the
volume incorporation method [9]. Therefore, photocatalytic activity can be enhanced by increasing the number of semiconductor
particles exposed to light irradiation [8,9,13]. Some studies revealed that even by adding high amounts of TiO2 powder in the bulk of
cementitious mixtures, the specimens showed lower photocatalytic efficiency than the samples coated by spraying the semiconductor
suspension [8,13,17]. Therefore, higher amounts of semiconductors must be used to have the same distribution of the TiO; particles on
the surface when they are added to the mixture [8,9]. On the other hand, using the TiO; particles as volume incorporation may in-
fluence the rheological and mechanical properties of the material [6,8,22,30,40,41] that can be an obstacle when using some of the
new construction technologies such as 3D concrete printing (3DCP).

2.3. Test procedures

2.3.1. Surface roughness of 3D printed cementitious mortars

The micro-analysis was carried out to evaluate the surface roughness of the printed specimens. For the micro-surface analysis, the
MICROTOP.06.MFC device was used as a non-destructive and non-contact method. This technology is a versatile and robust system
that is mainly designed for 2D/3D micro-topographic analysis of the rough surfaces of small size samples [42]. The MICROTOP.06.
MEFC setup has an active optical triangulation system in which the scanning of the sample’s surface is carried out through an oblique
incidence of a light beam and a normal/specular observation [42,43]. Fig. 2 shows a general perspective of the setup. Additional
information regarding the setup, including the definitions of each component, as well as a detailed description of the scanning
mechanism, can be found elsewhere [42,43]. In this study, 701 x 201 points in an area of 4 x 4 mm? were scanned on the surface of the
specimens. The reference specimen (Ref) and two TiOy coated specimens, namely, one with the lowest coating rate (CR5, i.e., 5
mg/cm?) and other with the highest coating rate (CR80, i.e., 80 mg/cm?) were selected to evaluate their surface roughness.

Several important surface roughness parameters were calculated to infer the surface characterisation of the 3D printed specimens.
The main studied roughness parameters include average roughness (S,), Root-Mean-Square deviation (Sq), total roughness height (S,),
maximum peak height (S,), maximum valley depth (Sy), space between the peaks or irregularities (Sy,), skewness (Ssk), kurtosis (Sgu),
area of the peak portion (S;1), and area of the valley portion (S;2). A detailed description and illustration of these parameters and the
method of calculations can be found in Refs. [44-46].

2.3.2. Photocatalytic efficiency
Generally, two different approaches are used to measure the degradation of organic compounds, such as Rhodamine B (RhB). The

Fig. 2. General perspective of the MICROTOP.06.MFC setup.



B. Zahabizadeh et al. Journal of Building Engineering 70 (2023) 106373

first approach is based on coating the surface of the samples with a specific amount of dye solution and make a visual and semi-
qualitative assessment of the dye colour variation under light irradiation [6,39], or by a more accurate method such as reflectance
spectroscopy [23,25,26,28]. In the second approach, the samples are immersed in a dye solution and the degradation of dye is
measured through the evaluation of the solution decolouration using absorbance spectroscopy [7,13,47]. The main limitation of the
first approach is its dependency on the colour of the samples. Measuring the dye colour variation is impractical when the dye solution is
dried on the surface of the dark colour materials such as compositions containing fly ash or calcium aluminate [26]. However, this
limitation does not exist for the second approach since it was used successfully even for asphalt materials with black surface colour [7,
13,36]. Additionally, this method is simple, using mainly a conventional UV-Vis spectrophotometer and a light source. Therefore, in
this study the second approach was carried out to evaluate the photocatalytic efficiency.

The photocatalytic activity of the functionalised cementitious specimens was evaluated based on their capability in the dye
degradation efficiency as a model. Rhodamine B (RhB) was used as an organic cationic dye compound. In general, the RhB model has
been commonly used as an organic pollutant to assess the effectiveness of treatment methods and develop strategies to mitigate
environmental pollution, considering its application on a wide range of substances such as textiles [48], papers [49], polymers [12],
construction materials [22], etc. The RhB compound, with quite low sensitivity to the alkaline nature of the cementitious materials [6,
23], was used in the form of an aqueous solution with a concentration of 5 mg/L (5 ppm). The RhB degradation rate in the aqueous
solution was measured based on the maximum absorbance of the light at a wavelength of 554 nm. Fig. 3 shows the process for
measuring the dye degradation efficiency. All the samples were immersed in 30 mL of the RhB aqueous solution for 3 h under dark
conditions (Fig. 3a and c). Then, the immersed specimens were irradiated by a 300 W OSRAM UltraVitalux lamp (Fig. 3d) to simulate
the solar irradiation. At the centre of the photocatalytic box and a constant vertical distance of 25 cm between the top surface of the
specimens and the source of light, the irradiation power intensity of 8 mW/cm? was measured through a Quantum Photo Radiometer
HD9021 Delta Padova. During the test process under light irradiation, the system containing the RhB solution and the immersed
specimen was covered by a transparent plastic film (Fig. 3b). The plastic film was used to prevent the evaporation of RhB aqueous
solution due to produced heat by the lamp. This plastic film could transmit at least 90% of the light rays in the range of wavelength
between 292 and 900 nm, so it had a negligible effect on the light quality received by the specimens [7].

