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Abstract

:

The presence of TiO2 nanoparticles in a cementitious matrix induces self-cleaning capacity in the presence of UV radiation by combining two mechanisms: surface hydrophilicity and degradation of the stain agent molecules. Experimental results indicate an increase in surface water absorption and, indirectly, in the degree of hydrophilicity, with the increase in the concentration of TiO2 nanoparticles in the matrix. Degradation of organic molecules, rhodamine B, is dependent on the duration of action and intensity of UV rays and the concentration of nanoparticles in the cementitious matrix. An addition of 3–6% TiO2 is effective and sufficient for a good self-cleaning capacity of cementitious surfaces.
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1. Introduction


One of the most common causes of structural degradation is the accumulation of polluting materials, organic or inorganic, on the surface [1,2,3,4]. Nanotechnology could offer a solution by producing materials with self-cleaning capacities. A cementitious composite containing TiO2 nanoparticles, under the influence of UV rays, has a specific behavior: a photocatalysis of redox reactions is manifested that allow the oxidation and decomposition of organic particles on the cementitious surface (particles that produce the staining effect) into smaller particles, molecules with a simpler structure, which can either be more easily taken up by rainwater and removed (washing phenomenon).On the one hand, the organic particles continue to decompose until the final reduction (Equation (1)) [5,6,7,8,9,10,11,12,13,14]; on the other hand, the hydrophilicity of the cement composite surface increases (Figure 1). The two mechanisms together realize the self-cleaning capacity of cementitious composites containing TiO2 nanoparticles [1,15,16,17,18,19,20,21,22]. According to the literature [14], TiO2 nanoparticles, alone, lose their property of influencing hydrophilicity and oxidation of organic molecules as soon as the UV action ceases, but in combination with SiO2 in cement, this photoactivated capacity is prolonged even with more days of darkness (total lack of UV radiation).


Organic compound + O2 → TiO2, hυ → CO2 + H2O + Residual inorganic compound



(1)







The mechanism underlying this property of cementitious composite surfaces containing TiO2 nanoparticles, under conditions of exposure to the action of UV rays, can be explained by the increase of hydroxyl groups (OH−), a phenomenon identified by X-ray photoemission spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR) or nuclear magnetic resonance (NMR), and shown schematically in Figure 2 [15,23,24,25,26]. The transition of the surface, under the influence of UV radiation, into a metastable thermodynamic state is the result of the coexistence of the forms of molecular water and dissociated water. Under the action of UV rays, titanium dioxide is a semiconductor with a band gap of about 3.0 eV that in the presence of UV light, through energy absorption, generates electrons (e−) and holes (h+) (Equation (2)). Electrons tend to reduce the cation Ti(IV) to the ion Ti(III) (Equation (3)), and voids oxidize O2− anions (Equation (4)). This process will release oxygen and thus form gaps on the surface of titanium dioxide, giving the possibility of binding water molecules with the release of hydroxyl groups (OH−). The oxidation capacity of holes (h+) is higher than the electron reduction capacity (e−); on the surface of the photocatalyst is a single layer of adsorbed H2O molecules, and hydroxyl groups are formed (OH−). These hydroxyl groups are strongly oxidizing and react with molecules of organic nature producing free radicals of peroxyl type, which will react with molecular oxygen in a chain of reactions to the final products CO2 and H2O. On the other hand, electrons (e−) reduce oxygen to the free radical O2− which will react with the peroxide molecules resulting during the reaction between hydroxyl groups and organic molecules, ultimately leading to a chain of reactions to the final products CO2 and H2O [5,6,7,8,9,10,11,12,13]. Photogenerated holes (h+) increase the length of the links within the TiO2 network (Figure 2), bringing the surface to a metastable state that allows the adsorption of molecular water, simultaneously with the formation of new hydroxyl groups and the release of a proton [15,27].


TO2 + hʋ → e− + h+



(2)






e− + Ti4+ →Ti3+



(3)






4h+ + 4O2− → 2O2



(4)







Regarding the hydrophilicity assessment, the literature indicates that, in principle, the two methods of measurement—direct method of measuring the contact angle of the droplet of the liquid to the surface [1,28,29] and the indirect method for the determination of the water absorption on the surface [1,14,28] which states that there is a high potential of water absorption on the surface—are indicated by a high level of wettability. To highlight the ability of self-cleaning, research in the literature indicates several test methods, of which the method of staining with rhodamine B (RhB) is the most common.



