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1. INTRODUCTION 

Self-cleaning material became increasingly attractive since it 
can save time and maintenance costs [1]-[4]. New technologies 
are being developed around self-cleaning coating to apply on 
natural and artificial stone [5]. The issue of soiling of the building 
surface is so significant that in recent years a considerable effort 
has carried out on the development of policies for reducing 
atmospheric pollutants, not only to reduce human health risks 
but also to reduce the soiling of building materials [6]. However, 
the persistent presence of oil particulates and organic carbon 
continues to pose difficulties. An innovative strategy for 
addressing this issue involves the implementation of self-cleaning 
techniques using photocatalytic surfaces, that represents a 
promising avenue to prevent soiling and provide cleanliness [7]. 
Photocatalytic materials can oxidize contaminants and bio-
organisms, thanks to the redox reactions that take place on their 
surface when electron/hole pairs, generated by light irradiation, 

migrate to the surface. Among photocatalytic materials, TiO2 (in 
the mineral form of anatase and rutile) has been extensively 
studied and used because it has the most effective photoactivity, 
the highest stability, and the lowest cost among semiconductor 
metal oxides [8]. In newly constructed structures, the 
photocatalytic properties of TiO2 have been harnessed by 
incorporating nanoparticles into paints [9], mortars, tiles [10], 
and glasses [11], thereby imparting self-cleaning, antimicrobial, 
smog-eating, and air-purifying functionalities. In the field of 
Cultural Heritage, TiO2, with its "smog-eating" and self-cleaning 
coating capabilities, can find application [12], serving also as a 
biocide [13], [14]. Typically, TiO2 nanoparticles are dispersed 
within a transparent polymeric film, creating an adhesive material 
and crack-free coatings suitable for protecting stone surfaces [15] 
and providing film protection for building walls. Furthermore, 
the application of titania nanoparticles in coating formulations 
results in a self-cleaning surface, attributed to the 
hydrophobic/hydrophilic ability activated by solar irradiation 

ABSTRACT 
In this study, we compared two low-temperature synthesis procedures for the large-scale production of titania nanoparticles (NPs). The 
first takes place in an aqueous medium with an acidic environment, by using a triblock polymer surfactant (Pluronic 123). The second 
involves a polycondensation reaction of alkoxide precursors at 70 °C in a water-in-oil (W/O) microemulsion with a volume ratio of 1:1, 
using cetylpyridinium bromide (CPB) as a cationic surfactant. The morphological and structural characterization of the samples was 
carried out through Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD). The photoactivity of the nanostructured titania 
was evaluated by measuring the photodegradation of Methylene Blue (MB). The solvent-free synthetic approach provided spherical 
titania nanoparticles mainly constituted by rutile crystallites with a very good synthetic yield. However, the photodegradation rate of 
MB for such titania nanoparticles ranges from 30 % to 40 %, after 1h under solar irradiation. Conversely, titania nanoparticles obtained 
through microemulsion synthesis show a photodegradation rate of more than 90 % comparable to titania P25. This high-yield synthesis 
leads to the formation of TiO2 nanoparticles characterized by small crystallite aggregates (rutile and anatase).  
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[16], thereby preventing soiling and preserving cleanliness on 
architectural substrates.  

