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ABSTRACT 

 This work is a study of the properties of TiO2-anatase nanoparticles attached by 

a low- melting point inorganic glass (530°C). Unlike other low-melting glasses, this 

composition does not contain any toxic metal. Likewise, it shows an excellent wettability 

on ceramic nanoparticles. A small addition of 5 vol.% of glass remarkably enhances the 

mechanical strength of the composites with respect to pure TiO2 calcined at the same 

temperature, reaching the double value. Self-cleaning properties analyzed using the 

methylene blue 365 nm UV-A photodegradation test showed that, after different UV-

light periods, the photo-efficiency of TiO2-anatase was not altered by the presence of 

this glass.  
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1. INTRODUCTION 

 On one hand, titanium dioxide (TiO2) is the world's main pigment to provide 

whiteness, brightness and opacity, and its use is widely spread in coatings and paints 

[1,2]. Secondly, titanium dioxide based photocatalysts are recognized by their 

acknowledged effectiveness on various chemical pollutants [3–6]. Finally, TiO2 based 

photocatalysts have great potential for the inactivation of damaging pathogens, as 

successfully triggered the destruction of different viruses and bacteria [7–12].  

 It is known that the efficiency of the photocatalytic reactions of TiO2 is increased 

when these particles have a nanometric size, since they expose more surface area per 

unit volume than in the case of micrometric particles. However, the use of nanoparticles 

is limited, first, by their tendency to agglomerate -hindering its homogeneous dispersion 

when incorporated as an additive in different systems- and, second, by its toxicity[13], 

to the point that they are considered carcinogenic to humans when inhaled[14]. 

Nanoparticles have shown a demonstrated toxicity in vertebrates, invertebrates, plants 

and algae, with the consequent risk to health and environmental impact[15]. By 

supporting them on a matrix, the agglomeration, the release to environment and the 

toxicity of the nanoparticles is avoided.  

 For the attachment of the nanoparticles to a surface, the presence of binder 

materials is essential and, generally, such binders have an organic nature (polymers). 

When titanium dioxide is exposed to light, it absorbs UV light, which initiates a chain of 

events that lead to the production of free radicals. These radicals can attack the 

surroundings of the pigment, which can cause the decomposition of the organic 

environment, resulting in fragility, loss of brightness, loosing of dust, etc. In the 
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particular case of paints, when pigments or dyes are involved, the color can also be 

affected, resulting in a yellowish color. Considering the crystallographic forms of TiO2, 

anatase and rutile, these problems are less relevant in the case of rutile as, for pure 

phases, it is generally accepted that anatase exhibits a higher photocatalytic activity 

compared to rutile [16,17]. Thus, the use of organic binders forces the use of rutile 

instead of anatase, diminishing the photocatalytic activity of the product. In this sense, 

we propose the use of an inorganic glass as binder of the TiO2 nanoparticles in order to 

be able to use anatase and maximize the photocatalytic activity of the coating. 

 The use of inorganic supports to achieve an isolated distribution of anatase 

nanoparticles has been investigated in devices where TiO2 provides very favorable 

properties in microwave frequencies. This is the case of composites formed by 

anatase/low melting glass [18] for applications in the electronics sector. However, these 

glasses have lead in their composition, a material whose repeated exposure can have 

serious and irreversible effects on neurological behavior and development [19], 

particularly in children. This problem derived from the use of lead has headed the 

European Union to regulate the marketing and use of products that contain this 

element[20]. It is, therefore, a chemical element which should be avoided as much as 

possible. 

 In summary, in the present work we propose the use of a lead-free low melting 

point glass as bonding agent of the TiO2-anatase nanoparticles which allows, through a 

wetting/spreading process, that the nanoparticles appear effectively dispersed and 

firmly attached. The mechanical properties of a set of sintered samples have been 
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studied, and their catalytic properties have been measured by the degradation of 

methylene blue under the application of ultraviolet light during different time periods. 

2. EXPERIMENTAL 

2.1 STARTING MATERIALS 

 A fine-particulate, pure titanium dioxide (Aeroxide® TiO2 P 25, Evonik Industries) 

has been used. A low melting glass belonging to the P2O5-CaO-Na2O system, which was 

developed by the authors in a previous investigation [21], with a composition of 45 mol% 

P2O5, 10 mol% CaO, 45 mol% Na2O (45P 10C 45N) has been used. This glass was obtained 

by a melting process from the precursors (NH4H2PO4, CaCO3 and Na2CO3). The 

precursors were completely mixed in the proper proportion to the composition. The 

heat treatment was carried out in two stages in a 10% Pt/Rh crucible. In the first stage, 

the mixture of the precursors was treated at 350°C for 1 h to favor their decomposition. 