Photocatalized degradation of RhB in the presence of TiO2 is a process that is based on the formation of molecular ions RhB+• and the formation of O2−•, highly reactive species that will cause the degradation of the organic molecule [30,31,32]. The principle of this method is relatively simple: the surface of the test specimen is smeared with an aqueous solution of rhodamine B, after which it is exposed to the action of UV rays by combining or not with additional actions, for example, artificial rain. Measurable indicators expressing the degree of staining/cleaning of the surface are then identified and compared [30,33,34,35,36]. The UNI 11259 standard regulates this test by indicating the amount of aqueous solution of rhodamine B applied to the surface 0.05 g/dm2 and, as a measurable indicator, the measurement of the degree of staining [36]. In the literature, there are reports that comply with this standard, as well as reports of tests performed with deviations from UNI 11259, especially with regard to the concentration of rhodamine B solution (0.5 g/L and 1 g/L, respectively) [36].



Using the standardized method or modified methods, the results of the conducted research indicate discoloration by 20% after exposure for 1 min and by 75–95% after exposure for 4 h to the action of UV rays [36]; the dependence of self-cleaning performance on characteristics of titanium dioxide used-granule size, granulometric distribution, type, crystalline structure and ratio of the three crystalline structures (rutile-tetragonal crystalline structure, anatase-tetragonal crystalline structure and brookite-orthorhombic crystalline structure) [30,34,35]; and non-alteration of the photocatalytic efficiency of TiO2 nanoparticles following accelerated aging cycles performed on cementitious composites [36]. After the exposure of samples to accelerated aging cycles simulating a period of five years in climatic conditions typical of northern Denmark, good behavior and durability of this property were observed [30,34]. Increased self-cleaning performance with increased TiO2 nanoparticle content in the range 0–3% was also observed [33]. Zhang et al. [37] indicated an increase of the self-cleaning effect with the increase of the time of action of the UV rays and a long-term efficiency of this performance for cement composites with the content of up to 6% TiO2; however, they recommended maintaining the dosage of TiO2 to a maximum of 2%. They also indicated a possible reduction in performance with the increase of the irradiation duration, performances that are subsequently recovered as soon as the specimen is subjected to the action of wet-dry cycles, artificial rain and therefore the removal by the washing of reaction products from the surface [37].



Until recently it was considered that these cementitious composites are intended exclusively for outdoor use because of the need for solar radiation and the UV content to activate the TiO2 nanoparticles. Currently, research has shown that even in indoor conditions, minimum radiation of 1 µW/cm2 from a fluorescent tube is sufficient to achieve the photocatalytic effect [15].



The aim of this research was to analyze the influence of the addition of TiO2 nanoparticles in the cementitious composite matrix on the surface hydrophilicity and photochemical degradation capacity of the organic staining agent molecule, as well as to identify an optimal dosage for the TiO2 nanoparticles in the cementitious matrix, thus providing valuable information for obtaining the self-cleaning capacity as best as possible.




2. Materials and Methods


2.1. Materials


In order to carry on the tests, prismatic specimens (plates) with an exposed surface of 0.085 m2 were produced using white Portland cement (CEM I 52.5R) and Degussa P25 TiO2 nanoparticles in different ratios: 1% (P2), 2% (P3), 3% (P4), 3.6% (P5), 4% (P6), 5% (P7), 6% (P8) and 10% (P8), percentage relative to cement quantity. One mixture was prepared without the addition of TiO2 nanoparticles, which was considered the control sample (P1). For all cases, the ratio of water/dry powder material of 0.5 was maintained constant, where dry powder material represented the sum of the amounts of cement and TiO2 nanoparticles in each mixture. After mixing the materials, the test samples were kept for 28 days for aging, according to EN 196 conditions.




2.2. Hydrophilicity


The 28 days age test samples, dried until constant mass, were exposed with an inclination of 10° from the vertical. From a constant distance of 30 cm, 5 mL of distilled water were sprayed every 2 min until a cumulative volume of 50 mL was reached. After each test step (after each spray of 5 mL distilled water), the samples were weighted, and the surface water absorption was calculated. After the test, the specimens were dried until constant mass and exposed for 1 h to the action of UV rays with a wavelength in the UVA field and luminous intensity of 405 lux, after which the test was repeated. Subsequently, the samples were dried again until constant mass and exposed to UV for another 24 h, and the test for determination of surface water absorption was repeated [38].