In the last few years, commercial Degussa P25 TiO2 
nanoparticles became the reference point for photo-reactivity in 
applications involving environmental volatile organic 
compounds (VOC) [17]. Degussa P25 is characterized as a non-
porous nanoparticle with a composition of 70 % anatase and 
30 % rutile, featuring an anatase phase that exhibits better 
reactivity compared to pure rutile [18]. However, the fabrication 
method of the Degussa P25, the most diffused photocatalyst for 
application in architectural field, is protected by a patent and thus 
the synthesis approach is actually not fully available. In general, 
the prevalent industrial method for titanium dioxide production 
involves extracting TiO2 from the ilmenite mineral. Ilmenite 
(FeTiO3) constitutes approximately 92 % of the global 
consumption of titanium minerals, with nearly 95 % of these 
minerals dedicated to the production of TiO2 pigment products 
[19], [20]. Several approaches have been investigated to mitigate 
the environmental impact associated with the production of 
titania nanoparticles, including chemical, physical, and biological 
synthesis methods [21], [22]. Among the different synthetic 
approaches, biological methods have gained strong interest in 
recent years. The concept of "green synthesis" is closely related 
to the biological methods; these are mainly based on two 
different approaches: (a) photosynthesis, where synthesis can be 
carried out through plants and their extracts, and (b) 
biosynthesis, which involves synthesis from extracts of bacteria, 
algae, fungi, and actinomycetes [23]. However, while the 
biological route dominates the green approach to synthesizing 
titania nanoparticles, the challenge lies in enhancing the 
efficiency of biological synthesis, particularly in scaling up for 
industrial applications [24]. 

Within the chemical synthesis methods, sol-gel, 
hydrothermal, and microemulsion techniques stand out as the 
most frequently utilized [25], [26]. Several factors can influence 
the synthesis of titania nanoparticles, including the choice of 
precursor (alkoxide or metal salt), the type of surfactant (ionic, 
non-ionic, triblock copolymer), and calcination temperature [27]. 
The selection of the titanium precursor can affect the hydrolysis 
and condensation reactions to the formation of the mesoporous 
network [28]. The employed surfactant impacts on the template 
spatial organization and therefore on the morphology of the 
titania nanoparticles [29], while calcination, required to eliminate 
organic residues, affects the polymorph type of TiO2 and the size 
of the crystalline grains [30]. As reported in the literature, the 
microemulsion synthesis method offers a higher yield percentage 
of titania powder compared to other chemical processes. 
Specifically, the prevailing trend is microemulsion > sol-gel > 
solvothermal > hydrothermal, with respective synthesis yields of 
85 %, 80 %, 78 %, and 75 % [24]. In general, the titania powder 
obtained through microemulsion synthesis shows a notable 
surface area (around 250 m2 g–1) and crystallites with small size 
(50 nm) [31]. The microemulsion process stands out as an 
environmentally sustainable synthesis method when compared 
to alternative approaches. It demonstrates reduced greenhouse 
gas emissions in contrast to biological routes and minimizes the 
use of organic solvents typically associated with sol-gel and 
solvothermal processes [27]. However, the microemulsion 
process usually entails the use of a water-in-oil (W/O) system 
with high oil volume content. Therefore, the organic solvent still 
represents a significant portion of the synthesis process [32], [33]. 
In this study, we compared two synthesis protocols based on a 
microemulsion system with a W:O volume ratio of 1:1, operating 

under atmospheric pressure and low temperature, and a one-pot 
synthesis that is solvent-free followed by hydrothermal 
treatment. This study was also conceived with the crucial aim of 
identifying the most efficient synthesis route for producing 
titania nanoparticles through the innovative use of a solvent-free 
procedure. This research is driven by the imperative goal of 
enhancing the synthesis yield while maintaining a focus on 
facilitating industrial-scale production. 

2. MATERIALS AND METHODS 

2.1. Chemicals 

Tetraethyl orthotitanate (TEOT), Titanium butoxide 
(TiBUT), cyclohexane, 1-penthanol, cetylpyridinium bromide 
(CPB), Pluronic 123 (P123), hydrochloric acid 37 % (v/v), 
methylene blue (MB), urea, and ultrapure water were purchased 
from Merck S.r.l. (Germany). 