The specimens were irradiated for a maximum period of 20 h. At 1, 2, 4, 8 and 20 h of light exposure, an aliquot of 3 mL RhB
aqueous solution was picked up from the each system (Fig. 3e) to measure its light absorbance in the wavelength ranges of 300-800 nm
using a Shimadzu UV-2501 PC spectrophotometer (Fig. 3f). Afterwards, the photocatalytic efficiency was calculated based on the
maximum absorbance value at the wavelength of 554 nm (Fig. 3g) using the Beer-Lambert law [7,13,50] according to Equation (1):

(t) [%) = (Ao — A(t)) / Ag) x 100 )

Functionalized
Specimen Immersed
in RhB Agueous

Absorbance Vs Wavelength
Graphs o

An Aliquot of 3mL of
| RhB Solution Extracted
S for Light Absorbance

Measurement at Given

Cover the Beaker
with Transparent
1 Plastic Film

|| Time Periods
1
\ 7
\\ ,I
L4
\\ 4

Fig. 3. The process of dye degradation efficiency measurement of the specimens.
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where ®(t) is the photocatalytic efficiency for time t [%]; Ag and A(t) are the maximum light absorbance of the RhB aqueous solution at
time zero and t, respectively. The zero time was defined as the starting time of light irradiation (end of the dark condition), when the
specimens reach the equilibrium of adsorption/desorption.

2.3.3. Microstructural, chemical and crystallography analysis

Concerning the microstructure analysis of the specimens, this study considered three different materials characterization tech-
niques, namely the Scanning Electron Microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS) and X-Ray diffraction (XRD)
analysis. These methods were utilized to assess the specimens’ morphology, chemical composition, and microstructure, focusing on
comparing the characteristics of non-coated and TiOs-coated series. The advantages of these characterization techniques were to
evaluate the distribution of nano-TiO particles on the surface of the coated specimens considering their connection to other hydration
products of cementitious material. Moreover, evaluation of the specimens’ cross-section could reveal the potential penetration of the
TiO4 particles beneath the surface, considering the fresh state of the samples during the coating process. Using these characterization
techniques could render a better understanding and inference of the results of photocatalytic efficiency.
2.3.3.1. Preparation of the specimens. In order to perform the microstructural analysis (Scanning electron microscopy - SEM), the
surface of specimens was covered with a very thin film (20 nm) of Au-Pd (80-20 wt %). The covering process of the surface was carried
out using a high-resolution sputter coater, 208HR Cressington Company, coupled to a MTM-20 Cressington High-Resolution Thickness
Controller.
2.3.3.2. Scanning electron microscopy. The SEM, considering the morphological analysis of the specimens, was carried out through an
Ultra-high resolution Field Emission Gun Scanning Electron Microscopy (FEG-SEM), NOVA 200 NanoSEM, FEI Company. Moreover,
secondary electron images were taken at an acceleration voltage of 10 kV and atomic contrast images were realised with a Back-
scattering Electron Detector (BSED) at an acceleration voltage of 15 kV. SEM was performed to evaluate the surface morphology of the
specimens. Moreover, the dispersion of nano-TiO particles and their arrangement considering the cementitious materials hydration
products could be qualitatively assessed using SEM.
2.3.3.3. X-ray energy-dispersive spectroscopy. Chemical composition analyses of the samples were performed with the X-ray Energy
Dispersive Spectroscopy (EDS) technique, using an EDAX Si(Li) detector at an acceleration voltage of 15 kV. EDS was performed to
compare the chemical compounds present at the surface of the coated and uncoated (Ref) specimens. The cross section of the samples
underneath the coated surface was also evaluated through EDS analysis.
2.3.3.4. X-ray diffraction crystallography. The minerals’ crystal structure on the specimens’ surface was analysed through the X-ray
diffraction (XRD) technique, using the Bruker AXS D8 Discover diffractometer with Cu-Ka radiation (A = 1.54060 [o\). The analyses
were carried out in the geometry configuration 6/26, at room temperature, by scanning between 10° and 85°, with a 0.02° step and
integration time of 1 s per step. XRD analysis was carried out on the surface and along the cross section of the coated and uncoated (Ref)
samples to compare the crystallographic structure of the material.

