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ABSTRACT: The growing demand for sustainable construction materials 
has spurred research into cement-based composites that can contribute to 
environmental remediation. In this context, photocatalytic materials containing 
titanium dioxide (TiO₂) have attracted considerable attention due to their ability to 
degrade organic pollutants under ultraviolet radiation. This study aimed to develop 
and evaluate TiO₂-modified rendering mortars with enhanced photocatalytic 
performance for potential application in building facades and surface coatings. 
Mortar mixtures were produced with 0%, 2%, 6%, and 10% TiO₂, expressed as a 
percentage of cement mass. The materials were characterized through ultraviolet–
visible (UV–Vis) spectroscopy, scanning electron microscopy coupled with energy-
dispersive spectroscopy (SEM/EDS), and X-ray diffraction (XRD). Photocatalytic 
activity was assessed using methylene blue degradation tests under UV irradiation. 
The results demonstrated that TiO₂ incorporation influenced the methylene blue 
removal behavior of the mortars under UV irradiation. Among the TiO₂-modified 
formulations, the mortar containing 10 wt.% TiO₂ exhibited the highest overall 
removal efficiency. Because no adsorption–desorption equilibrium was established 
before irradiation, the measured dye removal represents the combined effects of 
adsorption and photocatalytic degradation. Microstructural analyses confirmed 
the presence and distribution of TiO₂ particles within the cementitious matrix 
and indicated changes associated with increasing nanoparticle content. Although 
higher TiO₂ additions enhanced photocatalytic performance, they also reduced the 
workability of the fresh mortars. Overall, the findings demonstrate the potential 
of TiO₂-modified rendering mortars as multifunctional construction materials 
capable of combining conventional protective functions with photocatalytic 
properties for environmental remediation applications.
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1.  INTRODUCTION

 The increasing rate of urbanization and the intensification of human activities 
have generated significant environmental impacts, particularly through the rise 
of atmospheric pollution in urban centers. This issue not only compromises the 
population's quality of life but also highlights the need for innovative solutions 
to mitigate its effects. In the construction sector, one of the industries with the 
highest consumption of natural resources, the development of sustainable and 
technologically advanced materials has become a priority [1].

The characterization of rendering mortars with photocatalytic properties 
has gained considerable attention in recent decades due to their potential to re-
duce atmospheric pollution and promote more sustainable built environments. 
Rendering mortars are widely used in the construction industry, playing a funda-
mental role in the protection and finishing of surfaces. However, the continuous 
increase in urban pollution, combined with the search for innovative solutions 
that contribute to environmental quality, has encouraged the development of 
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construction materials with additional functional properties, such 
as photocatalytic activity [2]. Photocatalysis, which constitutes the 
fundamental mechanism of this type of mortar, refers to the ability 
of certain photocatalytic materials to promote chemical reactions in 
the presence of light, typically ultraviolet (UV) or visible radiation.

This phenomenon has been extensively investigated due to 
its applications in self-cleaning surfaces, air purification, and re-
sistance to microbial growth [3]. When exposed to light, photo-
catalytic mortars can promote chemical reactions capable of de-
grading atmospheric pollutants, such as nitrogen oxides (NOx) 
and volatile organic compounds (VOCs), as well as decomposing 
organic substances deposited on their surfaces, thereby providing 
self-cleaning properties. Consequently, photocatalytic mortars 
represent a promising alternative for façades and exposed surfaces, 
combining functional performance, sustainability, and durability 
in modern construction systems [4]. 

An ideal photocatalyst for such applications should exhibit 
specific characteristics, including high optical activity, strong ab-
sorption capacity in the ultraviolet and visible light regions, an ap-
propriate band-gap energy to facilitate chemical reactions, chem-
ical inertness, optical stability, and low cost. Among the various 
materials available, titanium dioxide (TiO₂) stands out as one of 
the most efficient photocatalysts because of its high chemical sta-
bility, resistance to corrosion by most acids, bases, and organic sol-
vents, as well as its economic viability. 

Titanium dioxide exists in three crystalline polymorphs: ana-
tase, rutile, and brookite. The anatase structure consists of TiO₆ 
octahedra sharing corners to form (001) planes, resulting in a 
tetragonal crystal structure (I41/amd). In rutile, the octahedra 
share edges within the (001) planes, leading to a tetragonal struc-
ture (P42/mnm), whereas brookite exhibits both edge-sharing and 
corner-sharing octahedra, resulting in an orthorhombic structure 
(Pbca). Among these polymorphs, anatase is the most widely used 
because of its superior photocatalytic activity compared with the 
other TiO₂ phases [5]. 

The band-gap energy of titanium dioxide in its most photo-
catalytically active form (anatase) is approximately 3.2 eV. Con-
sequently, its photoabsorption properties are mainly associated 
with ultraviolet irradiation, corresponding to wavelengths below 
approximately 387 nm [6]. The photocatalytic activity of TiO₂ 
is intrinsically related to its semiconductor nature, which enables 
the generation of electron–hole pairs under ultraviolet irradiation. 
These charge carriers promote the formation of highly reactive oxy-
gen species capable of oxidizing a wide range of organic pollutants, 
making TiO₂ one of the most extensively investigated photocata-
lysts for environmental remediation [6, 25, 36, 37]. 

However, ultraviolet radiation represents only a small fraction 
of the solar spectrum, whereas a significant proportion of solar pho-
tons lies within the visible region. As a result, photocatalytic pro-
cesses driven solely by UV radiation may exhibit limited efficiency 
under natural sunlight conditions.  Therefore, considerable research 
efforts have been devoted to modifying TiO₂ in order to extend its 
light absorption capability into the visible spectrum and enhance 
its photocatalytic performance under solar irradiation [7].