2.2. Microemulsion synthesis 

Titania nanoparticles were obtained by microemulsion 
synthesis with the reflux method. The microemulsion consists of 
an oil phase, composed of 30.0 mL of cyclohexane and 1.5 mL 
1-pentanol droplet into the aqueous phase, composed of 30.0 mL 
water, 1.0 g CPB, and 0.6 g urea. The mixture was vigorously 
stirred for 1 hour. After that, 10.0 mmol of titanium precursor 
was added to the microemulsion obtained. The mixture was 
stirred at room temperature for 1 h, then refluxed for 48 h at 
70 °C. The powder was collected by centrifuge, washed several 
times in water and ethanol, dried, and finally calcined at 450 or 
600 °C for 4 h [34]. 

2.3. One-pot synthesis 

 Titania nanoparticles were obtained by one-pot synthesis and 
subsequent hydrothermal treatment. First, 1.0 g of P123 was 
dissolved in 30.0 mL of distilled water and 5.7 mL of 
hydrochloric acid 37 wt %. Next, 7.0 mmol of titanium precursor 
was added to the aqueous solution under vigorous stirring for 24 
hours at 40 °C. The aqueous solution was then put in the 
hydrothermal reactor for 24 hours at 100 °C. The powder 
obtained was collected by centrifuge, washed several times with 
water and ethanol, dried, and calcined at 450 °C for 4 hours. 
Table 1 summarizes all samples obtained [35]. 

2.4. Characterization 

Morphological and textural properties of titania nanoparticles 
were studied under the Scanning Electron Microscope (FE-SEM 
ZEISS SIGMA 300, Germany). The samples were observed at a 
high vacuum with an accelerating voltage of 10 kV. 
Crystallographic phase and crystallite size were determined using 
a SCINTAG diffractometer (San Francisco, USA) within the 2θ 
range of 2-70 ° at a rate of 3 min-1. All the measurements were 
carried out at room temperature using Cu Kα radiation (λ = 
1.54 Å). The Scherrer equation calculated the crystallites size: 

Table 1 Summary of different specimens. 

Sample Ti  
precursor 

T calcination 
(°C) 

Synthesis 
method 

Yield 
(%) 

NT1 TEOT 600 Microemulsion 80 

NT2 TEOT 450 Microemulsion 91 

NT3 TiBUT 600 Microemulsion 93 

NT4 TiBUT 450 Microemulsion 88 

NT5 TEOT 450 One-pot 82 

NT6 TiBUT 450 One-pot 95 
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𝐷 =
𝐾 ∙ 𝜆

𝐹𝑊𝐻𝑀 ∙ cos 𝜃
 , (1) 

where D is the crystallite size; K is a dimensionless shape factor 
with typical values close to unity (0.94 for spherical crystallites), 
λ is the X-Ray wavelength (1.5418 Å), cos θ is the peak position 
2θ/θ in radiant, and FWHM is the Full Width Half Maximum 
calculated by Origin. 

Lambda 2 UV/Vis spectrometer (PerkinElmer, Canada) was 
used for the determination of the MB dye concentration. The 
UV/Vis spectrometer features double beam optics and recording 
the spectra over the 190–1100 nm range. A Beer–Lambert 
diagram was used to correlate the absorbance at 664 nm to MB 
concentration. 

2.5. Photocatalytic activity 

To evaluate the photocatalytic activity, 0.6 g L-1 of TiO2 
powder, calcined at different temperatures was suspended in a 
50.0 mL of aqueous MB solution (2.5 × 10-5 M) in a conical flask 
and stirred for 30 min in dark at room temperature. Solar tests 
were carried out in June at 35-38 °C, with an RH of 65 % and 
South orientation. Simultaneously, a blank experiment without 
the catalyst was carried out. At regular intervals of time aliquots 
of 3.0 mL of MB solution were collected from the flask, 
centrifuged and the UV–Vis absorption spectrum of the clear 
solution was recorded using a double beam spectrophotometer. 
The decrease in the absorbance value at 664 nm wavelength, 
corresponding to the typical peak for the absorption spectra of 
MB, was utilized to determine the extent of degradation of MB 
and the photocatalysis activity of the sample with respect to 
irradiation time. The following equation was used to calculate the 
photodegradation rate of MB: 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) =
(𝐴0 − 𝐴𝑡)