3. Photocatalytic analysis

3.1. Surface roughness

The surface roughness was assessed for 3D printed specimens from three distinct series, i.e., Ref, CR5 and CR80 corresponding to
the uncoated specimens, TiO, surface coated with coating rates of 5 mg/cm? and 80 mg/cm?, respectively. Fig. 4 shows a 3D illus-
tration of the surface roughness of the specimen with the minimum TiO3 coating rate (CR5) adopted in the present study.

In general, the surface roughness of 3D printed cementitious materials is higher than the one observed for cast concrete or mortar
due to the absence of the mould’s walls. In this study, the surface roughness of the mould cast mortar was not assessed since from a
visual inspection there were clear differences between 3D printed and mould cast specimens. On the other hand, rough surfaces have a
larger area and a significant part is less exposed to rain (for example, the recesses that can also accommodate and retain more
nanoparticles), thus minimizing the probability of nanoparticles being removed from the material and therefore contributing to
achieve better photocatalytic efficiency (which should also be maintained for longer periods of time). This aspect may contribute to a
better settling of the nanoparticles on the surface of 3DCP and consequently lead to a higher durability of the functionalised coating.

Fig. 4. 3D illustration for the surface roughness of the specimen with the minimum nano-TiO, coating rate of 5 mg/cm? (CR5).
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The surface roughness assessment was carried out based upon the geometrical features of the top surfaces of the specimens, namely
on the spacing, height, depth and area portions of the valleys and peaks obtained from 2D and 3D parameters of the surface profiles. In
each series, the average results of two samples were reported.

Fig. 5a shows the arithmetic mean deviation, also known as average roughness (S,), as well as the Root-Mean-Square deviation (Sg)
of the surfaces. The average roughness and the Root-Mean-Square roughness both showed almost similar texture morphology for the
surface of the specimens, with a maximum difference of less than 33% between Ref and CR5 series. However, other roughness pa-
rameters need also to be evaluated, in order to have a more comprehensive information about the conditions and distribution of the
valleys and peaks on the surface [51,52]. It should be noticed that different surface profiles can show similar average roughness [51].
Therefore, other roughness parameters, such as the maximum total height (Sy), also known as the total roughness height, the maximum
peak height (Sp) and the maximum valley depth (S,) were evaluated to compare the surface texture of the specimens in more detail.

Fig. 5b shows Sy, Sp and Sy, of the studied surfaces. The reference specimen (Ref) showed the highest total height and valley depth
than the TiO; coated series (CR5 and CR80). The lower values for the total height and the valley depth in the TiO2 coated specimens
can be due to the distribution and accumulation of the semiconductor particles inside the valleys, resulting in reducing the valleys’
depth. On the other hand, the maximum peak height was increased in both TiO, coated specimens compared to the reference one,
which can also be due to the accumulation of the TiO, particles on the peaks of the surface. The specimen CR5 showed a higher peak
height than valley depth but with a difference of about 2.5%.

Regarding the existing spaces between the peaks or irregularities (S,), the results were more similar for TiO5 coated series (CR5 and
CR80), see Fig. 5c. However, the minimum spacing between the irregularities was observed on the reference specimens. By distributing
the TiO, particles, some of the valleys could be filled and reach the height of smaller peaks, resulting in larger spaces between the
irregularities for the TiO; coated series.

A negative skewness (Sgx) value obtained for all the series indicated the higher amounts of the valleys distributed on the topography
of the scanned surfaces (i.e. a negative texture) [52], see Fig. 5d. In this case, the reference specimen showed the highest skewness
resulting from the lack of symmetry in the height distribution that agrees with the results of valleys’ depth. Nonetheless, regarding the
TiO4 coated series, the skewness values were quite small, near to zero, which showed irregularities on the specimens’ surface were
distributed more symmetrically when compared to the reference specimen. The governing of valleys on roughness profile can be due to
the existence of deep holes or cracks on the surface [52]. Moreover, the valleys can be formed due to the printing process during the
extrusion of the layers of the reference specimen, which then were filled by nano-TiO, particles in the coated series. Therefore, in the
TiO4 coated series, the skewness has decreased to nearly zero. On the other hand, the kurtosis (Sk,) was significantly higher than 3 for
the reference specimens, which demonstrated the higher weight of the tails distribution (i.e. steep or sharp tails of valleys and peaks) in
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the scanned surface area [52,53]. Nonetheless, the kurtosis (Sy,) values for TiO, coated series were lower than (but quite close to) 3,
which demonstrated a lower distribution sharpness of the tails obtained on the scanned surfaces by adding the nano-TiO; particles onto
the surface. Comparing the area of the peak portion (S;;) and the valley portion (S;2) on the surface (see Fig. 5d) showed a higher area
for the valleys on the scanned surface area of the reference specimen, which is in agreement with the results of the other mentioned
roughness parameters. Nonetheless, by coating the surface of the specimens with nano-TiO5 particles, the area portion of the valleys
and peaks was distributed more similarly.

