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Abstract: This study presents a self-cleaning cement incorporating zinc oxide and titanium dioxide nanoparticles,
used alone or in combination. The objective is to develop high-performance materials suitable for different
environments, inhibiting fungal growth while providing self-cleaning properties. In parallel, the impact of these
nanoparticles on the mineralogy and structure of C-S-H was examined. Used as partial cement substitutes (0—
3% by weight), the pastes were characterized after 28 days of hydration by XRD, XRF, DSC and TG to evaluate
reactivity and Ca/Si ratios of the formed C-S-H. Next, a new alternative method for the indirect determination of
the Ca/Si ratio of the C-S-H gel in cements is also proposed using three methods. The antimicrobial surfaces were
assessed for antifungal activity against Penicillium brevicompactum, Trichoderma reesei and Aspergillus niger
on Czapek-Dox agar. Results show that the addition of TiO, and ZnO vyields fungal-resistant surfaces, promoting
hygiene, sustainability and innovation in construction.

Keywords: Nanoparticles; ZnO; TiO2; Antifungal; Cement hydration; C-S-H; Ca/Si ratio.

Resumen: Este estudio presenta un cemento autolimpiante con nanoparticulas de oxido de zinc y dioxido de
titanio, usadas solas o combinadas. El objetivo es desarrollar materiales de alto rendimiento que inhiban el
crecimiento de hongos y aporten propiedades autolimpiantes. Se evalud ademads el efecto de estas nanoparticulas
en la mineralogia y la estructura del gel C-S-H. Empleando estas nanoparticulas como sustitutos parciales del
cemento (0-3 % en peso), las pastas se caracterizaron tras 28 dias de hidratacion mediante XRD, XRF, DSC y TG
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para analizar la reactividad y la relacién Ca/Si del gel C-S-H. También se propone un método alternativo para
determinar de forma indirecta la relacién Ca/Si del gel en cementos a través de tres enfoques. Las superficies
antimicrobianas se ensayaron contra Penicillium brevicompactum, Trichoderma reesei y Aspergillus niger en agar
Czapek-Dox. Los resultados confirman que la incorporacion de TiO, y ZnO genera superficies resistentes a hongos,
favoreciendo higiene y sostenibilidad en la construccion.

Palabras clave: Nanoparticulas; ZnO; TiOz; Antifingico; Hidratacion del cemento; C-S-H; Relacién Ca/Si.
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1. INTRODUCTION

Cement is a particularly complex system to characterize, both in terms of its chemical composition and
crystalline structure, as well as the morphology of the solid phases formed during its hydration. To date,
the characterization of cement hydrates, in particular hydrated calcium silicates, remains a challenge
despite the numerous research projects carried out in this field (1). Hydrated calcium silicates (C-S-H)
are formed by the hydration of silicates present in clinker and constitute between 60 and 70% of the
total volume of the hydrated cement paste. Essential elements of Portland cement, they play a major
role in its properties, in particular by ensuring a large part of its mechanical strength (2).

The composition of C-S-H is generally described from the CaO/SiO: ratio noted Ca/Si and the calcium
hydroxide concentration at equilibrium (3). Most of the work carried out on this hydrate suggests
the existence of several C-S-H of different stoichiometry, structure or morphology (3-5). All of these
studies agree to demonstrate that the variation of the stoichiometry composition of C-S-H in terms of
Ca/Si ratio varies with the concentration of CaO in solution in which it is in equilibrium. Thus, the higher
the concentration of CaO, the higher the Ca/Si ratio of C-S-H (6). In hydrated calcium silicates, the
Ca/Si ratio generally ranges from 0.7 to 2.0, with a mean value of 1.75 for hydrated Portland cement
(7). H.FEW. Taylor (5) identified two types of C-S-H: C-S-H (1), which forms for Ca/Si ratios less than 1.5
and whose structure is close to that of Tobermorite, and C-S-H (ll), observed for Ca/Si ratios greater
than 1.5, presenting a structure similar to that of Jennite, another natural lamellar mineral. A. Nonat et
al. (8,9), therefore, suggested a categorization of three types of C-S-H systems: C-S-H (l) for Ca/Si ratios
<1, C-S-H (ll) for 1 < Ca/Si < 1.5 and C-S-H (Ill) for Ca/Si > 1.5. Another study (10) reported that the Ca/
Si ratio of C-S-H in hydrated Portland cement can reach higher values and can reach 3, although the
majority of values are between 1.3 and 1.8.

Both calcium and silicon exhibit significant antifungal activity, although based on different mechanisms.
Calcium hydroxide, released from materials such as CEM cement, dissociates into Ca?* and OH™ ions,
leadingtoanincreaseinthe pHofthe medium, which inhibits fungal growth, this effectis enhanced by the
diffusion of active components present in the material (11). Moreover, calcium particularly in the form
of nanoparticles, has demonstrated direct antifungal efficacy when used as a deacidification treatment
(12). As for silicon, generally used in the form of sodium silicate, it exerts concentration-dependent
fungal inhibition, as observed on the genera Penicillium, Fusarium, Alternaria and Trichothecium; this
activity is thought to be linked to an increase in pH and physiological effects on fungal spores (13, 14).
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Furthermore, silicon can also induce an antifungal response by stimulating the production of defense
compounds (15). Furthermore, the recent studies have shown that the addition of nanomaterials such
as ZnO and TiO, promotes the formation of C-S—H gel, while strengthening the adhesion between
aggregates and the cement matrix (16). Furthermore, the Ca/Si ratio plays an essential role not only
in the nucleation and quantity of C—S—H formed, but also in the internal structuring of this gel and its
mechanical properties (17).