𝐴0

× 100 , (2) 

where A0 is the absorbance of initial MB, At is the absorbance 
of the solution after being irradiated for a period of t minutes. 
According to the first-order kinetics reaction, rate constant k 
(min-1) was determined by using the following relation: 

ln (
𝐶𝑡

𝐶0

) = −𝑘 𝑡 . (3) 

Ct was the concentration after a period of t minutes, and C0 
represented the initial concentration. The degradation process 
was monitored following the absorbance at the maximum UV-
Vis spectrum of the target molecule (664 nm). Since the 
degradation pathway for the selected dye is well known [36], the 
eventual formation of by-products was controlled, monitoring 
the overall UV-Vis spectrum of the solutions recovered at 
different times. 

3. RESULTS AND DISCUSSION 

The titania nanoparticles were synthesized using a modified 
method reported for both one-pot synthesis [35] and 
microemulsion [34]. In the one-pot protocol the surfactant P123 
act as a templating agent by modulating its Critical Micelle 
Concentration (CMC) when solubilized in water. The role of HCl 
is to stabilize the titanium precursor onto the templating agent, 
delaying its hydrolysis and condensation reaction [29], which is 
subsequently triggered in the hydrothermal reactor. In contrast, 
in the microemulsion synthesis, the surfactant and co-surfactant 
operate by reducing the interfacial tension between the water and 

oil phases. Moreover, they stabilize the microemulsion by 
introducing double-layer forces and/or solvation forces between 
dispersed particles. The hydrolysis and condensation reactions 
occur at 1 atm, pH 7, and 70 °C, concomitant with the urea 
decomposition. 

The SEM analysis was carried out to evaluate the 
morphological structure of the nanoparticles. In Figure 1, SEM 
micrographs depict samples synthesized through microemulsion 
methods (a-d), one-pot synthesis (e,f), and P25 commercial 
titania nanoparticles (g) as reference material. TiO2 nanoparticles 
predominantly appear as agglomerates without a characteristic 
shape (Figure 1 a, c, and d), resulting from the aggregation of 
nanostructured TiO2 grains with an average size of 
approximately 30-50 nm, including the commercial titania P25. 
Conversely, the NT2 sample, obtained through microemulsion 
and calcined at low temperature (Figure 1b), seems to be 
composed of titania nanograins organized into spherical 
nanoparticles with a size of 900 nm. These spherical particles 
appear weakly sintered, with residual titania nanograins found on 
the surface of the aggregates. It is known that the calcination 
step, used for removing organic residues, typically enhances 
crystallinity but also affects the ordered mesoporous framework 
of TiO2, leading to the structural collapse. This effect is evident 
in sample NT1 (Figure 1a), where titania nanoparticles are 
strongly sintered. Samples NT2, NT3, and NT4 exhibit weakly 
sintered TiO2 grains, as shown in the SEM micrographs 
(Figure 1b-d). Notably, NT3 (Figure 2c) seems the only sample 
where titania nanoparticles are well-distributed, as the 
commercial P25 sample (Figure 1g). Samples obtained from the 
one-pot synthesis are characterized by a globular shape (Figure 
e-f), such as NT2, with an average size of about 1 μm. Such 
results suggest that shape and structure of TiO2 nanograins, 

 

Figure 1 SEM micrographs of the samples (a) NT1, (b) NT2, (c) NT3, (d) NT4, 
(e) NT5, (f) NT6 and (g) P25. 
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obtained by using microemulsion, are strongly dependent by the 
alkoxide adopted as a precursor, as well as the calcination 
temperature. The following refluxing treatment does not 
influence the final shape, structure, and size of the synthesized 
nanoparticles. Nevertheless, in the case of one-pot synthesis, the 
shape of the nanoparticles seems to be influenced only by the 
alkoxide precursor utilized. 