Finally, the surface roughness results showed a more negative surface texture for the 3D printed cementitious specimens evaluated
in this study. The negative surface texture with larger space between the irregularities may have the advantage of preparing a proper
substrate for applying the semiconductor particles, here nano-TiO,. Through the existence of a large area portion for the valleys and
the longer valleys depth observed for the reference specimens, there is enough area for the nano-TiO5 particles to be deposited on the
specimens’ surface and thus occurring photocatalytic activity. On the other hand, the existing peaks around the valleys may add the
benefits of protecting the semiconductor particles inside the valleys against the environmental conditions to guarantee an extended
efficiency of the photocatalytic activity. However, the latter observation needs more in-depth study regarding the durability of the
coating under distinct environmental conditions.

3.2. Photocatalytic efficiency

3.2.1. Effect of the light power intensity on the photocatalytic efficiency

Fig. 6 shows the photocatalytic efficiency of TiO, coated specimens with a coating rate of 20 mg/cm? (CR20) after 8 h of light
irradiation under two different light power intensities (LPI) of 1 and 8 mW/cm?. The photocatalytic efficiency was enhanced by
increasing the higher power intensity right away from the start of the illumination process. After 8 h of illumination, series CR20 under
the LPI of 8 mW/cm? showed about 86% higher degradation efficiency than the specimen under a LPI of 1 mW/cm?2.

The enhancement of photocatalytic efficiency considering the degradation of the organic pollutants [20,54] and NOx removal [29]
by increasing the light power intensities was also reported by other researchers. The results by Ref. [20] showed no linear relationship
between degradation efficiency and radiation power intensity, which agrees with the obtained results.

3.2.2. Evaluation of the efficiency of nano-TiOg particles on the photocatalytic activity of the specimens

In order to assess the photocatalytic activity produced by the nano-TiO particles during the tests, specimens with similar surface
coating conditions were evaluated simultaneously under light exposure (L) and in the darkness (D). Two series with coating rates of 10
and 20 mg/cm? designated as CR10 and CR20, respectively, were chosen for evaluation. The total illumination time of 20 h was
considered, while the total time under dark conditions was 24 h.

Fig. 7 shows the behaviour of specimens immersed in RhB solution under dark and light conditions. The results demonstrated a
significant difference between the RhB degradation efficiency by TiO, coated series under light and dark conditions. Under light
irradiation, the degradation efficiency resulted from the photocatalytic activity of nano-TiO5 particles, which has started from the
beginning of the illumination. The photocatalytic efficiency increased during the illumination period. The dye degradation efficiency
for similar coating conditions under darkness has also increased from the initial hours of immersion in RhB solution. The degradation
efficiency under darkness has occurred due to the specimens’ adsorption/desorption process. Nonetheless, the degradation efficiency
under darkness has reached a stationary condition after approximately 7 h.

An increase in the dye degradation efficiency of about 204% up to 486% with increasing the coating rates from 10 to 20 mg/cm?
was observed, respectively, when comparing the corresponding series under light irradiation under darkness. This huge difference
between the behaviour of TiO5 coated series under two different conditions of illumination and darkness corroborated the extensive
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Fig. 7. Evaluation of the efficiency of nano-TiO, particles on the photocatalytic activity of the specimens.

photocatalytic activity of nano-TiO, particles under light irradiation.

3.2.3. Effect of nano-TiO3 coating rates on the photocatalytic efficiency

The dye degradation efficiency of the cementitious 3D printed specimens coated with different rates of nano-TiO; particles was also
studied. Fig. 8 shows the results of the reference specimen without coating (Ref) and the TiO, coated series, with coating rates of 5
(CR5), 10 (CR10), 20 (CR20), 40 (CR40) and 80 (CR80) rng/cm2. These specimens were submitted to a light irradiation with a power
intensity of 8 mW/cm? for 20 h, and their absorbance was measured at distinct periods, namely, 1, 2, 4, 8 and 20 h. The results showed
an enhancement in the photocatalytic efficiency from the starting of the light irradiation for all the TiO, coated series.