Due to these properties, TiO₂ has found extensive application 
in the construction industry, particularly in photocatalytic render-
ing mortars [4]. Nevertheless, an important gap remains in the liter-

2.  MATERIALS AND METHODS

 2.1. Materials. The following materials were used to produce 
the photocatalytic rendering mortars: natural washed sand as fine 
aggregate; titanium dioxide (TiO₂) supplied by VETEC (Sig-
ma-Aldrich Brazil Ltda.); CH-III hydrated lime (Monte Branco), 
complying with ABNT NBR 7175 (2003) [9]; CP II-E 32 Port-
land cement (CSN), complying with ABNT NBR 16697 (2018) 
[10]; and potable water for mixing.

The specific gravity of the fine aggregate was determined ac-
cording to ABNT NBR 16916 (2021) [11]. A value of 1.66 g/cm³ 
was obtained, meeting the requirements established by the stand-
ard for aggregate characterization.

The specific gravity of Portland cement was determined fol-
lowing  ABNT NBR 16605 (2017) [12], which prescribes a meth-
od based on the use of a volumetric flask, such as the Le Chatelier 
flask. The measured specific gravity was 2.80 g/cm³, satisfying the 
requirements for Portland cement characterization.

2.2. Mortar preparations. A volumetric mix proportion of 
1:2:8 (cement lime) was adopted for the production of the render-
ing mortars. Different concentrations of titanium dioxide (TiO₂) 
were incorporated into the mixtures, corresponding to 0% (refer-
ence mixture), 2%, 6%, and 10% by mass of cement.

The materials were thoroughly mixed to ensure homogeneous 
dispersion of TiO₂ throughout the mortar matrix. The quantities of 
materials used for specimen preparation and the corresponding wa-
ter-to-cement (w/c) ratio, adjusted to achieve the consistency rec-
ommended by the applicable standards, are presented in Table 1. The 
mixtures were molded into specimens measuring 5 cm × 5 cm × 1 cm 

ature regarding the evaluation of the performance of photocatalytic 
mortars under real service conditions. Studies investigating the 
implementation of these materials on building façades located in 
urban environments are essential to validate their effectiveness and 
support their large-scale adoption [8]. 

Although TiO₂-modified cementitious materials have been 
extensively investigated, most previous studies have focused on 
cement pastes, concrete, or mortars emphasizing either photocat-
alytic performance or isolated material properties. Comparatively 
fewer studies have systematically investigated rendering mortars by 
correlating TiO₂ content with mineralogical composition, micro-
structural characteristics, and photocatalytic behavior under iden-
tical experimental conditions. Furthermore, the influence of TiO₂ 
dosage on particle dispersion, phase composition, and photocata-
lytic efficiency remains insufficiently understood, particularly for 
rendering mortars intended for façade applications. 

In this context, the present study aims to develop TiO₂-modi-
fied rendering mortars and to provide an integrated evaluation of 
their performance by combining X-ray diffraction (XRD), scan-
ning electron microscopy coupled with energy-dispersive spec-
troscopy (SEM/EDS), and photocatalytic degradation tests using 
methylene blue under UV irradiation. By correlating microstruc-
tural features with photocatalytic performance, this work contrib-
utes to a better understanding of the mechanisms governing the 
behavior of photocatalytic rendering mortars and supports their 
potential application as multifunctional building materials for en-
vironmental remediation.

http://jamt.ejournal.unri.ac.id/index.php/jamt
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TiO₂ (%) Cement (g) Hydrated Lime (g) Sand (g) Water (mL) TiO₂ (%) w/c ratio

0 4.09 8.18 32.73 2.05 0.00 0.5

2 4.09 8.18 32.73 2.05 0.08 0.5

6 4.09 8.18 32.73 2.05 0.25 0.5

10 4.09 8.18 32.73 2.05 0.41 0.5

Table 1.  Material consumption and water-to-cement ratio of the mortar mixtures.

2.4. Photocatalytic activity test. The photocatalytic per-
formance of the mortars was evaluated using a K37-UV-VIS spec-
trophotometer (Kasvi). The test consisted of monitoring the deg-
radation of methylene blue solution under controlled conditions.
Initially, a methylene blue solution was prepared using distilled 
water at a concentration of 0.005 g·L-1, as shown in Figure 3. 

The photocatalytic test was conducted by exposing the mor-
tar–solution system to ultraviolet radiation while monitoring the 
degradation of the dye over time. Methylene blue was selected as 
a model organic pollutant commonly employed in photocatalytic 
studies due to its well-defined absorption characteristics and ease 
of quantification by UV–Vis spectroscopy. The absorbance meas-
urements were performed under the experimental conditions de-
scribed in Figure 3. 

Using the absorbance curves and the linear fit obtained from 
reference standards, the methylene blue (MB) concentration in 
solution was quantitatively determined.  This  quantification  en-
abled  the  evaluation  of  two  key  parameters  for  all  reactors:  
degradation efficiency (DE) and degradation kinetics (k) [15-17]. 
Degradation efficiency (DE) quantifies the fraction of contami-
nant removed from the solution during the degradation process, 
where higher DE values indicate a more effective process.  Degra-
dation efficiency was calculated according to Equation (1):

for photocatalytic evaluation using UV–Vis spectrophotometry, as 
illustrated in Figure 1. 

2.3. Curing procedures. After casting, the specimens were 
subjected to moist curing for 28 days to ensure adequate hydra-
tion and full development of the mortar properties, as shown in 
Figure 2. The curing procedure was based on the recommenda-
tions of ABNT NBR 13279 (1995) [13] and ABNT NBR 13749 
(2013) [14]. Although these standards are not specifically intend-
ed for photocatalytic materials, the curing period of 28 days is 
widely adopted to ensure the stabilization and maturation of ce-
ment-based materials. Following curing, the specimens were dried 
at room temperature to remove residual moisture before photocat-
alytic, X-ray diffraction (XRD), and scanning electron microscopy 
(SEM) analyses.

Figure 1. Mortar specimens (5 cm × 5 cm × 1 cm) prepared for 
photocatalytic activity evaluation by UV–Vis spectrophotometry.

