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Abstract

:

The measurement of the photocatalytic activity of building materials is quite time-consuming. Up until now, researchers have mainly used the equipment described in ISO 22197-1 to ISO 22197-4 for the determination of air purification activity, although other apparatus such as colorimeters, UV-Vis/DR spectroscopes and equipment for contact angle measurements have also been used. Usually, photocatalytic activity measurements take from one hour up to several hours. In this study, we present a very fast method for the measurement of the photocatalytic activity of gypsum. A specially designed printer with a modified bubblejet cartridge was used to apply a special ink on the surface of gypsum plates. Then the surface was irradiated by UV-A light and every 3 s a picture of the surface was taken. The results showed that the discoloration of the dye occurs after a few seconds of irradiation and the time depends on the amount of photocatalyst used as well as the number of printed ink layers. It was concluded that it is possible to use this method for a quick comparison of the photocatalytic activity of different types of modified gypsum materials.
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1. Introduction


Photoactive building materials have become more popular not only among researchers as research objects, but also in real-life applications as materials for air purification. It is possible to find buildings, glass, walls, and sidewalks covered by photoactive surfaces. Such building materials, which can be used for air purification, can also have self-cleaning and antibacterial properties.



Photocatalysis is a catalysis process that is used to provide sustainable solutions in several different fields such as biorefinery [1], organocatalysis [2], waste valorization [3], hydrogen evolution [4] and water purification [5].



Photocatalysis is also an advanced oxidation process, indeed, the activity of photoactive building materials is based on this process. For many years, photocatalysis has been known mainly for its use in water purification. More recently, it was discovered that photocatalysts may also be used as additives in building materials.



Following the production of photoactive building materials, it is always necessary to measure its photocatalytic activity. Different methods for measuring photocatalytic activity are used depending on the kind of building materials. These methods are mainly based on dyes and NOx decomposition. The typical test method to evaluate the photocatalytic air-purifying capability is to perform the measurements as described in the ISO 22197-1 to ISO 22197-4 and related international standards [6,7,8,9,10]. The selection of the proper method for photocatalytic activity measurements strongly depends on the type of tested building materials. In their review article, Da Silva et al. [11] described methods for measuring the photocatalytic activity of ceramic tiles. They suggested that in the case of ceramic tiles, the measurement of dye degradation is the most frequently used method.. However, sometimes water contact angle and NOx degradation measurements are also used. The photocatalytic activity of cementitious materials is mainly measured by nitrogen oxide decomposition [12] and dye decomposition [13,14].



Usually, the following methods are applied to incorporate TiO2 photocatalysts into cementitious materials: (1) the addition of TiO2 particles during mixing of the cementitious material; (2) direct painting of the cementitious matrix surface using TiO2 suspension; and (3) sprinkling of TiO2 photocatalyst onto fresh cementitious materials surface. Binas et al. [12] prepared photoactive materials by the addition of modified TiO2 (5 and 10% w/w) into the cement. The laboratory-made photocatalytic cement-based coatings were mixed with Mn-doped TiO2 and then deposited on three different substrates (glass, plywood and gypsum). They examined the ability/efficiency of the samples based on the photocatalytic removal of NO from an air environment. Luévano-Hipólito et al. [15] measured the photocatalytic self-cleaning efficiency of coatings according to the ISO 10678:2010 norm by using aqueous methylene blue (MB) as a model pollutant in order to measure the photoactive surface’s ability to degrade dissolved organic molecules under light irradiation.



There is not a lot of work on the photocatalytic activity of gypsum materials. One paper by Krutsko et al. [16] reported the testing of the photocatalytic activity of gypsum by decomposition of model contaminate (Rhodamine C) under UV. Also, one of our earlier works about photocatalytic measurements of gypsum activity. describes the NOx decomposition under UV light irradiation [17]. Another work reports the evaluation of the photocatalytic activity of gypsum materials using model dyes: mono azo dye (Reactive Red 198) decomposition under 15 h of UV and Vis light irradiation [18] and Reactive Orange decomposition under 40 h of UV light irradiation [19]. To measure photocatalytic activity during NOx degradation, 30 min of studies is necessary while dye decomposition requires 15–40 h.



In this paper, a fast method for measuring photocatalytic gypsum materials activity is presented. A period of <5 min is enough to determine the differences between the photocatalytic activities of different materials.




2. Results and Discussion


The surface of gypsum plates containing 1, 3 and 5 wt.% of TiO2/N was covered by two layers of ink. Thereafter, there were no difference between the gypsum plates’ surfaces. Namely, all samples had the same blue color. Directly after printing, each sample was irradiated by UV-A light, and changes in the color were monitored by taking pictures regularly. In Table 1, the images of the surface of unmodified gypsum and gypsum plates modified by the addition of different amounts of nitrogen modified titanium dioxide are presented. All measurements took only 132 s, which was enough time to ascertain the differences between the materials. It is easy to observe that in the case of pure gypsum, there were no color changes, and the surface remained blue during the measurement period. It is also possible to see that with the increase the photocatalyst added into the gypsum matrix, the discoloration of the surfaces was more rapid and the blue color changed into the pink. The fastest discoloration occurred on the surface with the addition of 5 wt.% of TiO2/N. The light pink color appeared on the photocatalytic sample (gypsum + 5%TiO2/N) after 24 s of UV-A irradiation.



