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Abstract

:

Cement-based materials modified with 3D BiOX (X = I, Cl) microspheres at different percentages (1, 5 and 10% by weight of the cement binder) were prepared to investigate the durability of the photocatalytic NOx removal under outdoor conditions. Weathering—corresponding to a period of 13 months outdoors—was studied in terms of NO removal efficiency under visible and UVA light irradiation for BiOI and BiOCl mortars, respectively. Following this period, the samples were protected from the environment for four years, and NOx removal and selectivity to nitrates were assessed. BiOI and BiOCl mortar samples were initially photocatalytically active; NOx removal performance increased as BiOX content increased. There was good photocatalyst dispersion, and compressive strength was not significantly impacted. The BiOI mortars had nearly completely lost their activity after 5 years from casting, whereas mortars containing 10% BiOCl had maintained about 7% of initial performance. The results suggest that mortar deactivation is due to surface dirt and nitrates accumulation from NOx oxidation on the surface rather than carbonation. An internal self-deactivation mechanism that affects BiOI in mortar matrix has also been postulated.
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1. Introduction


Recent environmental regulations have stimulated the development of new constructive strategies and smart materials intended to reduce the human health effects of poor air quality in urban areas. This focus resulted in significant growth in the research of construction materials containing photocatalysts to reduce environmental pollution [1,2,3,4,5,6,7,8]. So far, various classes of pavement materials functionalized with photocatalytic nanoparticles have been developed and tested on both laboratory and pilot scales [9,10,11,12,13]. Both indoor and outdoor building environments are exposed to chemical contamination from internal sources (furniture, paint, heaters, appliances, etc.) and external sources (traffic and industry), resulting in the presence of various pollutants (VOC, NOx, SOx, formaldehyde, PMs, CO, etc.) [14,15,16,17]. With respect to pollutants from external sources, NOx is common in urban areas, contributing to the formation of acid rain and photochemical smog, and it is linked to a variety of chronic respiratory disorders as heart disease, asthma and lung cancer [18].



In the field of photocatalytic construction and building materials, nanosized titanium dioxide (TiO2) is the most widely used photocatalyst because of its compatibility with conventional building materials and its excellent photocatalytic properties. TiO2-containing construction materials can be obtained by mixing or coating techniques (e.g., dip-coating, spin-coating, spraying, or brushing) using various rigid substrates, such as cement [19,20,21,22], paints [15,23,24,25], stucco [26], tiles [15,27,28] and glass [29]. Among them, cement-based materials (pastes, mortars and concretes) are the most commonly used building materials in the construction industry.



The main barrier to large-scale TiO2 implementation is its wide bandgap (~3.2 eV for anatase and ~3.0 eV for rutile), which limits its adsorption to UV light (about 5% of the overall solar spectrum). Another significant drawback of TiO2 is its high photogenerated electron-hole recombination, which reduces overall reaction efficiency [30,31,32]. Furthermore, the use of nanoparticles continues to spark debate about the impact of their inhalation on human health [33,34]. The European Union has typified exposure to nanoparticles as one of the emerging risks, and the Committee for Risk Assessment proposed to classify respirable TiO2 as carcinogen category 2: inhalation of mixtures in powder form containing 1% or more of TiO2, which is in the form of or incorporated in particles with aerodynamic diameters ≤10 μm [35]. Trying to overcome these limitations, recent studies have focused on the development of alternative photocatalysts that combine a visible-light-driven response and micrometric particle size. Bismuth oxyhalides, BiOX (X = Cl, Br and I), have emerged as potential candidates for photocatalytic applications among these alternative photocatalysts. BiOX consists of [Bi2O2]2+ sheets and enclosed double-layered halide ions bonded through van der Waals interactions. This structure forms an induced dipole when exposed to light, resulting in an effective separation of photogenerated electron-hole pairs. Additionally, BiOX’s 3D hierarchical microstructure improves light-harvesting, shortens diffusion pathways, accelerates interfacial charge separation and creates more reactive sites, all of which enhance photocatalytic efficiencies [36,37,38]. Among BiOX, BiOI owns the narrowest bandgap (Eg ~ 1.8 eV), resulting in a wider response range for visible light. BiOCl can utilize the photons at wavelength shorter than 380 nm, similarly to TiO2 (P25) [39].