Figure 2. Mortar specimens were subjected to 28 days of moist 
curing before photocatalytic, microstructural, and mineralogical 
characterization.
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Where C0 represents the initial dye concentration in solution, ex-
pressed in mol L-¹ or g L-¹, and Ct denotes the contaminant con-cen-
tration at a given time t during the degradation process. Degradation 
kinetics is also an important parameter for under-standing how the 
contaminant degradation evolves. In this study, the degradation ki-
netics were described using a first-order kinetic model, expressed by 
Equation (2):
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Where k is the apparent first-order rate constant, expressed in h-¹, 
and t is the irradiation or reaction time.
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2.5. Microstructural and mineralogical characteriza-
tion. For X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) analyses, the specimens were manually ground using 
an agate mortar and pestle until a fine and homogeneous powder 
was obtained. SEM images were acquired at different magnifica-
tions to evaluate the surface morphology, particle distribution, 
and possible TiO₂ agglomerates. Energy-dispersive spectroscopy 
(EDS) was performed for qualitative elemental analysis and to as-
sess the incorporation of TiO₂ within the mortar matrix.

The crystalline phases present in the materials were identified 
by X-ray diffraction (XRD). The analyses were performed using a 
Philips X’Pert MPD diffractometer operating at 40 kV and 40 mA 
with CuKα radiation. Data were collected over a 2θ range from 5° 
to 80°, using a step size of 0.02° and a counting time of 1 s per step.

Phase identification was carried out using X’Pert HighScore 
software and reference patterns from the International Centre for 
Diffraction Data (ICDD) database. Figure 4 shows a diagram that 
provides a clear and reproducible overview of the experimental 
procedure. 

Figure 3. Experimental conditions adopted during the photocatalytic test.

Figure 4. Shows the diagram, which provides a clear and reproducible overview of the experimental procedure.

3.  RESULTS AND DISCUSSION 

3.1. Particle size distribution of fine aggregate. Table 2 
presents the particle size distribution of the fine aggregate used in the 
production of the photocatalytic rendering mortars. The obtained 
fineness modulus (FM) was 1.86, which classifies the material as 
fine sand according to ABNT NBR 7211 (2022) [18]. 

The maximum aggregate size was determined to be 0.60 mm, 
indicating a predominance of fine particles within the aggregate 
composition. The fine grading of the aggregate is expected to influ-
ence both the fresh and hardened properties of the mortars. Due 
to the higher specific surface area associated with finer particles, an 
increase in water demand and a reduction in workability may occur. 
This effect becomes particularly relevant in TiO₂-modified mortars, 
since the incorporation of photocatalytic particles further increases 
the overall surface area of the solid constituents. 

In addition, the predominance of fine particles may contribute 
to improved packing density and greater homogeneity of the ce-
mentitious matrix, favoring a more uniform distribution of TiO₂ 
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throughout the mortar. Such characteristics are important because 
the photocatalytic efficiency of cement-based materials depends 
not only on the amount of TiO₂ incorporated but also on its dis-
persion and accessibility at the exposed surface. 

The particle size distribution may also affect the microstructur-
al characteristics observed in the SEM analyses, influencing pore 
distribution, particle arrangement, and the interaction between 
TiO₂ particles and hydration products. Therefore, the aggregate 
grading adopted in this study provides suitable conditions for eval-
uating the influence of TiO₂ incorporation on the photocatalytic 
performance and microstructural development of rendering mor-
tars. 

Figure 5 shows the particle size distribution curve of the fine 
aggregate. The continuous grading observed confirms the predom-
inance of fine particles and supports the classification obtained 
from the fineness modulus. 

The particle size distribution results indicated negligible cu-
mulative retention in the sieve range from 6.3 mm to 1.20 mm, 
demonstrating the absence of coarse particles in the aggregate. 
This behavior confirms the predominance of fine particles, which 
is consistent with the fineness modulus value of 1.86 and the classi-
fication of the material as fine sand according to ABNT NBR 7211 
(2022)[18]. 

A significant concentration of particles was observed between 
the 0.60 mm and 0.30 mm sieves, with the highest retention oc-
curring at the 0.30 mm sieve. The particle size distribution curve 
remained within the acceptable limits established by the standard, 
indicating adequate grading for mortar production. The predom-
inance of fine particles is advantageous for rendering mortars 
because it contributes to improved cohesiveness, reduced segre-
gation, and enhanced surface finishing. Furthermore, the finer 
grading increases the specific surface area of the aggregate, which 
may influence the interaction between the cementitious matrix 
and the incorporated photocatalyst. For TiO₂-modified mortars, 
the presence of fine particles can facilitate a more homogeneous 

#Sieve Size (mm) Mass Retained (g) % Retained % cumulative Retained % Cumulative Passing

6.30 0.04 0.00 0.00 100.00

4.80 0.11 0.01 0.01 99.99

2.40 0.17 0.02 0.03 99.98

1.20 0.06 0.01 0.03 99.99

0.60 15.83 1.58 1.61 98.42

0.30 846.15 84.32 85.94 15.68

0.15 125.17 12.47 98.41 87.53

0.075 14.53 1.45 99.86 98.55

Pan 1.39 0.14 100.00 99.86

∑ 1003.45 100.00 - 0.00

Aggregate Specific Gravity(g/cm³) 1.66 Fineness modulus 1.86

Maximum aggre-
gate size (mm)

0.60

Table 2.  Particle size distribution of the fine aggregate.

distribution of the photocatalyst throughout the matrix, promot-
ing greater exposure of active photocatalytic sites at the mortar 
surface. This characteristic is particularly important because pho-
tocatalytic efficiency depends not only on the amount of TiO₂ in-
corporated but also on its accessibility to ultraviolet radiation and 
pollutant molecules [19]. 