The reference series (Ref) and the TiO2 coated series of CR5 with the lowest coating rate exhibited almost a similar photocatalytic
efficiency trend with a maximum difference of about 8%, which occurred for the longest illumination period, i.e., after 20 h. The series
CR10 has also shown a similar photocatalytic efficiency trend to the Ref and CR5 series up to 8 h of illumination. For higher exposure
time, i.e., 20 h, their photocatalytic efficiency increased up to about 32% when compared to the Ref series for the same exposure time.

The series coated with higher coating rates of nano-TiO5 particles, such as CR20, CR40 and CR80, showed a similar trend of the
photocatalytic efficiency up to 4 h of illumination. Up to 8 h of illumination, the series CR80 showed a slightly smaller photocatalytic
efficiency than CR20 and CR40, respectively, about 6% and 3% lower. Nonetheless, when increasing the illumination time up to 20 h,
the photocatalytic efficiency of the CR80 series has improved and had about 17% and 11% higher degradation efficiency than CR20
and CR40 series, respectively. This behaviour for the CR80 series may be ascribed to the build-up of adsorbed pollutants and the
created dye decomposition products onto its surface, which could partially inactivate the reaction sites. This behaviour was also
observed in the previous study by the authors [15] and also reported by Ref. [20]. Nonetheless, increasing the light exposure duration
could give enough time for the decomposition products to be removed from the surface of the specimens. In this case, the nano-TiO5
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particles could be reactivated again to degrade a higher quantity of pollutants. This phenomenon could be confirmed by increasing the
dye degradation efficiency of the specimens at longer irradiation periods, such up to 20 h.

For all the series coated with nano-TiO», the maximum obtained increment on the photocatalytic efficiency value occurred with the
increase of the light exposure period from 8 to 20 h, which was the longest period of light irradiation. In this case, the series CR5, CR10,
CR20, CR40 and CR80 increased the photocatalytic efficiency of nearby 64%, 99%, 82%, 99% and 126%, respectively, compared with
8 h of illumination. Therefore, the results showed no constant enhancement ratio of the photocatalytic efficiency by the time of light
exposure when compared to the results between the series with different coating rates. Moreover, the results showed a similar
behaviour between the enhancement rates of photocatalytic efficiency for the series CR10, CR20 and CR40 when compared to series
CR80. Therefore, applying a higher coating rate (i.e., 80 mg/cm?) was necessary for this illumination period to improve the photo-
catalytic efficiency. This increasing trend observed on the photocatalytic efficiency between illumination periods of 8 h and 20 h
contrasts with results reported by Ref. [23], in which the highest value of the photocatalytic efficiency for cement paste and mortar
occurred during the first 7 h of light irradiation, followed by a constant behaviour [23].

Regarding the coating rates, results showed an increase in photocatalytic efficiency by increasing the coating rates of nano-TiO;
particles. The minimum and the maximum photocatalytic efficiency value was obtained for the series CR5 (29.5%) and CR80 (61%),
after 20 h of illumination. Between those two series, the difference on photocatalytic efficiency was around 107%. After 20 h of light
irradiation, the highest increase on the photocatalytic efficiency value was about 45%, which has occurred between CR10 and CR20
series, respectively, with an efficiency of about 36% and 52%. On the other hand, the maximum difference in the photocatalytic ef-
ficiency has occurred between the series with lower coating rates, particularly for CR5 and CR10, in contrast to the series with higher
coating rates, such as CR20, CR40 and CR80. Therefore, based on the obtained results, it can be concluded that higher coating rates of
more than 20 mg/cm? did not have a significant influence on the improvement of photocatalytic behaviour, considering an increase of
6% and 17% in the photocatalytic efficiency for CR40 and CR80 series, respectively, when compared with CR20 series. The obtained
results were in accordance with results reported by Refs. [19,54,55], which showed that increasing the number of TiO5 particles may
not always increase the reaction rates of photocatalytic process. Therefore, probably, there will be a threshold to the amount of
semiconductor catalysts that can be applied while increasing the photocatalytic efficiency [19,54,55].