There has been some progress in the application of BiOX to cement-based materials. Geng et al. [40] prepared cement pastes with a BiOBr precursor that can remove NOx via visible light (λ > 420 nm). Similarly, Wang et al. [41] prepared BiOBr and BiOBr/SiO2 cement composites with air purifying properties for propylene degradation under xenon lamp irradiation. Likewise, our research group has developed an inexpensive microwave-assisted solvothermal synthesis for BiOX microspheres (BiOI and BiOCl) [36]. These BiOX photocatalysts were used to prepare photocatalytic mortars that, in the case of BiOI, had better visible-light-driven NOx removal capability than TiO2-modified cement. A phase transformation in alkaline media was found in BiOI-cem to an I-deficient bismuth oxide compound with poor visible light absorbance capability. However, BiOI-cem showed considerably higher nitrate selectivity that resulted in the highest NOx global removal efficiency [42].



In the present work, the performances under long-term conditions of BiOX and cement-based materials have been evaluated. BiOX and cement samples (BiOX ranging from 0% to 10% by weight) were cast, and for the first time, the real weathering effect (13 months exposure to an outdoor environment, and 4 years preserved from external agents) on the NOx photocatalysis is given.




2. Results and Discussion


2.1. Characterization of BiOX Photocatalysts


Figure 1 shows the XPS high-resolution spectra of the BiOI sample. First, it can be seen that no other components different from Bi, O and I were detected. The high-resolution of Bi 4f spectrum showed two peaks with binding energies of 159.1 and 164.4 eV corresponding to 4f7/2 and 4f5/2, which confirmed that the bismuth species were in the BiOI in the form of Bi3+. Meanwhile, the two strong peaks observed in the high-resolution XPS spectrum of I located at 630.4 and 618.8 eV were assigned to the binding energies of I 3d3/2 and I 3d5/2, respectively, confirming the existence of I− in BiOI sample. Finally, the O1s peak observed at about 529.9 eV belonged to the bismuth–oxygen bond in BiOI. Therefore, the purity of the synthetized BIOI sample was confirmed. Similarly, in Figure 2, the BiOCl sample shows Bi 4f7/2 and 4f5/2 peak binding energies at about 159.1 and 164.5 eV, which confirmed the +3 oxidation state of bismuth. In addition, the XPS peaks of Cl 2p located at 197.9 and 199.3 eV, assigned to Cl 2p3/2 and Cl 2p1/2, certified the existence of Cl−. Finally, the main binding energy of O 1s detected at about 530 eV corresponds to the lattice oxygen of the bismuth-oxygen bond in the BiOCl photocatalyst. These results match well with the XRD results of BiOI (standard card number 73-2062) and BiOCl (standard card number 82-0485) tetragonal phases described in [42].



SEM images revealed that both BiOX photocatalysts showed 3D spherical flower-like morphology, as is shown in Figure 3 and Figure 4. The average size of the microspheres of BiOI varied from 1 to 1.5 μm. The high-magnification SEM image illustrated in Figure 3b revealed that these microspheres were formed by self-assembling individual 2D plate-like sheets with a thickness of about 5 nm. TEM characterization provided further insight into the interior 2D sheets structure. The high-magnification TEM image presented in Figure 3c reveals that the nanosheets were packed with a large quantity of small spherical nanocrystals that were closely interconnected with each other. According to the size distribution histogram of BiOI presented in Figure 3d, the mean crystal size was about 5 nm.