The high proportion of fine particles may also contribute to a 
denser microstructure by improving particle packing, which can 
affect pore distribution and the interaction between hydration 
products and TiO₂ particles. These effects are relevant for under-
standing the microstructural characteristics observed in the SEM 
analyses and the photocatalytic performance discussed in subse-
quent sections. 

During mortar production, the incorporation of TiO₂ at re-
placement levels ranging from 2% to 10%, while maintaining 
the initial water content constant, resulted in a slight reduction 
in consistency, indicating decreased workability. To achieve the 

Figure 5. Particle size distribution curve of the fine aggregate.
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target consistency, additional mixing water was required for the 
TiO₂-containing mixtures. This behavior can be attributed to the 
high specific surface area of TiO₂ particles, which increases water 
demand and alters the rheological properties of the fresh mortar. 
Similar findings have been reported by Hatori, Giordani, Casarin, 
and Guerra (2023) [20], who observed increased water demand 
and reduced workability in photocatalytic cement-based materials 
containing TiO₂.

3.2. X-Ray diffraction analysis. Figure 6 presents the X-ray 
diffraction (XRD) patterns of the mortars containing 0%, 2%, 6%, 
and 10% TiO₂. The diffractograms reveal the principal crystalline 
phases present in the cementitious matrix and provide information 
regarding the mineralogical composition of the mortars after curing. 
The XRD analysis enables identification of hydration products 
and mineral constituents derived from the raw materials, as well 
as crystalline TiO₂ incorporated into the mixtures. Variations in 
peak intensity among the formulations may be associated with the 
increasing TiO₂ content and its interaction with the cementitious 

Figure 6. X-ray diffraction patterns of mortars containing 0%, 2%, 
6%, and 10% TiO₂.

matrix. A detailed interpretation of the diffraction peaks is present-
ed in the following sections.

For the mortar sample without titanium dioxide addition (0% 
TiO₂), the X-ray diffraction (XRD) analysis revealed the presence 
of crystalline phases commonly found in cement-based materi-
als. Silicon dioxide (SiO₂), corresponding to quartz, was identi-
fied according to JCPDS reference pattern No. 01-083-2465, 01-
085-0335, and 01-087-2096, indicating the presence of siliceous 
aggregates used in the mortar composition. Calcium carbonate 
(CaCO₃) phases were also detected, as evidenced by JCPDS refer-
ence pattern No. 01-081-2027 and 01-072-1937. These phases are 
typically associated with limestone filler and carbonation products 
formed during the curing process.

In addition, calcium oxide (CaO) was identified based on JCPDS 
reference pattern No.00-017-0912, which may be related to residual 
free lime resulting from incomplete hydration reactions of the cemen-
titious matrix. Heat-activated hydrated cement powder develops 
new active components such as calcium silicate and calcium oxide, 

which then participate in further hydration in new mortars; incom-
plete reaction can leave residual CaO [21]. A phase corresponding 
to JCPDS reference pattern No. 96-210-1125 (C352.00) was also 
detected, possibly associated with complex cement hydration 
products present in the mortar.

Overall, the XRD results indicate that the reference mortar ma-
trix is predominantly composed of quartz and calcium carbonate, 
which are characteristic phases of conventional rendering mortars. 
Hydration of Portland cement typically forms calcium silicate hy-
drate (C–S–H) and related gel phases; these are poorly crystalline 
but can be associated with specific complex calcium–silicate–hy-
drate structures in XRD [22]. The absence of diffraction peaks as-
sociated with TiO₂ confirms that no photocatalytic additive was 
incorporated into this formulation, making it an appropriate con-
trol sample for comparison with TiO₂-modified mortars in subse-
quent microstructural and photocatalytic performance analyses.

For the mortar containing 2% TiO₂, diffraction peaks were ob-
served at 2θ values of 27.719°, 36.302°, 39.601°, 44.507°, 54.804°, 
57.245°, 64.769°, 66.152°, 70.225°, and 73.170°. These reflections 
are consistent with the rutile phase of TiO₂, according to the 
JCPDS reference pattern No. 01-088-1173. Rutile is a thermody-
namically stable polymorph of titanium dioxide characterized by 
a tetragonal crystal structure composed of distorted TiO₆ octahe-
dra, which contribute to its electronic and photocatalytic proper-
ties [23, 24]. 

In addition to the TiO₂-related reflections, diffraction peaks as-
sociated with silicon dioxide (SiO₂), calcium carbonate (CaCO₃), 
and calcium titanium silicate (CaTiSiO₅, titanite) were also detect-
ed. These phases are attributed to the mineral constituents of the 
aggregate and cementitious matrix, indicating the coexistence of 
multiple crystalline phases within the mortar.

The mortar containing 6% TiO₂ exhibited diffraction peaks at 
2θ values of 25.273°, 36.881°, 37.700°, 38.509°, 47.981°, 54.992°, 
68.593°, 70.199°, 73.856°, and 75.939°. These reflections are con-
sistent with the anatase phase of TiO₂, according to the JCPDS 
reference pattern No. 96-500-0224. Anatase is widely recognized 
as the most photocatalytically active TiO₂ polymorph due to its 
high specific surface area and favorable charge-carrier dynamics, 
which enhance the generation and separation of photogenerated 
electron–hole pairs [25]. Additional diffraction peaks associated 
with SiO₂ and calcium oxide (CaO) were also identified, suggest-
ing the presence of mineral phases originating from the aggregate 
and hydration products formed during cement curing. The coex-
istence of anatase with these phases reflects the complex mineral-
ogical composition of the mortar matrix.