In the second stage, the resulting mixture was treated at 900°C for 1 h and suddenly 

cooled. The cooled glass frit was ground in agate mortar and sieved to obtain a particle 

size below 45 μm. In order to prepare the composites, the TiO2 and glass powders were 

mixed in the proportions tested (1, 3, 5, 10, 20 vol.% glass) and passed through mortar 

until a homogeneous powder was obtained.  

 

2.2 STRUCTURAL AND THERMAL CHARACTERIZATION 

 The X-ray diffraction analysis (XRD) was carried out using a Bruker D8 Advance 

diffractometer. The patterns were recorded over the angular range of 2°−60° (2θ) using 

Cu Kα radiation.  
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 The textural characterization of pure TiO2 and the TiO2/5 vol.% glass composite 

was carried out by measuring the N2 adsorption-desorption isotherms at -196ºC in an 

automatic apparatus (Micromeritics ASAP 2420). Before the experiments, the samples 

were outgassed under vacuum at 140ºC overnight. The isotherms were used to calculate 

specific surface area SBET  

 The thermal behavior of the materials was studied by Environmental Scanning 

Electron Microscopy (ESEM) and Heating Microscopy: (i) The observations with the 

ESEM (Philips XL30 ESEM) were carried out by placing some grains of glass on the surface 

of a compacted TiO2 piece (5 mm diameter, 2 mm thick) and subsequently heating from 

room temperature up to 700°C, with heating rates of 20°C/min. (ii) The heating 

microscope (HMS, Hesse Instruments, model HR18) was equipped with Leica 

Microsystems optics and EMI software (automated Image Analysis High temperature). 

The glass samples (10x14x2 mm) were placed on an alumina support and heated in air 

at the following rates: 80°C/min in the range 20°C-80°C, and 10°C/min in the range 

between 80°C and the flow point. The tests were made following the standard DIN 

51730 (1998-4) / ISO 540 (1995-03-15), excluding sphere and flow temperature. 

 

The microstructure of the heated specimens was studied by Field Emission 

Scanning Electron Microscopy (FE-SEM, FEI Nova NANOSEM 230) after machining and 

polishing down to 1 μm. 

 

 2.3 SAMPLES PREPARATION 

 In order to obtain discs, the powders were compressed in stainless steel dies with 

different diameters (20 mm for mechanical properties, 30 mm for catalysis tests), with 
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1 Ton uniaxial pressure. Subsequently, the discs were subjected to heating in oven at 

10°C/min up to 530°C, maintained for 12 minutes to ensure uniformity, and quenched 

to room temperature out of the oven. The samples had slightly contracted after the 

process. 

 

 2.4 MECHANICAL CHARACTERIZATION 

 Fifteen specimens of each glass content in the range 1-20 vol.% glass, as well as 

pure titania for comparison purposes, were subjected to biaxial flexural strength tests 

in a universal testing machine (Shimadzu Auto Graph AG-X5kN, Japan). The biaxial 

flexural strength was measured using the piston-on-3-ball method (ISO 6872 standard). 

A disc of the material to be tested was placed on three balls separated by 120° on a 10 

mm diameter circle. The tests were performed at room temperature at a crosshead 

speed of 1 mm/min. Samples with 18 mm diameter, and thickness in the range 1.7 mm-

2 mm were used [22,23].  

 

 2.5 PHOTOCATALYTIC ACTIVITY 

 Catalysts with 27.5 mm diameter and 1.8 mm thickness were used for the 

photocatalytic study. Only the samples with low content were tested (1, 3 and 5 vol. % 

glass) as well as pure titania for comparison purposes. A spot of Methylene Blue (MB) 

was deposited on each substrate by spraying with a 0.8 mm nozzle airbrush (Defynik 140 

by Sagola) operating at 3 bar air pressure, 5 mL of MB solution 5 x 10-4 M (2.5 

micromoles) in acetone. The distance between nozzle and substrate (150 mm) and 
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volume/concentration of MB solution were previously optimized to obtain a 

homogeneous rounded spot with enough colour contrast.  

The photocatalytic activity tests to evaluate the MB photodegradation were 

carried out in a metal chamber equipped with an ultraviolet LED emitting at 385 nm, 

located at the top of the chamber, that provided 34.70 mW·cm−2 measured on the 

surface of the specimens.  The photocatalytic degradation of MB was followed by 

acquisition of UV-spectra of each specimen at different irradiation times (from minute 

fractions up to 2.6 hours) by UV-Vis diffuse reflectance (Jasco V720 spectrophotometer). 