Microbial attacks, particularly from bacteria and fungi, degrade concrete through biofilm formation,
leading to chemical damage, cracking, and reduced mechanical strength (18). Fungi, such as Penicillium
chrysogenum and Aspergillus versicolor, are primary contributors to the bio-deterioration of both
organic and inorganic materials. They produce organic acids, such as oxalic acid, which react with
concrete to form insoluble calcium complexes, causing material degradation. These fungi are commonly
found in water-damaged buildings, promoting concrete discoloration and increased porosity (10).
Microorganisms in corroded concrete often include species such as Thiobacillus and Acidithiobacillus
(19). Antimicrobial materials, including metals like Fe, Zn, Mn, Mo, Ni, and Ti, inhibit microbial growth by
interacting with microbial cells in the acidic environments created by microorganisms. Zinc oxide (ZnO)
is widely used in construction materials for its antimicrobial properties, comparable to commercial
biocides (18). Studies have shown that nanoparticles of metals and metal oxides, such as silver, copper,
titanium oxide, zinc oxide, and copper oxide, are effective in preventing microbial growth. These
nanoparticles enhance the longevity of building materials and enable bioactive coatings for existing
structures, including historical buildings. Their antimicrobial efficiency depends on their properties
(size, shape, surface area, concentration) and the substrate’s characteristics (porosity, absorbability,
pH), as well as environmental factors like humidity, temperature, and material degradation (19).
Biofilm formation on concrete leads to discoloration and tarnish, followed by chemical deterioration
due to acidic metabolites excreted by bacteria, which lowers the pH, increases porosity, and reduces
mechanical properties (19). Recent research indicates that ZnO nanoparticles are particularly effective,
acting as semiconductors that degrade pollutants and inhibit microbial activity through the release
of Zn?* ions and reactive oxygen species (ROS) generation (20). ZnO is utilized in construction for its
photocatalytic properties and ability to inhibit fungal growth, even in low-light conditions, by disrupting
microbial membranes and enzymatic functions. Incorporating ZnO into cement has been shown to
significantly reduce fungal growth, enhancing the material's durability (21, 22). TiO,, widely used in
orthopedic and dental implants, also demonstrates antimicrobial properties, primarily activated by UV
light. It prevents microbial adhesion by producing ROS, which disrupt microbial cells (23). TiO,-based
paints applied to steel and concrete surfaces have effectively inhibited the growth of fungi such as
Aspergillus niger and Trichoderma viride (24). Research indicates that antimicrobial agents in concrete
affect its technical properties based on their chemical reactivity and the concrete's constituents (25).
ZnO and TiO;, enhance the concrete's strength and durability while providing antifungal properties,
making them essential in sustainable construction practices (26). ZnO has been shown to inhibit
fungal growth more efficiently than TiO,, especially under high-nutrient conditions (27). The literature
demonstrates the effectiveness of metal and metal oxide nanoparticles, such as ZnO and TiO,, in
inhibiting microbial growth, with their efficacy dependent on their physicochemical properties and
the substrate material's characteristics. Environmental factors influencing microbial activity also play a
crucial role in determining the durability and protection of construction materials (19).

The aim of this work is to evaluate the influence of ZnO and TiO, nanoparticles incorporation on the
microstructure and composition of cement hydrates (C-S-H), in relation to their self-cleaning and antifungal
properties in order to describe the types of C-S-H formed in the hydrates and to optimize the material
formulation for sustainable and hygienic construction applications. A particular focus is placed on the
correlation between the Ca/Si ratio and antifungal performance, a relationship that remains underexplored
in the literature. Moreover, a new alternative method for the indirect determination of the Ca/Si ratio
in C-S-H gel is proposed, combining data from X-ray diffraction (XRD), X-ray fluorescence (XRF), and
thermogravimetric analysis (TG), offering a more accurate and complementary estimation approach.
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2. MATERIALS AND METHODS

2.1. Materials

The chemical and mineralogical composition of the commercial cement CEM | 42.5 R, which was used
for the preparation of cement pastes with ZnO and TiO: nanoparticles during a hydration period of 28
days, is presented in Table 1. The high percentages of CaO oxides and CsS phase, compared to the other
components, indicate that this cement is particularly rich in calcium.

Table 1. Chemical and mineral composition of CEM |1 42.5 R (% by weight).