Phase identification of the synthesized titania nanoparticles 
and commercial P25 titania was carried out through XRD 
analysis, and the diffraction patterns are displayed in Figure 2. 
The XRD patterns exhibit narrower diffraction peaks when the 
temperature is increased from 450 to 600 °C. As depicted in 
Figure 2, the formation of crystallite phases begins at 450 °C, 
showing broad 2θ reflected peaks. When the calcination 
temperature is set at 600 °C, the peaks maintain the 2θ position 
and become narrower, indicating good crystallite formation and 
resulting in a white powder. The anatase phase exhibits index 
reflection peaks at 25.3°, 37.7°, 48.2°, 53.9°, 55.0°, and 62.0°, 
while rutile phase reflection peaks are observed at 27.5°, 36.1°, 
41.3°, 62.8°, and 68.8° (JCPDS No. 73-1764). Both anatase and 
rutile phases are present in commercial P25, as well as NT1, with 
an average nano-crystallite size obtained by the peak reflection 
of anatase (101) and rutile (110) phases by the Scherrer formula, 
approximately 22-28 nm, and 21-52 nm, respectively. In NT2, 
NT3, and NT4, the 2θ reflected peaks confirm the presence of 
the anatase phase, with an average size of anatase crystallites 
about 10-25 nm. Conversely, samples NT5 and NT6 showed 
peaks of the rutile phase with an initial formation of anatase 
crystallites with an average size of rutile crystallites about 8-12 
nm. XRD data confirm the important role played by the choice 
of titanium precursor and the calcination temperature for the 
microemulsion synthesis. In fact, the use of TEOT leads to the 
formation of mixed anatase and rutile phases, whereas TiBUT to 
the anatase phase. On the other hand, diffraction patterns for the 
samples coming from one-pot synthesis demonstrate that the 
change of titanium alkoxide does not influence the polymorphic 
phase, mainly constituted by the rutile phase. 

Spectroscopic and kinetic studies on the degradation of MB 
were carried out under solar irradiation, and the photocatalytic 
activity was compared to commercial P25 titania nano powder. 
A solution of MB and synthesized titania nanoparticles was 
exposed to solar irradiation for 60 minutes. The initial 
concentration of MB was 2.5 × 10-5 M, and the catalyst dosage 
was 0.6 g L−1. UV-Vis spectra of the irradiated solution were 
recorded and monitored in the range of 400–700 nm at different 
photoreaction times (15, 30, 45, and 60 minutes). Figure 3 
displays the degradation rate (D%) of MB adsorption as a 
function of the time. The photocatalytic degradation of a MB 
solution by NT2, NT4, and P25 photocatalysts exhibit a 
photodegradation rate of approximately 90 % after 60 minutes. 
In contrast, the degradation rate of MB is around 52 % for NT1, 
40 % for samples NT3 and NT5, and 30 % for sample NT6. The 
good photocatalytic activity of NT2 and NT4 is probably due to 
the larger presence of anatase crystallites compared to NT5 and 
NT6, mainly populated by rutile crystallites. The high 
photoreactivity of anatase is indeed well reported in literature 
[37]. The calculated kinetic parameters of MB degradation in 
samples NT2, NT4, and P25 have the highest reaction rate 
constant of about 1.8 × 10-2 min-1, indicating excellent 
photocatalytic activity. Conversely, NT1, NT3, NT5, and NT6 
show a low-rate constant of about 2.7 × 10−3, 1.7 × 10−3, 
7.5 × 10−3, and 5.1 × 10−3, respectively. Photocatalytic activity is 
significantly higher in samples NT2 and NT4, improving by one 
order of magnitude from 2.7 × 10-3 min-1 to 1.7 × 10-2 min-1 and 
from 1.7 × 10-3 min-1 to 1.7 × 10-2 min-1, respectively only by 
changing the calcination temperature.  