The obtained data were transformed into Kubelka-Munk units. For each time, the 

integrated relative intensity was determined and normalized with respect to the t=0 

intensity. 

 

3. RESULTS AND DISCUSSION 

 X-ray diffraction has been used for identification of phases. Figure 1 shows the 

XRD patterns of the commercial powder titania with 5 vol.% glass, before and after 

annealing at 530°C for 12 minutes ((a) and (b), respectively). The patterns for the other 

glass contents are completely analogous (data not shown), and they all match well with 

tetragonal anatase and rutile (Powder Diffraction Files Nos. 21-1272, 21-1276, 

International Centre for Diffraction Data (ICDD), respectively). Based on the intensity of 

the diffraction peaks (Figure 1), and according to the calculations found in the literature 

[16,17] all the composites studied contain a similar ratio fanatasa/frutile of 0.83/0.17 before 

annealing. This ratio changes to 0.78/0.22 after annealing up to 530°C and, therefore, at 

least 78 wt% TiO2 is anatase. Annealing at this low temperature allows for the complete 
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crystallization of P25, for which amorphous TiO2 transforms to anatase, while the 

amount of rutile remains constant. According to this result, we can state that the titania 

remains mainly in the crystallographic form of anatase. This was predictable, as anatase 

converts to rutile at temperatures ranging between 550°C and about 1000°C[16–18].  

 The presence of either or both of anatase and rutile affects the material's 

photocatalytic performance [24]. We propose for these materials the use of anatase 

instead of rutile, which increases the photocatalytic activity of the material. In this sense, 

there are clear advantages: I) In the case of paintings, the use of an inorganic glass 

instead of an organic vehicle avoids the degradation of the binder for the photocatalytic 

activity of the titania, preserving the properties of the material. II) As the disinfection 

capability of titanium dioxide is primarily attributed to surface generation of reactive 

oxygen species as well as free metal ions formation, its capacity is greatly increased by 

the use of anatase, with a better photocatalytic activity than rutile.  

 Figure 2 shows the images taken both by ESEM and Heating Microscopy at three 

different temperatures (20°C, 300°C and 550°C). According to the results of the Heating 

Microscope, the characteristic temperatures for this glass were found to be 416°C as 

deformation temperature and 563°C as flow temperature. According to the DTA results 

obtained in a previous work[21], the glass transition (Tg), crystallization temperatures 

(Tc) and melting temperature (Tm) for this glass were determined: Tg=325°C, Tc=435°C, 

Tm=530°C. As can be observed at Figure 2, at 300°C, as the temperature has not yet 

reached the deformation temperature (416°C), the image of ESEM has not much 

changed with respect to the one at room temperature, showing still sharp edges in the 

glass particles. However, at 550°C the temperature is over the deformation point, the 
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contact angles have decreased and the sharp edges have turned to become rounded. 

Finally, the contact angles at 563°C have decreased to 29° and 25° (left and right, 

respectively). This is an indication that this particular glass composition presents an 

excellent wettability on ceramic substrates, either titania (ESEM test) or alumina (HM 

test).  

Concerning the mechanical properties, it has been found that the biaxial flexural 

strength of all the composites tested was superior to that of pure titania (Figure 3). 

Whereas the biaxial flexural strength measured for pure TiO2 was close to 10 MPa, the 

resistance of the composites titania/glass reached the range 13-19 MPa. The highest 

result (19 MPa) was obtained for the samples with 5 vol. % glass, who nearly doubled 

the resistance obtained for pure titania. Thus, the glass improves extraordinarily the 

mechanical strength of pure TiO2, as glass plays the role of a cement for titania 

nanoparticles. This glass offers the possibility of attaching firmly the titania 

nanoparticles as a cement and – due to its high wettability- a very low volume of glass 

is needed to avoid loose nanoparticles that could be inhaled, decreasing the toxicity and 

improving, therefore, the health security. 

 

Figure 4A exhibits a FE-SEM image of the sample of TiO2/glass with a high volume 

fraction of glass (20 vol% glass). It has been verified that, even at high glass contents, 

such glass is homogeneously dispersed on the TiO2 matrix. Figure 4B shows a detail of 

the ceramic/glass interface, where can be observed that the glass presents a good 

wettability on the ceramic particles. Likewise, there is no evidence of reaction between 

components.  
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The degradation of methylene blue in all the composites studied is shown in Figure 

5A. The resulting slope in all the curves was found to be the same, demonstrating that 

the photocatalytic capacity of TiO2 has not been altered by the presence of glass. 