Chemical composition [%] Mineral composition [%]
SiOz | Al:Os | Fe:0s [CaO| MgO | SOs |K:O| TiOz | P.Os | CsS | C.S | CsA | CJAF
18.7 4.5 34 65.9 13 43 [ 0.8 | 0.3 0.1 66.0 | 13.8| 9.1 7.6

In this work, the used nanomaterials were zinc oxide (ZnO) and titanium dioxide (TiO,). ZnO was
produced by the Czech company Radka and was synthesized by the vaporization of metallic zinc
followed by oxidation in air. It has a broader crystallite size of about 60 nm and significantly lower BET
surface area of 10-15 m?/g. The company Precheza from Czech Republic provided TiO2 which is made of
99% pure anatase and containing some sulphates (0.7% by weight) implying the use of sulphate process
in its production. It has a small crystallite size of 12 nm and high BET surface area of approximately
100 m?/g. Scanning Electron Microscopy (SEM) analysis (Figure 1) revealed that ZnO nanoparticles have
a variety of morphologies including nanotubes 200-400 nm in length with hexagonal cross sections
(diameter 20-40 nm) and hexagonal nanoprisms with lateral dimensions of 150-450 nm (Figure 1(A)).
On the other hand, TiO: nanoparticles form agglomerates with uniform spherical shapes and particle
sizes between 20-30 nm (Figure 1(B)).

e [ o

Zn 634 03

(o] 201 0.1
C 125 04
Na 2.2 0.2

Pt

1.8

Figure 1. SEM images and EDS Spectra of (A) (67.4k x magnification) ZnO and (B) TiO: (178k x
maghnification).
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Analysis of TiO: by energy-dispersive spectroscopy (EDS) showed the presence of mainly Ti and O. The
notable carbon signal displayed stemmed from contamination of the sample holder used during the
analysis.

2.2. Methods

ZnO and TiO: oxides powder and cement were used to prepare hydrated samples. Nine
series of cement pastes were formulated, designated as C, CT1, CT2, CT3, CZ0.3, CZ0.6, CZ1,
CT120.6, and CT2Z0.3, following the compositions detailed in Table 2. The cement pastes were
hydrated using distilled water with a water cement (W/C) ratio of 0.4 and cast into prismatic
moulds measuring 20x20x100 mm. After curing in water for 28 days, the samples were air-
dried at room temperature (23 + 1 °C) for 24 hours. The cured samples, incorporating various
percentages of nanoparticles, were ground and analysed using different techniques, including
X-ray diffraction (XRD), X-Ray Fluorescence (XRF), Differential Scanning Calorimetry (DSC), and
Thermogravimetric (TG) analysis and antifungal activity, all performed after 28 days of hydration.

Table 2. Composition of cement paste formulations.

C CTl1 | CT2 | CT3 | CZ0.3 | CZ0.6 | CZ1 | CT1Z0.6 | CT2Z0.3

Cement (C) (%) | 100 99 98 97 99.66 | 99.33 99 98.33 97.66

TiO2 (T) (%) 0 1 2 3 0 0 0 1 2

ZnO (Z) (%) 0 0 0 0 0.34 0.67 1 0.67 0.34

X-ray diffraction (XRD) analysis of cement pastes was performed using a PANalytical Aeris
diffractometer with CoKa radiation operating at 40 kV and 7.5 mA. The measurements were
performed in the Bragg-Brentano geometry with an angular range of 5 to 85° (20), a step size of
0.0217° and a scan time of approximately 1 h. The instrument is equipped with 0.04 rad Soller
slits, a 13 mm mask, a 1/2° divergence slit on the incident beam side and a 9 mm anti-scattering
slit on the diffracted beam side. The detector PIXcel1D-Medipix3 was employed with an active
length of 5.542°. Approximately 2 g of powdered sample was analysed without background
correction. Phase quantification was performed using the Rietveld refinement method with
Profex software incorporating an internal standard of 20% ZnO to estimate the amorphous
fraction (28).

The chemical composition of the samples was analysed using X-ray fluorescence (XRF) using the
Genius IF device, available at the Technopark in Kralupy, Czech Republic. This method is based
on how X-rays from a metal target interact with the material being sampled. The resulting
secondary X-ray emissions are characteristic of the elements present because their frequencies
are correlated with the atomic numbers of the emitting atoms, which allows for precise
elemental identification.

The microstructural morphology of the nanoparticles was analysed with a Zeiss Merlin ultra-
high-resolution field emission scanning electron microscope (FEG-SEM) equipped with a
Schottky cathode. The Gemini Il column of the instrument enables versatile scanning modes,
allowing thus probe currents ranging from a few picoamperes (pA) for high-resolution imaging
to 300 nanoamperes (nA) for analytical applications.

The thermal behavior of the samples was investigated using simultaneous Differential
Scanning Calorimetry and Thermogravimetry DSC-TG (SetaramLabsys Evo). Approximately
50 mg of powdered material was placed in an alumina crucible with a lid and heated from 25 to
1000 °C at 10 °C/min under a 40 mL/min argon purge. The content of portlandite was determined
according to the procedure outlined by Dweck et al. (29). Portlandite CH content was quantified
by thermogravimetric analysis TG, by measuring the mass loss associated with its dehydration
on the derivative thermogravimetric DTG curve (30).