Among the samples synthetized through microemulsion, an 
improvement in the photocatalytic activity was achieved 
decreasing the calcination temperature to 450 °C. To 
comprehensively understand how calcination temperature 
influences photocatalytic activity, additional experiments are 
necessary to explore the geometry of anatase TiO2 single crystals 
and their textural properties using alternative techniques such as 
N2 physisorption and TEM. As highlighted by Zhang [38], it is 

 

Figure 2 XRD spectra of the samples (a) NT1, (b) NT2, (c) NT3, (d) NT4, (e) 
NT5, (f) NT6, and (g) P25.  

 

Figure 3 MB degradation under solar irradiation.  
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feasible to enhance the degradation rate of a methyl orange 
solution to 93.6 % after 60 minutes using doped titania (Ag-
TiO2). This material is characterized by the (001) crystal plane of 
anatase with an exposure ratio of 41.8 %. In anatase phase TiO2, 
the (001) plane corresponds to the high-energy crystal surface, 
while the (101) plane is associated with the stable crystal surface. 
Consequently, the (001) crystal surface has high energy and good 
reactivity. In photocatalytic reactions, photogenerated electrons 
transfer and accumulate on the (101) crystal planes of lower 
energy. Conversely, photogenerated holes tend to accumulate on 
(001) crystal planes with high energy. This distinctive feature 
effectively promotes the separation of photogenerated electron-
hole pairs, thereby enhancing photocatalytic performance. 

These preliminary results suggest that the crystallite phase and 
textural properties play a fundamental role in photocatalytic 
activity. On the one hand, samples obtained through 
microemulsion method and calcined at low temperatures are 
predominantly composed of anatase and show catalytic activity 
comparable to commercial P25. Moreover, the lower calcination 
temperature could change the textural properties increasing their 
surface area. On the other hand, samples obtained using the one-
pot method and calcined at low temperatures show the presence 
of the only rutile phase. Changes in the crystallite phase may be 
due to the role played by the HCl. In fact, it is reported in 
literature that HCl may induce a phase transition from anatase to 
rutile as a function of the acid concentration [39]. 

Moreover, XRD peak intensities for such synthesis products 
are much lower than those obtained from the analysis of samples 
coming from the microemulsion approach. This suggests the not 
well formation of crystallites that may reasonably imply a small 
exposure of 001 crystal planes, thus influencing photocatalytic 
activity. 

4. CONCLUSION 

Commercial titania nanoparticles are demonstrated having 
great capabilities to degrade environmental pollutants; however, 
its use in the architectural field is still not largely diffused due to 
the high costs and the environmental impact related to the 
industrial production. A low-cost and environmentally friendly 
synthesis is therefore required to increase the adoption of such 
material in the formulation of paint, mortar, and protective 
coatings. In this work, nanostructured TiO2 was synthesized 
using two distinct approaches: microemulsion and a one-pot 
route, both resulting in high synthesis yields. This study aims to 
identify the most efficient synthesis route for producing titania 
nanoparticles by utilizing a solvent-free procedure. In the water-
in-oil (W/O) microemulsion was employed a volume ratio of 1:1, 
intending to reduce the oil volume content typically found in the 
literature. Additionally, a solvent-free synthesis in an acidic 
environment was conducted, employing an alkoxide precursor 
and a triblock polymer surfactant. The synthesis procedures were 
conducted under atmospheric pressure, obtaining high synthesis 
yield (82-95 %). All these parameters align with the principles of 
green chemistry and sustainability. The resulting samples were 
obtained as white powders with high crystallinity and purity. 
Structural, compositional, and morphological characterizations 
were carried out on the samples. Among the synthesized 
samples, NT2 exhibited an attractive shape and superior 
photoactivity compared to the widely used P25 commercial 
nanoparticles. The outstanding photocatalytic performances 
were attributed to the exposed crystal plane and morphological 
properties achieved by adjusting the calcination temperature. 
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