For the mortar containing 10% TiO₂, diffraction peaks were 
identified at 2θ values of 27.436°, 36.087°, 39.189°, 56.632°, 
64.062°, and 69.798°, which are consistent with the rutile phase of 
TiO₂ according to JCPDS reference pattern No. 00-034-0180. Ad-
ditional peaks were attributed to SiO₂, CaCO₃, CaTiSiO₅ (titan-
ite), and calcium silicate phases, including hatrurite. In TiO₂‑mod-
ified OPC mortars, peaks for quartz (SiO₂) and calcium silicate 
(Ca₂SiO₄) are clearly identified and matched with JCPDS cards, 
with calcium silicate peaks around 26–39° [26]. The identification 
of both anatase and rutile phases among the TiO₂-modified mor-
tars is particularly relevant because these polymorphs exhibit dis-
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tinct photocatalytic behaviors. Anatase is generally associated with 
higher photocatalytic activity owing to its superior charge-carrier 
mobility and larger specific surface area, whereas rutile may con-
tribute to charge-transfer processes and improve photocatalytic 
efficiency when present in combination with anatase. Therefore, 
the crystalline composition revealed by XRD may partially explain 
the differences observed in methylene blue degradation among the 
investigated formulations. 

3.3. Scanning electron microscopy and energy-disper-
sive spectroscopy analysis. Figure 7 presents the scanning elec-
tron microscopy (SEM) micrographs and energy-dispersive X-ray 
spectroscopy (EDS) analyses of the reference mortar and the mortars 
containing 0%, 2%, 6%, and 10% TiO₂ after 28 days of curing.

For the reference mortar (Figure 7a), the SEM images reveal a 
heterogeneous microstructure composed of particles with different 
sizes, shapes, and surface textures. At a magnification of 3kx, larger 
angular particles and smaller irregular particles can be observed dis-
persed throughout the matrix. Based on the combined SEM, EDS, 
and XRD results, the angular particles may be associated with calci-
um-rich phases, including calcium carbonate (CaCO₃), whereas the 
finer particles are consistent with silica-rich constituents originating 
from the aggregate. Recycled aggregates and modified fines often 
show granular or angular CaCO₃ deposits enriched in Ca, C and O 
on particle surfaces in SEM–EDS, matching your description of larg-
er angular calcium-rich particles [27]. 

The differences in particle morphology and surface texture be-
come more evident. Some particles exhibit rough and well-defined 
surfaces that are consistent with crystalline phases identified by XRD, 
while other regions display finer and more irregular morphologies. 
The observed contrast variations are likely related to differences in 
elemental composition and local density within the cementitious 
matrix. The EDS spectrum of the reference mortar, shown in Figure 

Figure 7. SEM micrographs of mortar samples containing different TiO₂ contents: (a) 0% (reference mortar), (b) 2%, (c) 6%, and (d) 
10%, after 28 days of curing.

8(a), confirmed the presence of oxygen (O), calcium (Ca), silicon 
(Si), and carbon (C), indicating the coexistence of calcium-rich and 
silica-rich phases, including calcium carbonate (CaCO₃). In addi-
tion, minor concentrations of aluminum (Al), iron (Fe), magnesi-
um (Mg), and potassium (K) were identified. These elements are 
typically associated with clinker-derived compounds and naturally 
occurring mineral constituents present in both cement and aggre-
gates.

The SEM micrographs and EDS spectrum of the mortar con-
taining 2% TiO₂, presented in Figure 7(b), compared with the refer-
ence mixture, the incorporation of TiO₂ resulted in the appearance 
of brighter particles and localized agglomerates dispersed within the 
matrix. According to the XRD results, these features are consistent 
with the presence of rutile TiO₂. However, direct phase identification 
based solely on morphology is not possible, and the interpretation 
was supported by the combined SEM, EDS, and XRD analyses. TiO₂ 
nanoparticles often agglomerate, and this is highlighted as a key prac-
tical issue: their tendency to cluster makes dispersion crucial for ef-
fective application in cementitious materials [28, 29]. As shown in 
Figure 8(b), the EDS spectrum confirmed the presence of titanium 
(Ti), in addition to Ca, Si, O, and C, corroborating the incorporation 
of TiO₂ into the mortar. Regions containing simultaneous signals of 
Ti, Ca, and Si may indicate local interactions between TiO₂ particles 
and the cementitious matrix, although the formation of specific sec-
ondary phases cannot be confirmed solely by EDS analysis. 

As shown in Figure 7(c), the mortar containing 6% TiO₂ SEM 
observations revealed a more uniform distribution of fine particles 
throughout the matrix compared with the 2% formulation. Fine 
particulate structures and particle clusters were observed, which are 
consistent with the presence of TiO₂ identified by XRD as predom-
inantly anatase. As shown in Figure 8(c), The EDS analysis detected 
significant amounts of Ti, confirming the successful incorporation of 
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Figure 8. EDS of mortar samples containing different TiO₂ contents: (a) 0% (reference mortar), (b) 2%, (c) 6%, and (d) 10%, after 28 
days of curing.

the photocatalyst. The coexistence of Ti, Si, Ca, and O within the ana-
lyzed regions indicates the interaction between the photocatalyst and 
the hydrated cement matrix. The more homogeneous distribution 
observed in this formulation may contribute to increased exposure of 
photocatalytic active sites, which is an important factor influencing 
photocatalytic performance. 

As shown in Figure 7(d), the microstructure of the mortar con-
taining 10% TiO₂ revealed a higher concentration of TiO₂-rich par-
ticles and the formation of particle agglomerates, these agglomerates 
suggest that increasing TiO₂ content may reduce dispersion efficien-
cy within the mortar matrix. As shown in Figure 8(d) The EDS anal-
ysis identified O, Si, Ca, Ti, Fe, K, Mg, and Al, indicating a complex 
mineralogical composition consistent with the phases detected by 
XRD. The presence of Ti-rich regions confirms the incorporation of 
the photocatalyst, whereas the coexistence of Ca- and Si-rich phases 
reflects the hydrated cementitious matrix and aggregate constituents.