The Ca/Si ratios of the C-S-H phases in the different cement pastes were calculated to estimate
the composition of the C-S-H phases formed during hydration. The proportions of unreacted
CsS and CaS were determined by phase quantification using the Rietveld refinement method on
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XRD data and then were used as a basis for calculating the amounts of CaO and SiO: released
during their hydration. A simplified stoichiometric ratio was applied: 1.5 CaO per 0.5 SiO: for
CsS and 1 CaO per 0.5 SiO: for C2S. A correction was subsequently introduced to account for the
consumption of CaO due to the formation of portlandite CH as quantified by XRD and TG. The
final Ca/Si ratio was calculated by dividing the corrected amount of CaO by the total SiO.. While
acknowledging that the true stoichiometry of C-S-H can change, this simplified method offers
an estimate of its average composition. This method, inspired by several works in the literature
(31-33), was adapted by considering the stoichiometry of silicate hydration reactions.

e (Ca/Si ratios were also calculated using an alternative method based on XRF data to provide a
global estimate of their evolution. This technique allows to determine the mass percentages
of Ca0 and SiO: oxides present in each sample and to use them in the calculations. The Ca/Si
ratio is determined by directly dividing the percentage of CaO by that of SiO.. However, this
approach has significant limitations because X-ray fluorescence analysis does not differentiate
the distribution of oxides between the different phases, in particular between CH and C-S-H.
Consequently, the Ca/Si ratio from XRF represents a global ratio and does not accurately reflect
the stoichiometry of the C-S-H phases formed and which is influenced by hydration reactions
and the presence of other phases. It is therefore a complementary and approximate estimate
useful for observing general trends, but which does not allow a precise quantitative analysis of
the C-S-H composition.

2.3. Anti-fungal activity evaluation

— Testing procedure

In the context of evaluating antifungal activity, cement samples were carefully immersed in distilled
water for 24 hours. After this period, the pH of the water provided an accurate reading of the solution's
acidity. The resulting aqueous leachate was then adjusted to a pH range between 6.5 and 7.5, an
optimal range to promote fungal growth. This leachate was used to prepare 10% Czapek-Dox Agar,
which was evenly distributed into Petri dishes. Once the medium was prepared, it was inoculated with
three fungal species known for their pathogenic potential: Penicillium brevicompactum, Trichoderma
reesei, and Aspergillus niger. A control was also set up by inoculating a Czapek-Dox medium prepared
with distilled water and enriched with nutrients at respective concentrations of 100 and 10%. This
control was inoculated with the same fungi to compare the results with the concrete samples. Finally,
to ensure stable temperature conditions conducive to fungal growth, all Petri dishes were placed in a
biological incubator set to 26°C.

— Measurement of antifungal effect

After introducing the liquid medium into the flask, the aforementioned constant concentration of
spores became colloidal. A sample disc incorporating antifungal agents was placed in the center of
the flask, previously sprayed with the spores using the same procedure. The flask was then sealed
and incubated to prevent contamination by other fungi. The detailed and sequential measurement
procedure is illustrated in the corresponding figure. To estimate the antifungal inhibition zone, the
criteria presented in Figure 2 and Equation [1] consist of calculating the length obtained by subtracting
the radius of the sample disc from the distance between the center of the sample and the outer edge of
the inhibition zone. This allows quantification of the antifungal effect of the cement mortar containing
the active agents. The precise size of the inhibition zone is calculated according to Equation [1]:

I=(h+1)/2 [1]
Where:
— Major axis:  ly=Dq- Ry
— Minor axis: 1,=D,-R,
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With:

— l: represents the average width of the inhibition zone (in mm).
— D:is the distance from the center of the mortar disk to the fungal growth limit (in mm).
— R:is the radius of the antifungal samples disk (in mm).

-IIL--
I , R
S ,ﬁ Flask
! P e .-M-\‘.\\ ,— Culture medium
/ i b ] »\ sprayed with a spore
/ | / T \ -\ _— Area inhibited
[ o/ 0 by specimen
% 3 E' [ 1 P 1
|'; [ Specimen
R /5
\ovigs ™ e
Y \\4;& 2 B f,/ (Unit: mm)

Figure 2. Measurement of antifungal zone.

3. RESULTS AND DISCUSSION

3.1. Ca/Si ratios calculated from XRD data

Table 3 presents the phase quantification results by XRD and the corresponding Ca/Si ratios. This part
examines the influence of ZnO and TiO: nanoparticle additions on the Ca/Si ratio of the C-S-H phases
formed after 28 days of hydration, with the aim of establishing a link with the mechanical performances
studied in our previous work on concretes of identical formulations (34, 35). The Ca/Si ratio is an
important indicator of the structure and properties of C-S-H and the main contributor to the strength
of concrete (36). The Ca/Si ratio of the reference paste C is 2.67 representing the basic composition of
C-S-H in the absence of additions.

Table 3. Phase quantification and Ca/Si ratios (XRD).