The surface water absorption was calculated as an indirect indicator of the degree of hydrophilicity of the surface of the cementitious composite (Equation (5)):


Qt = (mt − m0)/A (kg/m2)



(5)




where mt—test specimen mass at time t (2, 4, 6, 8, 10, 12, 14, 16, 18, 20 min) from the start of spraying, which corresponds to sprayers with a volume of (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 mL) distilled water; m0—the initial mass of the dry specimen at constant mass; A—the surface of the specimen exposed to spraying.



For each instance of activation by UV exposure or without UV exposure, the efficiency indicator of the addition of TiO2 in the cementitious matrix was defined on the surface water absorption property (EIN) representing the percentage variation (increase) of the total surface water absorption (time 20 min, volume of water 50 mL) of the test piece of cementitious composite with the addition of TiO2 nanoparticles, total surface water (time 20 min, water volume 50 mL) from cementitious composite without the addition of TiO2 nanoparticles (Equation (6)):


EIN = (Q20xUV − Qt20control sample xUV)/Q20control sample UV · 100 (%)



(6)




where Q20xUV—surface water absorption of the cementitious composite specimen with TiO2 nanoparticles addition at time 20 min after the start of the test (50 mL water); Qt20control sample xUV—surface water absorption of the control specimen (without TiO2 nanoparticles addition) at time 20 min after the start of the test (50 mL water); x—number of UV exposure hours (0 h, 1 h or 1 + 24 h).



Thus, indirectly, it can be said that the higher the efficiency index of nanoparticles, the more hydrophilicity increased, the cementitious mixture was more efficient, and the addition of nanoparticles was more effective in improving the performance of the composite.




2.3. Self-Cleaning Capacity


The principle of the method consisted of controlled staining, exposure to conditions of activation of the self-cleaning property and determination of the degree of whiteness of the stained surface (GA) as an indirect indicator of the self-cleaning capacity of cementitious composites containing TiO2 nanoparticles. Thus, the test samples were stained by dripping, using as stain agent an aqueous solution of rhodamine B (1 g/L), applied in equal amounts on the surface of the samples. Subsequently, the samples were subjected to a cycle of action of UV rays, water through artificial rain and drying, according to the test diagram presented in Figure 3. After each step of the test diagram, the degree of whiteness (GA) was measured, and at predetermined intervals, the stained surface of the specimen (AM) was analyzed microscopically.



Photoactivation of the surface was performed using a UV light source with emission in the spectrum 315–400 nm, corresponding to the UVA band. To assess the influence of UV radiation intensity on self-cleaning capacity, the irradiation source was placed at a distance of 10 cm and 20 cm for the second phase, above the surface of the specimens, which resulted in a luminous flux intensity of 860 lux and 405 lux, respectively. Exposure to artificial rain and drying were carried out in the absence of any light source.



The test equipment was composed of the following individual stations: UVA source exposure enclosure; artificial rain exposure enclosure; visual analysis area; microscopic analysis area and whiteness degree recording area The degree of whiteness was measured with a WSB-1 leukometer.



The efficiency of the addition of TiO2 nanoparticles on the self-cleaning character of the cementitious composite was analyzed visually and through two measurable parameters:




	
Degree of the whiteness of the sample, determined in the stained area;



	
Degree of the ability to recover the whiteness—represents, as a percentage, how much of the whiteness degree of the stained sample was recovered in relation to the initial whiteness degree, after going through one or more steps in the test diagram (Equation (7)):


CR = ((GAt − GA0)/GAc)∙100 (%)



(7)




where CR = ability to recover the degree of whiteness, GAt = the degree of whiteness of the specimen in the stained area at test chart time t, GA0 = the initial degree of whiteness of the stained sample but not yet exposed to UV light activation or washing, and GAc = the initial degree of whiteness of the unstained sample.








On the basis of these measurable indicators, it was thus assessed that the greater the whiteness degree and the recovery capacity of the whiteness degree increase from one step of the test diagram to another, the more pronounced the self-cleaning effect.





3. Results and Discussion


3.1. Hydrophilicity


The results obtained from the point of view of the measurable parameters identified for the indirect measurement of the hydrophilicity of the surface of the cement compounds and with respect to the kinetics of the process are shown in Figure 4 and Figure 5.