Comparing the results of the TiO4 coated series and the reference series (Ref), it is observed an increase in dye degradation effi-
ciency of about 8%, 32%, 91%, 102% and 124% for the series CR5, CR10, CR20, CR40 and CR80, respectively, after 20 h of illu-
mination. After 8 h of illumination, the difference between the efficiency of TiO, coated series and the reference series was about 3%,
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Fig. 9. SEM micrographs of the top surface of 3D printed specimens (a) Ref, (b) CR5, (c¢) CR20, and (d) CR80.
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3%, 64%, 58%, and 54% by the series CR5, CR10, CR20, CR40, and CR80, respectively. When using higher coating rates of 20, 40 and
80 mg/cm?, photocatalytic efficiency was even noticeable after 4 h of illumination. After 4 h of illumination, the higher photocatalytic
efficiency of about 58%, 49%, and 69% was obtained for series CR20, CR40 and CR80, respectively, when compared to the reference
series. To sum it up, the results showed that even low coating rates of TiO2 could show reasonable degradation efficiencies for higher
illumination periods (i.e., after 8 h), while the photocatalytic efficiency for higher coating rates was noticeable even for the shorter

periods of irradiation (i.e., after 4 h).

4. Microstructural, chemical and crystallography analysis

4.1. Scanning electron microscopy

Fig. 9 shows the surface morphology of four 3D printed specimens using scanning electron microscopy (SEM). The reference (Ref)
specimen showed a rugged surface with some pores and nano-cracks that can be observed on some regions on the top surface (Fig. 9a).
It is worth noting that the samples prepared through 3DCP, as a freeform technology, are more prone to surface cracking due to
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Fig. 10. SEM-BSED micrographs of the top surface of 3D printed specimens at two magnifications of 5k x ((a) Ref, (c) CR5, (e) CR20, and (g) CR80) and 15k x ((b)
Ref, (d) CR5, (f) CR20, and (h) CR80).
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shrinkage when compared to the mould cast specimens [56]. On the other hand, the surface morphology of the TiO, coated series
(Fig. 9b, ¢, and d) were quite different compared to the Ref specimen. The formation and existence of numerous aggregates were quite
clear on the surface of TiO5 coated series. Covering the surface by the formed aggregates resulted in a reduction in the surface’s
ruggedness. Therefore, a less rugged surface morphology can be observed on the top surface of TiO3 coated series when compared to
the Ref specimen. Indeed, the rugged surface of the Ref specimen acted as a proper area for the formation and settling down the new
aggregates (i.e., here the nano-TiO; particles). This observation agrees with the results of the surface roughness micro-analysis (see
Section 3.1).

Fig. 10 shows the SEM micrographs, using a back-scattered electron detector (BSED), of the specimens in two different magnifi-
cations of 5k x and 15k x . The specimens’ surfaces showed clear differences between Ref and TiO; coated series (CR5, CR20 and
CR80). On the surface of TiO5 coated series, regardless of the coating rates, the existence of nano-TiO5 particles was observed. It can be
observed that nano-TiO; particles are distributed on the surface of the specimens on top or among the other compounds resulting from
the hydration process of cementitious materials. The presence of needle-like and reticular forms of calcium silicate hydrate (C-S-H)
and calcium hydroxide (Ca(OH)2) as two main hydration products of cementitious materials was detected on the surface.

Moreover, unlike the TiO; coated specimens, the hydration products could not be observed on the surface of the Ref series (Fig. 10a
and b). This could occur due to covering the surface of the uncoated specimens by a thin film that prevented the hydration product
from being visible under SEM analysis. Nonetheless, the air pressure during the coating process could change the coated series’ surface
morphology resulting in the appearance of hydration products in addition to nano-TiO5 particles (Fig. 10c, d, e, f, g, and h).