C CT1 | CT2 | CT3 | CZ0.3 | CZ0.6 | CZl1 | CT2Z0.3 | CT1Z0.6
Unreacted CsS (%) | 15.33 | 19.28 | 15.40 | 36.80 | 45.67 | 51.4 54.4 18.60 23.01
Unreacted C,S (%) | 11.10 | 13.36 | 12.90 | 12.27 | 13.21 7.67 | 10.27 9.31 9.54
Portlandite (%) 9.82 | 6.85 | 8.24 |10.29| 2.02 0.53 0.65 3.93 2.33
Ca/Si 267 | 277 | 274 | 244 | 283 2.67 2.7 2.80 2.83

The samples containing ZnO showed an increase in the amounts of unreacted CsS and C,S and a
decrease in portlandite content. As is well established, zinc retards cement hydration by forming, at
the early stages, a layer of crystalline calcium zincate (Zn.Ca(OH)s . H20) or amorphous zinc hydroxide
(Zn(OH)2) surrounding the anhydrous grains, which directly hinders the formation of C-S-H (37, 38).
The influence on the Ca/Si ratio is nuanced; a slight increase is observed at a low dosage (CZ0.3: 2.83),
while at higher dosages (CZ0.6: 2.67 and CZ1: 2.70), the values are similar to, or even slightly higher
than, that of the reference. TiO: also influenced the Ca/Si ratio with a slight increase observed at low
dosages (CT1: 2.77 and CT2: 2.74), followed by a more pronounced decrease at 3% (CT3: 2.44). The
Ca/Si ratios of the samples CT2Z0.3 (2.80) and CT1Z0.6 (2.83) are between the values observed for the
individual additions.
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Mechanical strength tests on the corresponding concretes with the same formulation (35) revealed
contrasting effects of the additions on performance. The addition of ZnO nanoparticles reduced
mechanical strength, which can be explained by a slowdown in the hydration of silicates and a lower
quantity of C-S-H formed, even though the Ca/Si ratios did not change significantly. In other words, it
was primarily the quantity of C-S-H, rather than its composition, that influenced the strength. As for
TiO:, an increase in strength was observed at 1%, followed by a decrease at 2% and 3%, suggesting
a complex effect on the microstructure. The initial increase might compensate for the slight rise in
the Ca/Si ratio, whereas the subsequent decrease could be attributed to other factors, such as the
formation of secondary phases (39), where the reduction in the Ca/Si ratio at 3% might be a contributing
factor. Finally, the combined additions (CT2Z0.3 and CT1Z0.6) showed improved strength compared
to individual additions of ZnO and, in the case of CT1Z0.6, compared to CT1, suggesting a synergistic
effect on the microstructure (40), although variations in the Ca/Si ratio remained moderate. A. U.
Adebanjo et al. (41) reported that the addition of TiOz2 and ZnO nanoparticles to the concrete mixture
had a notable influence on the composition and the Ca/Si ratio of the hydration products. This result
corroborates the findings of this study.

The obtained values of the Ca/Si ratios of C-S-H and even those after correction for portlandite are
generally higher than the commonly accepted range of 1.5 to 2 (42). This observation can be attributed
to several factors. First, the cement used (CEM 142.5 R) is intrinsically rich in CaO. This basic composition
directly influences the stoichiometry of the hydrated phases, in particular that of C-S-H (43). The
high proportion of CsS (66%) in the clinker may also contribute to this calcium richness. Second, the
calculation model used is based on simplifications, even if it is useful to compare estimates between
samples. The actual stoichiometry of C-S-H is variable and may deviate from the simplified formula
CsS:Hs. Furthermore, the calculation does not take into account other potentially present hydrated
phases (e.g., hydrated aluminates), which could also influence the CaO balance (31). Our results are
consistent with those of E. Lachowski et al. (10), who reported that the Ca/Si ratios observed in C-S-H
can reach high values, ranging from 0.9 to just over 3.

3.2. Thermal analysis and Ca/Si ratios refined using TG data

The DTG curves of the hydrated cement pastes after 28 days are shown in Figure 3. These curves
allow to identify the main stages of thermal decomposition of the hydrated phases by showing the
mass loss rate as a function of temperature. Typically, three main peaks are observed in the DTG
curves of hydrated cement pastes: peak between 100 and 200 °C corresponding to the dehydration of
C-S-H and ettringite, as well as the evaporation of physically adsorbed water; peak between 400 and
550 °C corresponding to the dehydroxylation of portlandite (Ca(OH),); and peak between 600 and
900 °C corresponding to the decarbonation of calcium carbonate (CaCOs) formed by carbonation (44).
The intensity of the peaks between 400 and 550 °C is proportional to the amount of portlandite in
the sample. This agrees well with the values in Table 4, where the phase quantifications of portlandite
were indicated for both TG and XRD analyses. For example, cement samples CZ0.6, CZ1 and CT1Z0.6
with the lowest amounts of portlandite also show the most reduced peaks in this temperature range
on the DTV curves. Conversely, samples C, CT2 and CT3 with the highest amounts of portlandite show
the most intense peaks on the DTV curves. The peaks associated with the dehydration of C-S-H and
ettringite in samples CZ0.3, CZ0.6 and CZ1 are less intense, indicating a lower amount of hydrated
C-S-H phases. This phenomenon is consistent with the results of P. Siler et al. (45), which showed
that zinc nanoparticles induce a hydration delay. Cement pastes containing TiO, and the reference
cement C showed significantly higher intensity peaks, which agrees with the values in Tables 3 and 4,
indicating a greater consumption of silicate phases and a significant formation of portlandite in these
samples. These observations suggest that the presence of TiO, promotes the hydration of silicates.
This is consistent with several studies that have shown that titanium oxide can have a beneficial effect
on cement reactivity and, consequently, on mechanical strength (34,35,46-51). Between 600 and
900 °C, zone associated with the decarbonation of CaCOs, the intensity of the peaks for the zinc
samples increases, indicating the formation of a greater amount of CaCOs. This may be related to a
greater carbonation.
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Figure 4 presents the quantified contents of the main hydration products of Portland cement,
identified by thermogravimetric analysis (TGA/DTG), expressed on an ignited mass basis after 28
days of hydration. This representation enables a direct comparison of portlandite, C-S—H, and CaCO;
contents among the different samples. The figure is complemented by a quantitative analysis derived
from the corresponding weight losses, providing clearer insights into the hydration process. The results
reveal that portlandite content decreases significantly in Zn-doped samples, while TiO, additions lead
to higher C-S—H formation. These observations are in good agreement with the XRD results shown in
Table 3, confirming that Zn strongly inhibits hydration, whereas TiO, promotes it.
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Figure 3. DTG curves of cement pastes after 28 days.