The particle size of the BiOCl sample was slightly bigger compared to that of the BiOI sample. As can be seen in Figure 4a, the BiOCl microspheres were 2 to 2.5 μm across, approximately. Likewise, BiOCl microspheres were composed of a 2D plate-like sheet structure. The thickness of the nanosheets was from 9 to 11 nm, as shown in Figure 4b, thicker than the BiOI sheets. Similarly, the detailed image of BiOCl acquired by TEM, presented in Figure 4c, exhibits that nanosheets were composed of tiny nanocrystals. In this case, according to the size distribution histogram, the main size of the nanocrystal was approximate 8 nm, as it can be appreciated in Figure 4d. These results are consistent with the value of crystal size calculated from analysis X-ray peak width using the Scherrer equation (see Table 1) [42].




2.2. Characterization of Photocatalytic Mortar Samples


Figure 5 presents the compressive strength levels of the reference and photocatalytic mortars at 10% wt. at the age of 28 days. The addition of BiOX photocatalysts had no effect on the compressive strength when compared to the reference mortar. All the samples presented similar values of compressive strength between 42.6 and 43.4 Mpa.



Figure 6a shows the XRD patterns of reference (MRef) and photocatalytic mortar prepared with BiOI (MBiOI-10). Both mortar samples presented the main hydration products of ordinary Portland cement as hydrated calcium silicates (CSH gels) and portlandite (calcium hydroxide, CH) together with silica in quartz form. Minor amounts of alite (tricalcium silicate, C3S) and belite (dicalcium silicate C2S) were also detected in the mortar samples. MBiOI-10 samples showed the diffraction peaks of pure BiOI photocatalyst; however, the position of the diffraction line corresponding to the (110) crystal plane was modified. This behavior was reported in our previous study and was associated with the phase transformation from BiOI to I-deficient bismuth oxyiodide phases as Bi2O3 and Bi5O7I due to alkaline pH conditions of cementitious matrix [42]. The XRD pattern of the BiOCl photocatalyst (Figure 6b) revealed the diffraction peaks at 2θ = 25.90° and 32.55° belonging to the (101) and (110) crystal planes of tetragonal BiOCl. No other peaks were detected in MBiOCl-10, which indicated that the crystalline structure of BiOCl photocatalyst was not affected by the incorporation into cementitious materials.



Figure 7 illustrates the SEM image with the corresponding EDS analysis of the MBiOI-10 sample. It displayed a dense microstructure; the CSH gel was the most abundant phase present on the matrix of the mortar. A small number of hexagonal portlandite crystals and thin needle-like ettringite indicated a normal hydration process (Figure 7a). A higher magnification image confirmed the presence of 3D microspheres of BiOI photocatalyst (Figure 7b). BiOI photocatalyst was well distributed in all the matrix of the mortar, and no agglomeration of particles was observed. A homogeneous dispersion of photocatalyst in the cementitious matrix is important to ensure an effective surface area, which could contribute to maximizing the photocatalytic potential to remove the pollutants [43]. The EDS analysis of MBiOI-10 sample (Figure 7c,d) confirmed that the compositions of the samples were typical of Portland cement paste; the presence of Bi and I correspond to the BiOI photocatalyst.



Figure 8a,b shows that the particles of the BiOCl photocatalyst were slightly wrapped by the solid hydration products, making it more difficult to identify them. However, the elements Bi and Cl could be identified by EDS, confirming the presence of BiOCl on the photocatalytic mortar’s surface.




2.3. Photocatalytic Activity


The RNO for the samples MBiOI-5 and MBiOI-10 under visible light, at the age of 14 days, were 15 and 27%. For MBiOCl-5 and MBiOCl-10 under UV, the values were 23 and 38%, respectively. In both series, the photocatalytic activity was significantly enhanced when the content by mass of photocatalyst was increased from 5 to 10% attributed to a major availability of photoactive sites on the surfaces of the mortars [44,45,46]. The addition of BiOX photocatalysts used can be considered high in comparison with the usual dosage of nanoTiO2-based materials, which normally does not exceed 5% on weight of cement [22,47,48]. However, as previously observed by SEM analysis on 10% BiOX modified-cement samples, its micrometric size allowed suitable dispersion (no agglomeration) of the particles in the cementitious matrix. Furthermore, there was no effect on the compressive mechanical performance (see Figure 5).