Surface water absorption (Figure 4) increases continuously and steadily for all analyzed cases with the increase in the amount of water sprayed. This increase can be expressed mathematically by a Grade 1 equation according to the amount of water sprayed, in the form of ax + b, for each case analyzed. It is noted that the maximum water absorption is in the case of P8 composition with 6% TiO2, for all situations of the amount of water sprayed, therefore it is appreciated that this composite matrix has the highest hydrophilicity in conditions not exposed to UV, respectively exposure for 1 h to the action of UV rays. In the case of samples exposed 1 + 24 h to UV action, the maximum water absorption is initially in the case of composition P5 (3.6% TiO2), followed very closely by P8 (6% TiO2), but with the advance of the test (increasing the amount of water sprayed, there is an increase in water absorption for all specimens in the range P2–P8 (1% TiO2–6% TiO2). Increasing the amount of TiO2 over 6% causes a reduction of water absorption on the surface, which indicates a reduction of hydrophilicity (P9-10% TiO2). Sample P2 (1% TiO2) in the case of test specimens not exposed to UV action and samples P2 (1% TiO2) and P3 (2% TiO2) in the case of test specimens exposed for 1 h to UV action indicate rather small changes in hydrophilicity, compared to the control. It can thus be considered that the addition of 1–2% TiO2 in the cementitious matrix is insufficient. The slight flattening of the curve, with the increase of the amount of water sprayed, can be considered as a measure of the tendency of stabilization of the phenomenon to achieve a maximum of the amount of water absorbed on the surface, after which the excess water has a chance to slip on the existing.



In all cases, as expected, the control sample (P1) shows a much-reduced evolution of the process of water absorption on the surface, compared to the composite samples with nanoparticles content, a sign that this surface is less hydrophilic, most of the amount of water remaining, probably, as drops that fail to form a film and fall easily.



In general, it can be said that at the beginning of the process (small amounts of water sprayed), the evolution of water absorption on the surface from one spray to the next is more strongly influenced by the amount of TiO2. As the amount of water sprayed increases, the absorption process on the surface stabilizes, the percentage of water added by each spray generally decreasing.



As seen in Figure 5, for samples tested without UV exposure and those tested with 1 h UV exposure, respectively, sample P8 (6% TiO2) shows the highest efficiency in terms of the influence of the addition of TiO2 on surface hydrophilicity compared to the control sample, but sample P9 (10% TiO2) indicates a reduced efficiency of the addition of nanoparticles on surface hydrophilicity, eventhough the quantity of nanoparticles in the matrix is the highest. In the case of test specimens tested after 1 + 24 h exposure to UV rays, samples P6 (4% TiO2) and P5 (3.6% TiO2) have the highest efficiency in terms of the influence of the addition of TiO2 on the surface hydrophilicity, compared to the control sample.




3.2. Self-Cleaning


Visually, evolution according to expectations was observed: discoloration of the stained area, both for exposure to UVA with the intensity of 860 lux and for the intensity of 405 lux, as shown, for example, for the control specimen made of the cementitious composite without TiO2 content and for the specimen made of cementitious composite with 4% TiO2 content in Figure 6 and Figure 7, respectively.



The results obtained from the point of view of the measurable parameters identified for measuring the self-cleaning capacity are shown in Figure 8 and Figure 9.



Immediately after staining, the degree of whiteness of the specimens is significantly reduced, as expected (Figure 8), thus obtaining a degree of staining, expressed as a percentage reduction of the degree of whiteness, within the range (18.0–27.6%). By exposing stained specimens to the photocatalytic action of UV, the degree of whiteness increases steadily (Figure 8) with each evaluation after the preset exposure ranges (0.5 h, 1 h, 2 h, 3 h, 4 h, 24 h). Visually the discoloration of the spots is observed, and the microscopic analysis showed that there is a discoloration especially of the surface in the immediate vicinity of the micro-cracks that appeared during the ripening process. An exception is the control specimen made without the addition of TiO2 nanoparticles: in this case, only a slight discoloration is observed, a phenomenon explained, on the one hand, due to the chemical degradation of the staining agent under the influence of UV, and on the other hand, due to the existence, from the manufacturing process, of a quantity of TiO2, even if not much. Analyzing the evolution of the degree of whiteness of the test specimens throughout the course of the test diagram, a significant jump is observed, in most cases, with the introduction of the washing agent, artificial rain, both in the case of high-intensity and low-intensity UV radiation.



The evolution of the control specimen is the least satisfactory, remaining intently stained throughout many stages of the test diagram, undergoing a cleaning process, probably more mechanical by the action of water droplets, its discoloration being more evident after the last two steps of the test diagram.



From the point of view of the mathematical modeling possibility of the evolution of the degree of whiteness, depending on the amount of nanoparticles added in the cement matrices, one can identify polynomial functions of degree 3 that provide a precision rate R2 minimum 0.8.