18
16
14
12
=
Frac | Water, C-S-H,
% 10 Ettringite
g m Portlandite-Step
< g wise
M Portlandite-
6 Tangent
CaCO3
4
2
0

€Z20.3 CZ0.6 CT3 CT2Z20.3 CT1Z0.6

Figure 4. Quantified amounts (%) of main hydration products in cement pastes after 28 days of curing.
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Table 4. Phase quantification and Ca/Si ratios (XRD, TG).

C CT1 CT2 | CT3 | CZ0.3 | CZ0.6 | CZ1 | CT2Z0.3 | CT1Z0.6
Unreacted CsS (%) | 15.33 | 19.28 | 15.40 | 36.80 | 45.67 | 51.40 | 54.40 | 18.60 23.01
Unreacted C,S (%) | 11.10 | 13.36 | 12.90 | 12.27 | 13.21 7.67 | 10.27 9.31 9.54

Portlandite XRD (%) | 9.82 | 6.85 | 8.24 |10.29| 2.02 0.53 0.65 3.93 2.33
Portlandite TG (%) |10.48| 9.62 | 10.44 |10.48| 2.62 0.94 0.37 5.90 0.51
Ca/Si XRD 267 | 277 | 274 | 244 | 2.83 2.67 2.70 2.80 2.83
Ca/Si TG 2.65 | 2.68 | 2.67 | 2.43 2.78 2.64 2.73 2.74 2.89

Table 4 presents a comparison of the Ca/Si ratios of C-S-H calculated from the XRD data, with those
recalculated using the portlandite values derived from the TG analysis. The quantified portlandite
content corresponds to the average value obtained from both the step-wise and tangent methods. The
aim is to evaluate the impact of using more accurate experimental data of the portlandite phase on the
estimation of the Ca/Si ratio. Overall, the Ca/Si ratios calculated from XRD data and those corrected
using TG data are very similar, indicating good consistency between the two methods of portlandite
quantification. As observed by F. Georget et al. (52), our results also show relative agreement between
portlandite measurements obtained by TG and XRD. The differences, although minor, demonstrate the
impact of the accuracy of the portlandite calculation on the Ca/Si ratio. The interpretation of the data
previously observed in Table 3 regarding the influence of the additions on the Ca/Si ratio remains largely
consistent, making it an additional validity. The use of TG data for portlandite correction provides a
minor but significant improvement in the estimation of the Ca/Si ratio. Both methods yield consistent
results; however, the use of TG data, being more direct, is preferable for greater accuracy.

3.3. Ca/Si ratios from X-Ray fluorescence (XRF) analysis

Figure 5 showed the chemical composition of cement pastes obtained by XRF analysis after 28 days of
hydration. The results of this analysis provided a detailed overview of the elemental oxide composition
of the cement pastes. A predominance of CaO and SiO, was found with variations attributed to the
different additions. The incorporation of TiO; led to a slight reduction in the CaO content and an
increase in SiO, oxides, while the addition of ZnO nanoparticles led to a significant increase in the
Ca0 and ZnO contents. When TiO, and ZnO nanoparticles were combined, their effects were found
to be intermediate. Since XRF analysis provides overall information, these variations reflect the global
compositional changes without specifically indicating the stoichiometry of the C-S-H phases.

Table 5 presents the CaO and SiO, oxide composition and the corresponding Ca/Si ratios of the C-S-H
phases in the cement pastes after 28 days of hydration, as determined by XRF analysis. The addition
of ZnO resulted in a significant increase in the Ca/Si ratio compared to the reference cement C whose
ratio is 3.51. The higher the ZnO proportion (from 0.3 to 1%), the higher the Ca/Si ratio (3.79, 4.12
and 4.15 respectively). The addition of TiO, showed a more complex influence. A slight increase in
the Ca/Si ratio was observed for CT1 (3.55) compared to the reference sample C, then a decrease for
CT2 (3.32) and a further increase for CT3 (3.44). Samples with combined additions of TiO, and ZnO
showed Ca/Si ratios intermediate between those observed for the individual additions. CT1Z0.6 (3.8)
lies between CT1 (3.55) and CZ0.6 (4.12), while CT2Z0.3 (3.61) lies between CT2 (3.32) and CZ0.3 (3.79).
This probably indicates an interaction between the effects of TiO, and ZnO on the composition of
C-S-H (53). As shown by A.U. Adebanjo et al. (41), nanoparticle addition in High Performance Concrete
significantly affects morphology and elemental composition, leading to reduced C-S-H and lower Ca/Si
ratios, indicating structural and compositional changes. The combined addition appears to attenuate
theincrease in Ca/Si ratio induced by ZnO alone. The interaction between TiO, and ZnO in the combined
additions suggests that these two oxides influence hydration in an interdependent manner, modifying
the composition of the hydrates formed (54).
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Figure 5. XRF analysis of cement paste oxide composition.