4.2. Energy-dispersive X-ray spectroscopy

Fig. 11 shows the results of EDS spectrums of the top surfaces of the 3D printed specimens. The EDS results were used to compare
the chemical elemental compositions on the surface of Ref and TiO; coated (CR5, CR20, and CR80) series. The EDS spectrum clearly
showed the existence of nano-TiO, on the surface of the TiO5 coated series regardless of the coating rates. These results confirmed the
observations from SEM-BSED micrographs based on the chemical elemental compositions. As previously mentioned, in Sec 3.3.1, the
nano-TiO, particles are scattered on the surface among other typical hydration products of cementitious materials. Therefore, the
elemental spectrum showed also the existence of the calcium (Ca) and silicate (Si) as two major chemical elements on the top surface of
all the specimens (i.e., Ref and TiO, coated series). Moreover, the results showed an extensive reduction of silicate on the surface of the
TiO4 coated series by increasing the coating rates (i.e. CR20 and CR80 series). Increasing the nano-TiO; coating rates could cover the
silicate that was already detected in the higher amounts on top of the surface of Ref and CR5 series.
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Fig. 11. SEM-EDS analysis at the top surface of 3D printed specimens of (a) Ref, (b) CR5, (¢) CR20, and (d) CR80.
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Fig. 12 shows the comparison between the amount of titanium element in its oxide form (i.e., TiO3) distributed on the surface of the
coated specimens. As expected, the highest (10.2 wt%) and the lowest (3.35 wt%) content of nano-TiO; particles were detected on the
surfaces of series CR80 and CR5, respectively. The series CR20 with 8.86 wt% of distributed nano-TiO; particles on its surface showed a
13% lower amount of nano-TiO when compared to series CR80. This relatively small difference between the distribution of nano-TiO2
particles on the surface of the series CR20 and CR80 agrees with the results of dye degradation efficiency of these series (See Sec. 3.2.3).
In spite of the coating rate of CR80 being 4 times higher than the one from CR20, the difference between the amount of distributed
nano-TiO particles on the surface, as well the dye degradation efficiency was not significantly different. Agglomeration of the nano-
TiO particles or removal of the particles excess from the top surface due to the saturation phenomena can be two potential reasons for
the observed results for the coating rates higher than CR20.

In order to evaluate the dispersion of the nano-TiO3 particles on the surface of the coated series, two random zones (Z1 and Z2) on
the surface of series CR80 were selected for EDS analysis. Fig. 13 shows the SEM micrograph and related EDS spectrums for Z1 and Z2
of series CR80. The SEM micrograph and the chemical elemental analysis both showed that the nano-TiO5 particles were concentrated
more in Z2 (7.51 wt%) when compared to Z1 (1.99 wt%). In the Z1, the nano-TiO, particles were less exposed as they are partially
covered by the cementitious hydration products, mainly needle-like C-S-H. However, in Z2, the nano-TiO, particles were more
exposed, so the EDS analysis showed a higher concentration on the elemental spectrum.

A cross section perpendicular to the nano-TiOy coated surface was also evaluated through SEM micrographs and related EDS
analysis. The main reason for performing these analyses on this cross section cut was to evaluate the potential in-depth penetration of
the nano-TiO, particles near their coated surface. It should be reminded that the specimens were coated by the nano-TiO; particles
immediately after the printing process when the cementitious mortar was still fresh (See Sec. 2.2) and the hydration process of the
cement was undergoing. Fig. 14 shows the SEM micrographs and related EDS spectrums on the selected cross section of series CR80.
The Z 1 (bulk zone) shows an area with a maximum depth of 40 pm (Fig. 14a), while the 72 (zone nearer the coating surface) shows an
area with a maximum depth of 2 pm (Fig. 14b) from the top surface of the CR80 series. The EDS chemical elemental analysis showed
the existence of nano-TiO, particles in both areas of Z'1 and Z 2.

The concentration of nano-TiO; particles was about 112% higher at 7'2 (6.67 wt%) when compared to 7’1 (3.15 wt%). The results
showed that the nano-TiO; particles partially penetrated the specimens, while most of their concentration was near the specimens’
surface at a depth of 2 pm. The latter can indicate that an adequate immobilization process occurred for nano-TiO particles on the
surface of the coated series. The penetration of the nano-TiO particles underneath the coating surface may benefit from exposing the
particles after any potential surface abrasion/wear under real-life environmental conditions. In this case, the penetrated nano-TiO;
particles can be exposed during life-span of the coated element and continue their photocatalytic efficiency through reactivation under
light irradiation. Nonetheless, a more in-depth study about the durability of the nano-TiO; coated specimens is required to confirm the
continuous photocatalytic efficiency over time under environmental conditions.

4.3. X-ray diffraction crystallography

X-ray diffraction crystallography, XRD, analysis was carried out on Ref and CR80 series on both top surface and cross section.
Fig. 15 shows the results of the XRD analysis. It can be observed that almost the same minerals resulting from cement hydration process
have been observed, on both sides of the specimens. The abundant minerals were quartz (Q), calcite (C), portlandite (P), and
tobermorite (T) for both series of Ref and CR80. Furthermore, only on the top surface of the series CR80rop), the presence of nano-TiO»
particles was also detected beyond the hydration products. The nano-TiO, anatase crystalline phase can be confirmed by the presence
of some diffraction peaks such as (101) and (220) crystallographic planes appearing at the angular positions of 26 =~ 26.5° and 20 =
70.1°, respectively. On the other hand, the diffraction peaks (101) and (200) detected at the angular positions of 20 =~ 35.6° and 26 =
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Fig. 12. Distribution amount of the nano-TiO, particles on the surface of the TiO, coated specimens resulting from EDS analysis.
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Fig. 15. XRD analysis of series Ref and CR80 on the top surface and cross section of the specimens.