The observed agglomeration of TiO₂ particles in the 10% mortar 
is particularly relevant when interpreting the photocatalytic results. 
Although higher TiO₂ contents increase the amount of photocata-
lytically active material, excessive particle agglomeration may reduce 
the effective surface area exposed to ultraviolet radiation and limit the 
accessibility of active sites. Therefore, photocatalytic performance is 
influenced not only by TiO₂ concentration but also by its dispersion 
and distribution within the cementitious matrix [30]. 

Surface area is a key factor governing the photocatalytic activi-
ty of TiO₂-based cementitious materials because it determines the 
number of active sites available for light absorption and pollutant 
adsorption. The incorporation of TiO₂ nanoparticles is expected to 
increase the overall specific surface area of the mortar matrix due to 
their fine particle size. However, excessive TiO₂ loading may promote 
particle agglomeration, as observed in the SEM images, thereby re-

ducing the effective exposed surface area and limiting the accessibil-
ity of photocatalytically active sites. Therefore, photocatalytic per-
formance depends not only on TiO₂ content but also on the balance 
between surface area enhancement and particle dispersion within the 
cementitious matrix.

The photocatalytic efficiency of TiO₂-modified cementitious ma-
terials is not solely determined by the amount of TiO₂ added; rather, 
it is critically influenced by how well the particles are dispersed and 
distributed within the matrix. While higher TiO₂ content increases 
the potential for photocatalytic activity, excessive loading often leads 
to particle agglomeration, which reduces the effective surface area 
exposed to UV light and limits access to active sites, ultimately dimin-
ishing performance [31, 32].

3.4. Photocatalytic activity evaluation by UV–Vis spec-
troscopy. Figure 9 presents the UV–Vis absorbance spectra of the 
mortar containing 2% TiO₂ at 10% different exposure times (0, 30, 
60, and 90 min) during the photocatalytic test. The analysis was per-
formed over the wavelength range from 400 to 800 nm, covering 
both the ultraviolet and visible regions. It is important to note that 
the methylene blue removal observed in this study may result from 
the combined effects of adsorption by the cementitious matrix and 
photocatalytic degradation induced by TiO₂ under UV irradiation. 
Since no adsorption–desorption equilibrium stage was performed 
before the photocatalytic tests, the reported discoloration efficiencies 
represent the overall dye removal. Future studies should include dark 
adsorption experiments to distinguish the individual contributions 
of adsorption and photocatalysis.

As shown in Figure 9, a gradual decrease in absorbance was ob-
served with increasing irradiation time, particularly in the character-
istic absorption region of methylene blue between 600 and 700 nm. 
This behavior indicates the progressive degradation of the dye mole-
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cules and demonstrates the photocatalytic activity of the TiO₂-modi-
fied mortar. The reduction in absorbance intensity over time suggests 
a decrease in methylene blue concentration as photocatalytic reac-
tions proceed on the mortar surface. 

The most pronounced changes occurred within the visible region, 
where methylene blue exhibits its main absorption band, confirming 
the effectiveness of the photocatalytic process. The photocatalytic ac-
tivity of the TiO₂-modified mortars is governed by the semiconduct-
ing properties of TiO₂, whose anatase and rutile crystalline phases 
were confirmed by XRD analysis. TiO₂ is an n-type semiconductor 
with a band gap of approximately 3.2 eV for anatase and 3.0 eV for 
rutile [23, 25]. When irradiated with ultraviolet light, photons with 
energy equal to or greater than the band gap promote electrons from 
the valence band to the conduction band, generating electron–hole 
(e-/h+) pairs. These charge carriers migrate to the catalyst surface, 
where photogenerated holes oxidize adsorbed water or hydroxyl 
groups to produce hydroxyl radicals (•OH), while conduction-band 
electrons reduce dissolved oxygen to form superoxide radicals (•O₂-) 
[25, 33]. These reactive oxygen species are responsible for the oxi-
dation and mineralization of methylene blue molecules adsorbed on 
the mortar surface, resulting in the observed photocatalytic degrada-
tion [25, 33, 34]. 

For the 6% TiO₂ sample, absorbance progressively decreased 
with increasing irradiation time, particularly in the ultraviolet region 
near 300 nm and in the visible region between 600 and 700 nm. This 
behavior indicates the effective photocatalytic degradation of meth-
ylene blue molecules, driven by photoinduced reactions occurring 
at the TiO₂ surface, leading to a reduction in dye concentration over 
time. According to Dalhat and Ahmad (2022) [34], the photocat-
alytic efficiency of TiO₂ is associated with the generation of highly 
reactive species, including hydroxyl radicals (•OH) and reactive 

Figure 9. UV–Vis absorbance spectra of methylene blue solution recorded during photocatalytic degradation in the presence of mortar 
samples containing 2–10% TiO₂.

oxygen species, which promote the oxidation and decomposition 
of organic contaminants. The progressive decrease in absorbance 
observed during the experiment is consistent with these photocata-
lytic mechanisms. The results indicate that the mortar containing 6% 
TiO₂ exhibited measurable photocatalytic activity, evidenced by the 
continuous reduction in methylene blue absorbance throughout the 
exposure period. 

For the 10% TiO₂ sample, the absorbance spectra showed a 
progressive decline relative to the initial spectrum as the irradiation 
time increased. This reduction was particularly pronounced in the 
characteristic absorption band of methylene blue, demonstrating the 
enhanced photocatalytic activity of the TiO₂-containing material and 
the effective degradation of dye molecules throughout the irradiation 
process. This behavior is consistent with the photocatalytic oxidation 
mechanism of TiO₂, in which reactive species such as hydroxyl rad-
icals (•OH) and reactive oxygen species are generated under UV ir-
radiation and subsequently attack organic molecules adsorbed on the 
photocatalyst surface [33].

The continuous decrease in absorbance after 60 and 90 min 
confirms that the photocatalytic process remained active through-
out the experimental period. Among the investigated formulations, 
the mortar containing 10% TiO₂ exhibited the greatest reduction in 
methylene blue absorbance, indicating superior photocatalytic per-
formance. 