Table 5. Quantification of phases and Ca/Si ratios (XRF).

C CT1 CT2 CT3 Cz0.3 | Cz0.6 CZ1 | CT1z0.6 | CT2Z0.3
CaO 52.86 | 52.86 | 52.74 | 49.08 574 62.27 | 65.61 61.92 59.74
Si02 15.07 | 149 | 15.89 | 14.35 | 15.09 15.12 15.8 16.3 16.57
Ca/Si 3.51 3.55 3.32 3.44 3.79 4.12 4.15 3.8 3.61

3.4. Evolution of Ca/Si ratios obtained by different techniques (XRD, TG, XRF)

Figure 6 presented the comparative graph of the Ca/Si ratios by the three analytical techniques XRD,
TG and XRF. The values obtained from the XRF analysis indicate significant deviations from the values
obtained by the other two techniques. These deviations highlight the limitations of the direct use of XRF
data for the precise calculation of the Ca/Si ratio in C-S-H. XRF gives a global elemental analysis of the
sample, providing the proportions of the different oxides present. However, there is no consideration
of how these oxides are distributed between the different hydrated phases, in particular portlandite,
and C-S-H which have a variable stoichiometry (55). Thus, the direct calculation of the Ca/Si ratio based
on XRF data without any correction significantly overestimates the amount of CaO contained in the
C-S-H phase, leading to higher values, as observed in the graph. On the other hand, the combined XRD
and TG approach allowed a more accurate estimation. XRD data provide indirect information on the
amounts of reacted CsS and C:S, allowing to calculate the amounts of CaO and SiO, consumed during
the formation of C-S-H. In addition, TG data allowed to quantify the portlandite formed, which is crucial
to correct the CaO balance and obtain a Ca/Si ratio more characteristic of the C-S-H formula. Thus, the
values obtained by this combined approach are considerably lower and closer to the values typically
reported in the literature for hydrated C-S-H (7, 36, 43, 56, 57).

To conclude, the Ca/Si ratios found in this work by the three techniques are greater than 2 in all
samples. They are in the high range of values reported in the literature for hydrated C-S-H of Portland
cement, which can reach 3 (10). These values suggest the formation of C-S-H type Il according to the
classification of H.F.W. Taylor (5), whose structure is similar to that of Jennite, or type Ill according
to Nonat et al. (8, 9), characterized by a Ca/Si ratio greater than 1.5. Our results therefore indicate a
predominance of C-S-H with a less ordered structure, typical of high Ca/Si ratios.
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Figure 6. Ca/Si ratios determined by XRD, TG and XRF.

3.5. Antifungal activity of cement pastes

Figure 7 showed the digital photos of fungal cultures containing the samples. The growth grades based
on visual observations of three fungal strains in each case. The test results indicated that the addition
of TiO, and ZnO in concrete formulations significantly influences the growth of fungi Penicillium
brevicompactum, Trichoderma reesei, and Aspergillus niger (Table 6 and Figure 8). Samples containing
only cement (C) showed moderate fungal growth, suggesting that cement alone has a limited inhibitory
effect. The addition of TiO. (CT1 to CT3) leads to a progressive decrease in fungal growth, with notable
inhibition at higher concentrations (CT3 with 3% TiO,), which can be attributed to the photocatalytic
and antimicrobial properties of TiO: (58). This aligns with previous findings where P25 TiO,, when
integrated into cementitious matrices, demonstrated significant antifungal activity against Aspergillus
species under UV exposure (59). Although the TiO, material used in our study differs from P25 in terms
of phase composition and surface characteristics, the comparable level of inhibition supports the
conclusion that the photocatalytic properties of TiO, play a major role in controlling fungal proliferation
in cement-based systems.