Concerning ageing outdoors, Figure 9a,b shows the results for NO removal (bar graphs) and loss of activity (line graphs) every two months, for samples MBiOI and MBiOCl, respectively, in outdoor conditions. During the six first month exposure, the average NO conversion of the MBiOI-5 sample was close to the initial conversion, which was ~15%. After this time, the photocatalytic activity decreased to a value of 1% after 11 months’ exposure. In the case of the MBiOI-10 sample, the percentage gradually decreased, resulting in NO conversion of 4% after 11 months of exposure. The NO conversion for MBiOCl samples was stable for the first 4 months, regardless of the load of photocatalyst, even with an increase after intense rain in month 4. After this time, the photocatalytic activity gradually decreased to values of about 2–3% after 11 months.



The decrease in photocatalytic performance of the samples over time can be associated with natural aging after outdoor exposure, especially due to climatic conditions [49]. Environmental stress may cause coating/binder degradation, particle releases and consequent detachments [50]. Furthermore, partial deactivation due to dirt accumulation, adsorption of pollutants, or reaction by-products (nitrate/nitrite ions accumulation) from NOx air oxidation being on the surface might occur in outdoor exposure conditions. Adsorbed NO3− can also block catalytic sites from further NO/NO2 adsorption, and reduction back to NO2 is likely, reducing nitrate selectivity [51].



Regeneration of the photocatalytic activity due to surface dirtying and poisoning can be achieved by water cleaning of the surfaces [52]. Water flow (or rain) can improve the photocatalytic activity by removing the adsorbed species if they are not strongly adhered. This can explain the behavior of the samples after 4 months of exposure, which coincided with a high level of precipitation (see Figure 10).



To assess the effect of cleaning the photocatalytic surfaces, BiOX samples were washed with deionized water after 11 months of continuous weathering exposure. Prior to water cleaning, the samples were pre-treated with sandpaper (grade 60) using moderate pressure to remove dirt. After that, the samples were tested for NO removal, and then exposed to the outdoor for another two months. Figure 9 shows the performances of the photocatalytic materials before and after washing. All the samples recovered some activity. The samples containing 10% photocatalyst, MBiOI-10 and MBiOCl-10, achieved values of 44% and 47% of their initial performances, respectively. The cleaning effect was less noticeable in the 5% samples, which only reached ~14% of its starting value. This could have been because the samples with higher BiOX content, which had higher photocatalytic NO conversion yields, accumulated more soluble nitrates on the surfaces that were limiting the real effectiveness of the samples.



Besides that, the loss of photocatalytic activity in cement-based materials can be also attributed to the accumulation of calcium carbonates (calcite, CaCO3) due to the natural carbonation process. The physico-chemical process of carbonation consists of the reaction of atmospheric carbon dioxide (CO2) with portlandite (Ca(OH)2) or other calcium-bearing phases, (C-S-H) and water to form calcium carbonate (CaCO3, calcite) in Portland cement paste [53]. In general, the microstructure of cement-based materials becomes denser as the carbonation process progresses due to calcium carbonates tending to accumulate on the pores of cementitious materials. As a result, some photocatalyst particles exposed on the surfaces of the cement-based materials may be partially blocked, resulting in a smaller number of active sites being available to react with the pollutants, potentially lowering photocatalytic efficiency [54].