As illustrated in Figure 10, photogenerated holes react with ad-
sorbed water molecules or hydroxyl ions to produce hydroxyl radicals 
(•OH), whereas conduction-band electrons reduce dissolved oxygen 
to form superoxide radicals (•O₂-). These reactive oxygen species at-
tack the chromophoric structure of methylene blue through succes-
sive oxidation reactions, producing intermediate compounds that are 
subsequently mineralized into CO₂, H₂O, and inorganic ions. Conse-
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quently, the photocatalytic efficiency depends on the effective gen-
eration of electron–hole pairs, suppression of charge recombination, 
and the accessibility of  TiO₂ particles exposed at the mortar surface. 

 Figure 11 summarizes the methylene blue (MB) removal behav-
ior of mortar samples containing different TiO₂ contents (0%, 2%, 
6%, and 10%) under UV irradiation. The results are presented as (a) 
the normalized concentration (C/C₀) as a function of irradiation 
time, (b) pseudo-first-order kinetic fitting for the TiO₂-containing 
mortars, (c) the apparent first-order rate constants (k), and (d) a heat 
map showing the evolution of MB removal efficiency over time. 

As shown in Figure 11(a), the reference mortar without TiO₂ 
(0%) exhibited the fastest decrease in C/C₀, reaching approximately 
0.08 after 90 min, corresponding to an overall MB removal of approx-
imately 92%. Among the TiO₂-modified mortars, the formulation 
containing 10 wt.% TiO₂ showed the greatest decrease in MB con-
centration, achieving approximately 93% removal after 90 min. The 
mortar containing 2 wt.% TiO₂ exhibited intermediate behavior, with 
a final removal efficiency of approximately 70%, whereas the 6 wt.% 
TiO₂ mortar showed the lowest performance, reaching only about 
20% removal. 

Since no adsorption–desorption equilibrium was established 
before UV irradiation, the behavior of the reference mortar cannot 
be interpreted exclusively in terms of photocatalytic activity. For this 
reason, the pseudo-first-order kinetic model was applied only to the 
TiO₂-containing mortars, as shown in Figure 11(b). The rapid MB 
removal observed for the 0% mortar is mainly attributed to adsorp-
tion by the porous cementitious matrix rather than to photocatalytic 
degradation. 

The kinetic analysis revealed apparent first-order rate constants of 
0.0171 min-¹ for the 2 wt.% TiO₂ mortar, 0.0018 min-¹ for the 6 wt.% 
TiO₂ mortar, and 0.0172 min-¹ for the 10 wt.% TiO₂ mortar (Figure 
11(c)). The 2 wt.% and 10 wt.% formulations exhibited very similar 
reaction rates, whereas the 6 wt.% mortar presented a much lower 
kinetic constant, indicating limited photocatalytic effectiveness. The 
reduced performance of this formulation may be associated with par-

Figure 10. Proposed photocatalytic mechanism for methylene blue (MB) degradation on TiO₂-modified mortar under UV irradiation. 
Upon UV excitation, TiO₂ generates electron–hole pairs that promote the formation of hydroxyl (•OH) and superoxide (•O₂-) radicals. 
These reactive oxygen species oxidize methylene blue molecules adsorbed on the mortar surface, leading to intermediate products and, 
ultimately, mineralization into CO₂, H₂O, and inorganic ions.

ticle agglomeration, poorer dispersion within the cementitious ma-
trix, or reduced accessibility of photocatalytically active sites, as also 
suggested by the SEM observations. 

The heat map presented in Figure 11(d) provides a clear visu-
alization of the evolution of MB removal efficiency throughout the 
experiment. The reference mortar exhibited rapid initial removal, 
reaching more than 90% after 30 min, whereas the TiO₂-modified 
mortars showed distinct behaviors depending on TiO₂ content. The 
10 wt.% mortar displayed the highest removal efficiency among the 
photocatalytic mortars throughout the experiment, while the 6 wt.% 
formulation remained at low efficiency levels during the entire irradi-
ation period. 

Overall, the results demonstrate that TiO₂ incorporation strong-
ly influences the apparent photocatalytic behavior of the mortars. 
Among the TiO₂-modified formulations, the mortar containing 
10 wt.% TiO₂ exhibited the highest overall MB removal efficiency 
(93%) and the highest apparent reaction rate constant (k = 0.0172 
min-¹). However, photocatalytic performance did not increase line-
arly with TiO₂ content, highlighting the importance of factors such 
as particle dispersion, agglomeration, and accessibility of active sites. 

It is important to emphasize that the similar overall MB removal 
efficiencies obtained for the reference mortar (92%) and the 10 wt.% 
TiO₂ mortar (93%) should not be interpreted as equivalent pho-
tocatalytic performance. Because no dark adsorption–desorption 
equilibrium was performed before UV irradiation, the measured dis-
coloration reflects the combined effects of adsorption and photocat-
alytic degradation. The porous cementitious matrix of the reference 
mortar can adsorb a substantial fraction of methylene blue, whereas 
TiO₂ promotes the photocatalytic oxidation of adsorbed molecules 
through the generation of reactive oxygen species under UV irradi-
ation. Therefore, the purpose of incorporating TiO₂ is not merely to 
increase dye removal, but to introduce photocatalytic functionality 
capable of degrading adsorbed organic contaminants rather than 
simply retaining them. Future studies will include dark adsorption 
experiments to quantitatively distinguish adsorption from photo-
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Figure 11. Summarizes the photocatalytic performance of the investigated mortars, (a) degradation (C/C₀), (b) pseudo-first-order ki-
netic plots (linear fit through the origin for catalyzed samples), (c) rate constant (k), and (d) removal efficiency heat map (%).