Similarly, samples with ZnO (CZ0.3 to CZ1) exhibit increasing fungal growth reduction as the ZnO
percentage increases, reflecting the well-known antifungal properties of this oxide (21). Samples
combining TiO; and ZnO (CT1Z0.6 and CT2Z0.33) display even more pronounced inhibition, suggesting
a synergistic effect between these two additives. The pH of the leachates, generally alkaline and ranging
from 10.88 to 11.50, might also play a role in this inhibition by creating a less favourable environment
for fungal growth. Overall, these results highlight the enhanced efficacy of formulations containing
combinations of TiO2 and ZnO in limiting fungal growth, offering promising prospects for applications
requiring increased biological resistance in concrete materials. Generally, the incorporation of ZnO and
TiO2 in cement system was found to have a significant effect on fungal growth inhibition at all applied
strains. The results of the anti-fungal activity test reveal the promising potential of ZnO oxide and
TiO:z oxide in controlling fungal growth, particularly on construction materials such as concrete, where
fungi can cause significant damage (19). Fungi, being ubiquitous in the environment, require specific
conditions such as water availability, pH, and nutrient sources for colonization (60). ZnO oxide has
demonstrated effective antifungal activity, notably against molds like Aspergillus niger and Penicillium
brevicompactum (61). Furthermore, research has shown that incorporating ZnO into cement enhances
its antibacterial and antifungal properties (62). ZnQ's antibacterial effectiveness is attributed to its
polarized surfaces, caused by zinc (Zn?*) or oxygen (O2-) ions, which generate free radicals and reactive
oxygen species (ROS), inducing oxidative stress in microbial cells (62). These free radicals further
contribute to its antimicrobial properties (63). Similarly, A study has demonstrated that Ca(OH).-ZnO
and Ca(OH):-TiO. materials exhibit antifungal activity (64). Another study demonstrated that the
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incorporation of ZnO in cement composites exhibited antifungal activity, showing almost no growth
at a 15% ZnO concentration (62). On the other hand, TiO: oxide has been shown to reduce fungal
colonies through its photocatalytic properties, with the incorporation of up to 5% by weight leading to
enhanced resistance against microbial growth and confirming its self-cleaning potential in construction
materials (65). Both oxides act similarly, offering a dual approach to preventing the discoloration of
biofilms caused by fungi and algae on building facades (66). In addition, shifts in pH, such as those
caused by fungal infections, can inhibit fungal growth by creating stress on their cells, limiting nutrient
acquisition and reducing the availability of essential elements like iron and copper, further supporting
the antifungal effects of these oxides (67). Compared to the results observed previously, this study
found that incorporating low percentages of the combination of TiO, and ZnO into the samples CT1Z0.6
and CT2Z0.3 resulted in significant antifungal activity. The incorporation of TiO: and ZnO at these
concentrations demonstrated a notable ability to inhibit fungal growth, demonstrating their potential
as effective additives in cement. These findings suggest that even small amounts of these oxides can
effectively enhance the antifungal properties of the samples (Table 6). The Influence of the Ca/Si
Ratio on the percentage of inhibition, presented in Figure 8, shows that the inhibition zone and the
percentage of inhibition generally increase when the Ca/Si ratio is adjusted to values around 2.5-2.9,
and that some sample combinations (CT1Z0.6 and CT2Z0.3) provide high antifungal efficacy. This effect
can be partly explained by the influence of zinc and titanium ions, which promote C—S—H gel nucleation
and growth, thereby enhancing the structure and active surface of the material. The addition of ZnO
and TiO, can act as heterogeneous nucleation sites, accelerating the formation of C-S—H (16) and
strengthening its interaction with antifungal agents (11, 15). These results indicate that optimizing the
Ca/Si ratio can significantly improve the antifungal properties of the samples.
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®

L
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-
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Figure 7. Digital photos of different types of fungal cultures affecting Portland cement (C), with and
without ZnO and TiO..
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Table 6. Fungal growth inhibition parameters and corresponding Ca/Si Ratios and pH values for
different samples.

Sample Diameter Inhibition zone Inhibition | Ca/Siratio| pH
(mm) (mm) (%)

100% Nutrients (control) 54 0 0.00 - -
C 49 5 9.26 2.65 10.88
CT1 34 20 37.04 2.68 11.20
CT2 23 31 57.41 2.67 11.21
CT3 22 32 59.26 2.43 11.50
Cz0.3 30 24 4444 2.78 11.10
CZ0.6 27 27 50.00 2.64 11.14
Ccz1 24 30 55.56 2.73 11.45
CT120.6 20 34 62.96 2.74 11.21
CT220.3 21 33 61.11 2.89 11.34
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Figure 8. Influence of the Ca/Si Ratio on the percentage of inhibition.

4. CONCLUSIONS

This study shows that TiO, and ZnO nanoparticles can tailor the hydration behavior, microstructure,

and antifungal activity of cementitious systems. Based on the results:

¢ Theincorporation of TiO, increases apparent reactivity and promotes the formation of hydration
products; XRD, XRF, and TG provide consistent trends indicating improved reactivity.

¢ The Ca/Siratios of the C-S-H phases obtained by XRD and TG are generally concordant and lower
than the values obtained by XRF. This difference is due to the indirect data on the quantities of
reacted GsS and C.S that allowed to calculate the quantities of CaO and SiO. consumed during
the formation of C-S-H, thus emphasizing the importance of correcting the XRF data to take into
account the presence of portlandite. The Ca/Si values obtained by XRD and TG were greater
than 2 for all samples, thus suggesting the formation of C-S-H of type Il according to Taylor or
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type Il according to Nonat, with a less ordered structure.

¢ Adding ZnO and TiO,, alone or in combination, confers significant antifungal activity to cement
paste against Penicillium brevicompactum, Trichoderma reesei, and Aspergillus niger. TiO, is
generally more effective than ZnO, and low-dose combinations of both oxides are particularly
effective in inhibiting microbial growth.

¢ The adjustment of the Ca/Si ratio improves the antifungal properties of the material.

These findings support optimizing nanoparticle dosage and combinations to develop multifunctional,
durable, and hygienic cement-based materials.
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