Using the operating program, the function that presents the color changes of the surfaces of the unmodified and modified gypsum plates was specified. The course of the color variations is presented in Figure 1. The function confirmed the observations carried out by the naked eye. In the case of pure gypsum, there was nearly no change in color value. The color of the surface was blue during the 300 s of irradiation, which correlated with a linear function. In contrast to pure gypsum, the modified gypsum plates showed a completely different course. Firstly, the changes in color value were more significant with an increasing dose of photocatalyst in the gypsum plates. The fastest removal of dye was achieved for gypsum with 5 wt.% of TiO2/N and the slowest was for gypsum with 1 wt.% of TiO2/N. Secondly, the fastest degradation of dye was during the first minute of irradiation for all three modified samples. In the next seconds of irradiation, the color changes were not so evident. This corresponds well with observations made by many authors [20] in relation to the mechanisms of photocatalysis. Namely, when the photocatalysis time is prolonged, the intermediate products that are created compete for oxidative species with the main pollutant, which resulted in slower degradation of the main compound in the dye molecules in this study. It ought to be stressed that in our case, the observation was carried out in a very short period of time.



The proposed fast method for photocatalytic activity measurements allowed us to examine how fast the dye could be removed from the surface of gypsum plates depending on the number of dye layers on the surface. In Table 2, the discoloration time for samples with different numbers of dye layers is presented. It can be seen that one layer of dye was removed from the gypsum plaster surface after 30 s, but with the increase of the number of layers, the discoloration time also increased. In the experiment where the application of eight layers of dye on the gypsum surface was applied, 174 s was needed to decompose the dye.



By using this method, it was also possible to control the lifetime of modified gypsum plates. After the discoloration, the surface of modified gypsum plates was covered again with dye; this process was repeated five times. The discoloration time after each cycle is presented in Table 3. It appeared that the time of discoloration increased as the number of cycles increased.



Additionally, a comparison between the results obtained during the dye discoloration and the NOx decomposition on modified gypsum materials was done. As can be observed in Figure 2, the comparison led to an interesting analogy. In the case of gypsum modified by the addition of 1 wt.% TiO2/N, the NOx removal amounted to 32% and dye discoloration occurred after 114 s. This is the lowest NOx removal and the longest discoloration time for all of the tested gypsum materials. As was expected, the highest activity occurred in gypsum modified by the addition of 5 wt.% TiO2/N. In this sample, the NOx removal amounted to 57% and the corresponding dye discoloration took place after 36 s. Summarizing, these studies showed that the proposed method of photocatalytic determination of the photocatalytic properties of gypsum materials based on dye discoloration is comparable to NOx decomposition data. However, the main advantage of the new method is the time factor (very fast analyses) and the relative simplicity of the measurement procedures.




3. Materials and Methods


3.1. Materials


Commercial gypsum (Dolina Nidy Sp. z o.o., Poland) was used for the preparation of the modified gypsum plates. The beginning of the setting time amounted to 3 min. The BET surface area of fixed gypsum was 23 m2g−1, and the average gypsum micro-particle size was 12.45 µm.



The preparation of the photocatalyst (TiO2/N) was carried out using the HEL Ltd. Autolab E746 installation. The commercial titanium dioxide supplied by Grupa Azoty Zakłady Chemiczne ‘Police’ S.A. (Poland) was used as a starting material. TiO2 (600 g) and 350 mL of NH4OH were placed in a temperature–pressure reactor. The reactor was closed and the mixture was blended using a magnetic stirrer and heated up to 100 °C for 4 h. Afterwards, the catalyst was dried in air for 4 h at 100 °C. Finally, the obtained photocatalyst TiO2/N was ground with a mortar to form a fine powder. The physico-chemical characteristics of TiO2/N are presented in Table 4.



The gypsum plates were prepared by mixing different amounts of TiO2/N photocatalyst (in the range of 1–5 wt.%) with pure gypsum. The powders were blended with distilled water (water-to-gypsum ratio w/g = 0.6 for pure gypsum). The addition of photocatalyst to gypsum matrix led to a significant increase in gypsum paste density, which resulted in a decrease in workability. Therefore, with the increase in photocatalyst loading, a higher water-to-gypsum ratio was applied, w/g = 0.61; w/g = 0.65 and w/g = 0.69 for 1 wt.%; 3 wt.% and 5 wt.% of TiO2/N, respectively. The obtained plates were poured into silicone moulds (80 × 45 × 12 mm3) and set aside for solidification of the materials. Then, the six gypsum plates were removed from moulds and dried in the air to obtain dry matter. In Figure 3, the SEM image of gypsum with 5% of TiO2/N is presented.