Likewise, the results of the BET surfaces measured under the same conditions were 

found to be similar (pure TiO2: 35 m²/g; TiO2/5 vol.% glass composite: 30 m²/g), the BET 

surface in the composites is reduced by only 15% with respect to that of pure TiO2, 

which warrants that the photocatalytic properties of TiO2 are barely affected. Therefore, 

the incorporation of the low-melting point glass did not sacrifice available surface area 

of photocatalyst, and, in this sense, the expected catalytic properties of TiO2 keep 

unaltered. 

 As mentioned above, along with its acknowledged effectiveness on various 

chemical pollutants, TiO2 provides simultaneously disinfection and decontamination, 

which will certainly offer a potential alternative to conventional procedures as a 

promising candidate for the passive reduction of transmission of pathogen agents. For 

several decades, the application of titanium dioxide as an antimicrobial has been 

recognized and used for this purpose in manufactured materials as well as in air and 

water purification [25,26]. An advantage is that, eventually, the microbes and organics 

are mineralized to carbon dioxide and water. Another benefit is that titanium dioxide is 

not consumed in the process of photocatalysis. Because its action is believed to be 

primarily due to photocatalysis, it has been always seen as a benign, environmentally 

friendly means of destruction of both chemical and microbial contaminates. According 

to the results obtained in this work, the glass selected presents the advantage of be 

cured in situ with a heat treatment at low temperature (530°C). This circumstance allows 

considering that this TiO2-anatase/glass composite could be potentially used as a coating 
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or paint of surfaces (walls, floors, ceramic tiles, doors, etc.) that need to be maintained 

clean and hygienic. Its use is also proposed as an additive in construction materials, such 

as tiles, bricks, cements, etc., in order to pursue the same aim.  

 One of the possible applications that we also propose is to print 3D structures 

[27–31] and functionalize them with heavy metals that have catalytic capacity, 

interesting especially for drug and phytosanitary synthesis. It is worth pointing out in 

water use the possibility of recovering the photocatalyst more easily because it can be 

dimensioned so as not to have to use ultrafiltration. One could even “paint” the surface 

of the reactor itself or an insert in it. Therefore, a wide spectrum of possible applications 

of immobilized photocatalyst opens up, which avoids the costs of reusing it. 

 In summary, the use of a small volume fraction (1-5 vol. %) of this lead-free low-

melting-point glass as an inorganic additive allows to use mainly anatase. By using an 

inorganic component, the degradation observed in conventional paints is avoided. In 

the TiO2-anatase/glass compacts, titanium dioxide maintains its many advantages 

including low cost, chemical stability, non-toxicity, and ability to use ultraviolet light 

energy (300–400 nm) for taking advantage of its excellent photocatalytic activity. 

Regarding the lead-free glass, it offers an extraordinary relevance with respect to health 

and environment. Its low-melting point allows the coating or paint to be cured in situ 

with a heat treatment at low temperature. Moreover, it increases the mechanical 

resistance of the composites up to twice. 

 

4. CONCLUSIONS 
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 The incorporation of the low-melting point glass involves annealing at low 

temperature, which allows the titania to remain mainly in the crystallographic form of 

anatase, that exhibits superior catalytic properties than rutile. Such incorporation keeps 

the catalytic properties of TiO2 unaltered. The glass presents a good wettability on the 

ceramic surfaces and does not contain toxic metals, which means that can be considered 

environmental friendly. It has been showed that the glass improves remarkably the 

mechanical properties of the composites with respect to pure TiO2 by a factor of up to 

2, as glass plays the role of a cement for titania nanoparticles. It avoids loose 

nanoparticles that could be inhaled, decreasing the toxicity for loosen nanoparticles and 

improving, therefore, the security for the health. 
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FIGURE CAPTIONS 

 

Figure 1. X-Ray diffractograms corresponding to sample TiO2/5 vol.% glass, (a) before 

annealing up to 530°C and (b) after annealing. 

Figure 2. Environmental Scanning Electron Microscope (ESEM) images taken at three 

different temperatures: A) 20°C, B) 300°C, C) 550°C. The inserts show the Heating 

Microscope images corresponding to each temperature. 

Figure 3. Biaxial flexural strength of samples with different glass content. 

Figure 4. FE-SEM micrographs corresponding to a sintered sample TiO2/20 vol% glass. 

In micrograph (B), the upper area corresponds to TiO2 and the lower area corresponds 

to glass. 

Figure 5. (A) Comparison of the evolution of the degradation of methylene blue 

projected on pure TiO2, and on composites of TiO2 with 1, 3 and 5 vol.% glass, 

respectively. (B) Degradation of methylene blue on the disc of the TiO2/5vol.% glass 

composite, under exposure to 380 nm ultraviolet radiation. 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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