(a) (b)

(c) (d)

Ref. Material TiO₂ (wt.%) Target pollutant Light source Irradiation 
time (min)

Photocatalytic 
performance

Kinetic 
parameter Main finding

[3] TiO₂ cement 
slurry

- NOx UV 60 Up to 92% 
NOx removal

Not reported High NOx 
abatement

[4] Rendering 
mortar + mineral 
admixtures

- NO UV-A - Highest NO 
conversion 
(MK20)

Not reported Mineral 
admixtures 
enhanced 
activity

[19] Nano-TiO₂ 
recycled aggregate 
mortar

- MB (self-
cleaning)

UV 2800 51.7% 
self-cleaning 
efficiency

Not reported Improved 
self-cleaning 
behavior

[26] OPC mortar with 
nano-TiO₂

- RhB Solar - 69.9–84.6% 
discoloration

Not reported Surface appli-
cation more 
effective

[31] Rutile TiO₂ 
mortar

4-6 RhB Solar - Qualitative 
improvement

Not reported Optimum 
under natural 
sunlight

[32] Nano-TiO₂ 
cementitious 
composite

1 NOx UV 45 Highest NOx 
removal

Not reported Efficiency in-
creased with 
nano-TiO₂ 
content

This work Rendering mortar 10 Methylene blue UV 120 92% MB 
removal

k = 0.0172 
min-¹

Highest MB 
removal 
among 
TiO₂-modi-
fied mortar

Table 3.  Comparison of the photocatalytic performance of TiO₂-modified cementitious materials reported in the literature.
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catalytic degradation. Table 3 summarizes representative studies on 
TiO₂-modified cementitious materials and compares their photocat-
alytic performance with that obtained in the present work. A direct 
quantitative comparison should be interpreted with caution because 
the reported studies differ considerably in terms of target pollutant 
(NOx, RhB, or methylene blue), TiO₂ content, irradiation source, 
exposure time, specimen preparation, and evaluation methodolo-
gy. Therefore, the comparison is intended to position the proposed 
mortar within the current state of the art rather than establish a strict 
performance ranking. 

Despite these experimental differences, the results demonstrate 
that TiO₂ incorporation consistently enhances the photocatalytic 
functionality of cementitious materials, the mortar containing 10 
wt.% TiO₂ developed in this study achieved the highest methylene 
blue removal among the investigated formulations, reaching ap-
proximately 92% removal after 120 min of UV irradiation, with an 
apparent pseudo-first-order kinetic constant of 0.0172 min-¹. These 
results are consistent with the performance trends reported for other 
TiO₂-based photocatalytic mortars and confirm the potential of the 
proposed material for self-cleaning and environmental remediation 
applications.

4. CONCLUSION
This study investigated the development and characterization of 

TiO₂-modified rendering mortars, focusing on their structural, mi-
crostructural, mineralogical, and photocatalytic behavior under UV 
irradiation. The combined characterization techniques demonstrat-
ed that TiO₂ was successfully incorporated into the cementitious 
matrix and significantly influenced the MB removal behavior of the 
investigated mortars.

X-ray diffraction analyses identified both anatase and rutile TiO₂ 
crystalline phases together with the characteristic mineral phases 
of the cementitious matrix. SEM/EDS observations revealed that 
TiO₂ addition modified the mortar microstructure, affecting parti-
cle distribution and the formation of localized agglomerates. These 
microstructural characteristics are consistent with the differences 
observed in the MB removal behavior among the investigated for-
mulations. 

The MB removal experiments showed distinct performances 
depending on TiO₂ content. Among the TiO₂-modified mortars, 
the specimens containing 2 wt.% and 10 wt.% TiO₂ achieved overall 
MB removal efficiencies of approximately 70% and 93%, respective-
ly, after 90 min of UV irradiation, whereas the 6 wt.% TiO₂ mortar 
exhibited the lowest efficiency (20%). These results indicate that the 
apparent photocatalytic performance does not increase linearly with 
TiO₂ content but depends on factors such as particle dispersion, ag-
glomeration, and the accessibility of photocatalytically active sites. 
Among the photocatalytic mortars, the 10 wt.% TiO₂ formulation 
exhibited the highest overall MB removal and the highest appar-
ent photocatalytic performance. It should be emphasized that the 
reference mortar without TiO₂ also exhibited a high MB removal 
efficiency (approximately 92%). However, because no adsorption–
desorption equilibrium was established before UV irradiation, the 
measured dye removal represents the combined effects of adsorp-
tion by the porous cementitious matrix and photocatalytic degra-
dation. Consequently, the high removal efficiency observed for the 

reference mortar should not be interpreted as evidence of superior 
photocatalytic activity. Instead, the role of TiO₂ is to promote the 
photocatalytic oxidation of adsorbed organic molecules through the 
generation of reactive oxygen species under UV irradiation rather 
than simply increasing dye adsorption. 

Although increasing the TiO₂ content improved the overall per-
formance among the photocatalytic mortars, higher TiO₂ additions 
also reduced mortar workability owing to the high specific surface 
area of the nanoparticles, increasing the water demand required to 
achieve adequate consistency during mixing. T

he developed TiO₂-modified rendering mortars demonstrate 
potential for application as multifunctional building coatings, par-
ticularly for self-cleaning façades and environmentally active sur-
faces capable of degrading organic contaminants. Nevertheless, 
the present study also highlights the importance of distinguishing 
adsorption from photocatalytic degradation when evaluating ce-
ment-based photocatalytic materials.

Future work should therefore include adsorption–desorption 
equilibrium experiments prior to UV irradiation to quantify the in-
dividual contributions of adsorption and photocatalysis. In addition, 
surface-sensitive characterization techniques, such as X-ray Pho-
toelectron Spectroscopy (XPS), quantitative elemental mapping, 
and Brunauer–Emmett–Teller (BET) specific surface area meas-
urements, should be employed to correlate the amount of exposed 
TiO₂, particle dispersion, and accessible active sites with photocat-
alytic performance. Long-term durability and outdoor performance 
under natural environmental conditions should also be investigated 
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