3.2. Photocatalytic Activity Tests


3.2.1. Dye Decomposition


The following procedure was used for ink preparation, chemicals were mixed for 20 min: 0.25 wt.% of Resazurin Salt, 5 wt.% of 2-Pyrrolidone, 0.2 wt.% of Polysorbate, 20 wt.% of Glycerol, 8 wt.% of Diethylenglycol, and 66.5 wt.% of deionized Water. The theoretical ink layer height was 1.6 µm. A 2D CNC movement system with an x and y-stepping resolution of 50 mm, described fully by Ehm and Stephan [22], was used for printing. The printhead we used, a HP C6602A is capable of a printing resolution of 96 dpi that equals 250 mm between the printing nozzles. The distance between the printhead and the surface of the sample was 10 mm. The source of light was 28 UVEDs Type Nichia NSSU100CT with a peak wavelength of 365 nm and a spectrum half width of 12 nm, which provides an even distributed UV-A irradiation of (1.5 ± 0.3) mWcm−2. The surface of the gypsum plates was irradiated by UV-A light and every 3 s, the UV-A light was switched off and a picture was taken. All tests were repeated 3 times.




3.2.2. NOx Decomposition


The effect of the photocatalytic activity of prepared gypsum plates on the degradation of air pollution was also proved. In our previous work [21], the NO gas (1.989 ppm ± 0.040 ppm, Air Liquid) was used to model pollution in photocatalytic tests. NOx removal was evaluated using the experimental installation, and the scheme is presented in Figure 4.



The gypsum plates (four at dimensions of 20 × 20 × 4 mm3) were placed in the central part of a cylindrical reactor (Pyrex glass; Ø × H = 9 × 32 cm2) and the reactor was tightly closed. The NO was diluted with humidified synthetic air in the ratio 1:1. The oxygen and water molecules were necessary for the formation of oxidative species, which are essential in photocatalytic reactions. The polluted air flowed through the reactor continuously at a rate of 500 cm3 min−1. At the beginning of the process, the dark conditions were maintained until NO concentration reached equilibrium (about 1 ppm during about 35 min). Then the UV lamps were turned on for 30 min. The irradiation sources surrounded the reactor and were characterized by the cumulative intensity of 100 Wm−2 UV and 4 Wm−2 vis. The temperature of the whole system was maintained at 22 °C by using a thermostatic chamber. The NO and NO2 concentrations were continuously measured in the outlet of the reactor using a chemiluminescent NOx analyzer (T200, Teledyne).






4. Conclusions


These studies showed that the equipment designed and built by Ehm and Stephan [22] may be used for measuring the photocatalytic activity of photoactive gypsum materials and it is possible to cut the measurement time to 5 min. Measuring the photocatalytic activity of the same type of samples during NOx decomposition requires at least one hour of measurements, and dye decomposition measured by using colorimetry or UV-Vis/DR spectroscopy need several hours of irradiation. It is also possible to enlarge the scale and measure the bigger objects and to measuring the photocatalytic activity of different types of building materials.
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Figure 1. The changes in the color value for unmodified gypsum and gypsum modified by the addition of 1, 3 and 5 wt.% of TiO2/N during the 300 s of UV-A irradiation. 
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Figure 2. NOx decomposition [%] and dye discoloration time [s] on modified gypsum materials. Modification was conducted by the addition of 1; 3 and 5 wt.% of TiO2/N to the gypsum matrix. 
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Figure 3. The SEM micrograph of gypsum with the addition of 5 wt.% of TiO2/N. 
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Figure 4. The scheme of installation for photocatalytic removal of NOx (S—source of pollution; M—mass flower; H—humidifier; R—photocatalytic reactor with irradiation source; A—NOx analyzer. 
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Table 1. The photos of gypsum plates (pure gypsum and gypsum modified by addition of 1; 3 and 5 wt.% of TiO2/N) covered with two layers of dye during the photocatalytic process (UV-A irradiation for 132 s).
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	Time [s]
	Gypsum
	Gypsum + 1%TiO2/N
	Gypsum + 3%TiO2/N
	Gypsum + 5%TiO2/N





	0
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	12
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Table 2. Discoloration time of gypsum with the addition of 1 wt.% TiO2/N according to the number of ink layers.
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	Numbers of Layers
	Discoloration Time (s)





	1
	30



	2
	69



	3
	93



	4
	102



	5
	120



	6
	135



	7
	139



	8
	174
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Table 3. The lifetime of gypsum modified by addition of 1 wt.% of TiO2/N control by measuring the discoloration time. In the first cycle, the surface of gypsum was covered by two layers of dye and after discoloration, two layers new were print on gypsum surface., this process was repeated 5 times.
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	Cycle Number
	Discoloration Time (s)





	1
	87



	2
	96



	3
	111



	4
	126



	5
	144
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Table 4. Physico-chemical properties of TiO2/N which was added to gypsum in 1; 3 and 5 wt.% [21].
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Phase Participation (%)

	
Crystal Size of Anatase (nm)

	
SBET (m2 g−1)

	
EG (eV)

	
Izoelectric Point pHpzc




	
Anatase

	
Rutile

	
Amorphous






	
31.9

	
3.0

	
65.1

	
10.8

	
235

	
3.2

	
5.83












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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