39.5°, respectively, are associated with the presence of the nano-TiO rutile crystalline phase. The Scherrer’s equation [35,57] was
employed to determine the mean grain size of the TiO5 nanoparticles. The obtained values (calculated from the full width at the half
maximum intensity of the mentioned peaks of each crystalline phase) were about 22 nm and 28 nm for the anatase and rutile phase,
respectively. These results are similar to those obtained in previous works [35,48]. Moreover, the results of XRD analysis are also in
agreement with the results obtained from observations of SEM micrographs and the chemical elemental analysis using the EDS
characterisation technique.

5. Conclusions

In this study, the photocatalytic behaviour of 3D printed mortars focused on the RhB dye degradation efficiency was evaluated.
Moreover, the roughness surface texture and the microstructure of this smart material were also evaluated in order to allow a more
comprehensive analysis of the photocatalytic behaviour. The coating application procedure to achieve photocatalytic properties was
combined with 3DCP technology to develop a functionalised material, which has the potential to be fully automated based on
advanced manufacturing techniques. The main results of this study can be summarised as follow.

The surface analysis of the 3D printed specimens showed a negative surface texture for the specimens with large spaces between the
irregularities that could make their surfaces suitable for depositing the semiconductor particles.

The photocatalytic efficiency was enhanced 86% by increasing the light power intensity from 1 to 8 mW/cm? during 8 h of
illumination.

Comparing the photocatalytic efficiency of the specimens with the same surface coating condition under two different situations of
illumination and darkness showed the extensive photocatalytic activity of the nano-TiO; particles under light irradiation. The CR10
and CR20 series (10 and 20 mg/cm? of spray ratio of nano-TiO,, respectively) showed an increase of 204% up to 486% in pho-
tocatalytic activity up to 20 h of illumination when compared to the same series under darkness.

Specimens with various nano-TiO coating rates showed enhancement of dye degradation efficiency by increasing the coating rates
up to 124% for series CR80 (80 rng/crn2 of spray ratio of nano-TiO3) when compare to Ref series (without nano-TiO3) after 20 h of
illumination. Even though the increasing of coating rates showed an enhancement in photocatalytic efficiency, but the maximum
efficient amount of the nano-TiO; particles should be considered. The results showed 6% and 17% of enhancement in photo-
catalytic efficiency of CR40 (40 mg/cm? of spray ratio of nano-TiOz) and CR80 series when compare to CR20 series.

Different microstructure analyses (SEM, EDS and XRD) revealed the existence of the nano-TiO, particles on the surface of the
coated specimens, which was in agreement with the results obtained from photocatalytic activity. The morphology of the speci-
men’s surfaces could also confirm the observations from surface roughness micro-analysis.

e The CR80 sample (80 mg/cm? of nano-TiO, aqueous solution) presented the highest photocatalytic efficiency, which had the best
distribution of TiO5 nanoparticles at the coated surface.

The use of smart materials in construction is gaining momentum, and the combination of 3D printing and photocatalysis in
cementitious mortars represents a promising new combination of two novel techniques. By developing this smart material for the
construction sector, may endow the built environment to degrade harmful gases such as SOy and NOy, as well as adsorb organic
compounds, leading to cleaner air and an improved aesthetic of buildings and infrastructure. Additionally, the incorporation of 3D
printing into the manufacturing process of the cementitious mortar enables greater flexibility in design and construction, resulting in
structures with unique geometries and tailored properties. Besides, these capabilities can be feasibly integrated since it is not necessary
any mould cast, allowing the application of TiO5 nanoparticles immediately after the printing and, consequently, improving their
immobilization on the cementitious mortar.

This novel approach to materials engineering not only provides solutions for environmental pollution, but it also offers a promising
new direction for the development of smart materials with enhanced capabilities. The application of photocatalysis and 3D printing in
cementitious mortars opens up new avenues for the construction industry, with the potential to create more efficient and sustainable
structures. As such, this exciting area of research has the potential to transform the field of civil engineering, and pave the way for more

16



B. Zahabizadeh et al. Journal of Building Engineering 70 (2023) 106373

environmentally conscious construction practices in the future.

The incorporation of nanomaterials into the Architecture, Engineering and Construction (AEC) sector presents an opportunity for
the nanotechnology industry since it will handle the employment of large-scale of nanomaterials. The suppliers of nanomaterials can
capitalize on this opportunity due to the market scale of the AEC sector and develop new products that meet the unique needs and
specifications of the construction industry, dynamizing this market.
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