If analyzing, from the point of view of the ability to recover the degree of whiteness (Figure 9), the behavior of cementitious matrices in the presence of UV radiation with the intensity of 860 lux, but without the action of rain, one could say that content of TiO2 nanoparticles, in relation to the amount of cement, of around 6% is desirable. With the introduction of artificial rain/drying agents into the test diagram, the behavior of the test specimens’ changes, suggesting a concentration of max. 4% TiO2 nanoparticles in the cementitious matrix. The same cannot be said about test specimens tested at an incident UV radiation of lower intensity (405 lux), where a higher concentration of TiO2 nanoparticles in the cementitious matrix would be desirable.



Tests carried out by the method of staining with rhodamine B provide evidence of the self-cleaning ability of cementitious matrices enriched with TiO2 nanoparticles by photoactivation under the influence of UVA rays. However, the experimental results obtained cannot provide the basis for a documented selection of the optimal nanoparticle content, so that the cost–benefit balance is the most favorable. It is considered, therefore, that further research is needed, as well as a correlation between the results obtained by experiments, on the one hand, with the other results reported in the literature and, on the other hand, the results obtained by experiments on the evolution of the physical-mechanical properties of the cementitious matrix based on the content of the nanoparticles, together with an analysis from the point of view of whether or not the field is intended to be used.





4. Conclusions


The aim of this experimental study was to analyze the influence of the content of nanoparticles in the cement matrix on the two mechanisms that together realize the property of self-cleaning.



After analyzing, as an indirect indicator of hydrophilicity, the surface water absorption of all specimens, tested in all three conditions of exposure to the action of UV rays, it can be said that regardless of the content of TiO2 nanoparticles, in all cases, exposure to UV increases the hydrophilicity of the surface, compared to the situation of a lack of this exposure and the increase. The satisfactory behavior of P8 samples (6% TiO2) and the unsatisfactory behavior of P9 samples (10% TiO2), as well as the behavior strongly dependent on the UV exposure conditions of cementitious matrices with a low content of TiO2 nanoparticles, can easily be observed.



From the point of view of the decomposition capacity of the organic molecule rhodamine B, it can be said that the increase of the amount of TiO2 introduced in the cementitious matrix increases the degree of whiteness but also the self-cleaning capacity of the specimens. The self-cleaning capacity is also influenced by the intensity of the incandescent UV light flux on the surface of the sample, better results being recorded for a higher UVA intensity. In the absence of the action of rain (without accumulating the effect of increasing the hydrophilicity of the surface), it can be said that in case of a lower incident UV radiation a higher concentration of nanoparticles in the cementitious matrix is desirable. This need, however, can be reduced either by increasing the intensity of UV radiation or by combining with the action of washing water (the jump of the cleaning index being significant with the first step of artificial rain in the test diagram). However, it can be assessed that, from a cost-benefit point of view, a concentration of 10% TiO2 nanoparticles is not justified because the improvement of quantifiable parameters compared to those recorded for the 6% TiO2 composition is not proportional to the consumption of nanoparticles.
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Figure 1. Schematic representation of the self-cleaning capacity by combining the two mechanisms: (a) photocatalytic oxidation process of organic substances; (b) removal of foreign substances with the help of rainwater by increasing surface hydrophilicity. 
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Figure 2. Schematic representation of the transition of the surface to a metastable state by photoactivation in the presence of UV rays [13,15,26]. 
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Figure 3. Self-cleaning capacity test diagram. GA: the degree of whiteness; AM: the stained surface of the specimen (*RH - relative humidity). 
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Figure 4. Surface water absorption: (a) non-UV specimens; (b) 1 h UV specimens; (c) 1 + 24 h UV specimens. 
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Figure 5. Efficiency Index of Nanoparticles (EIN): non-UV test specimens (red), 1 h UV test specimens (blue), 1 + 24 h UV test specimens (green). 
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Figure 6. Discoloration of test specimens following the test diagram, example P1—control specimen made of the cementitious composite without TiO2 content: before (a) and after (b) the test diagram, with luminous intensity 860 lux; before (c) and after (d) the test diagram, with luminous intensity 405 lux. 
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Figure 7. Discoloration of test specimens following the test diagram, example P5—test specimen made of the cementitious composite with 4% TiO2 content: before (a) and after (b) the test diagram, with luminous intensity 860 lux; before (c) and after (d) the test diagram, with luminous intensity 405 lux. 
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Figure 8. Whiteness degree: (a) test diagram with the luminous intensity 860 lux; (b) test diagram with the luminous intensity 405 lux. 
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Figure 9. Whiteness degree recovery capacity: (a) test diagram with light intensity 860 lux; (b) test diagram with light intensity 405 lux. 
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