Figure 11 shows the results of carbonation degree after the 13 months of outdoor exposure, after applying the phenolphthalein spray. This solution appears pink in contact with alkaline concrete with pH values in excess of 9, and colorless at lower levels of pH. When the solution changes to colorless, the cement mixture can be considered carbonated. The surface and depth of carbonation (transversal cut) of mortar samples were assessed. A visual examination confirmed that after been sprayed with phenolphthalein indicator, all of the photoactive surfaces of the mortars remained colorless, indicating that the photoactive surfaces were completely carbonated. As the percentage of photocatalyst increased from 5 to 10%, the pink section on the transverse section of each sample was gradually reduced. Thus, MBiOI-10 and MBiOCl-10 samples had maximum carbonation depth. The increase in carbonation depth of high photocatalyst–containing mortars has been attributed to a decrease in alkaline reserves caused by a decrease in cement content in the samples, together with an increase in porosity, as demonstrated in [42].



Additional NOx air purification tests on the samples were performed to further investigate the effect of carbonation. Figure 12 shows the NO and NO2 concentration profiles of photocatalytic tests performed 4 years after the outdoor exposure tests were completed for BiOCl and BiOI with 5 and 10% of photocatalyst, respectively. The tests were carried out under ISO standard conditions on the external carbonated surfaces and on a fresh internal surfaces (parallel cut to the external surface). The other non-carbonated surface section was tested under the conditions of the initial tests during the outdoor exposure (1 L/min NO in dry gas). The percentages of NO (RNO−) and NOx removal (RNOx−), and selectivity to nitrates, SNO3−, are also included in the table in Figure 12.



Figure 12 shows that the performance of the BiOI samples continued to deteriorate after four years of storage in plastic wrap protected from external aggression. BiOCl mortar samples presented similar activity after 5 years (having been exposed to outdoor conditions for 13 months), whereas BiOI-5 completely lost it, and BiOI-10 had very low efficiency. Furthermore, there were no discernible differences in activity between carbonated and freshly internal surfaces (non-carbonated) in the ISO standard tests. Aside from that, the fresh surfaces were not exposed to dirt or nitrate accumulation. This suggests that in addition to the surface’s deactivation caused by these factors (carbonation and dirt accumulation), a self-deactivation process of the photocatalyst may have occurred in the BiOI samples. As a hypothesis, it could have been due to changes in the phases of the photocatalyst due to the highly alkaline pH, as already pointed out in [42], or evolution processes in the bulk of the cement material.





3. Materials and Methods


3.1. Synthesis of BiOX (X = I and Cl)


Bismuth oxyiodide (BiOI) and bismuth oxychloride (BiOCl) were synthesized according to the procedures described in our previous work [36]. BiOI was prepared by microwave-assisted solvothermal synthesis. In a typical synthesis, 1 mmol de bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) and potassium iodide (KI) were dissolved in 10 mL ethylene glycol, separately. The KI solution was added by dropping it into a Bi(NO3)3·5H2O solution. The resulting solution was kept stirring for another 5 min and heated in a microwave reactor (Monowave 300 Anton Par from 25 to 125 °C using 800 W microwave irradiation), and the reaction proceeded at 125° for 15 min. The product was cooled to room temperature, centrifuged, washed and air-dried at 70 °C for 24 h. BiOCl was prepared by co-precipitation synthesis. Firstly, a 0.1 M solution of Bi(NO3)3·5H2O in acetic acid (9% V/V) was prepared. Solutions 0.1 M of ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) and potassium chloride (KCl) dissolved in deionized water were also prepared. Then, 40 mL of EDTA solution and 100 mL Bi(NO3)3·5H2O solution were mixed by dropping. After 30 min under continuous stirring, 60 mL of a KCl solution was added drop by drop. The resulting product was cooled at room temperature for 24 h, washed by centrifugation to remove reaction by-products and air-dried at 70 °C for 24 h.




3.2. Preparation of Photocatalytic Cement-Based Materials


Two mortar sets were prepared by replacing the 5% and 10% of the weight of cement (Portland cement 40R) with each photocatalyst (BiOCl and BiOI). Reference mortar without photocatalyst, named M-Ref, was also cast. Photocatalytic mortars were labeled MXX-p, where XX represents the type of photocatalyst and p is the percentage added. To achieve a homogeneous solution, the photocatalyst was firstly dispersed in distilled water and sonicated in an ultrasound bath (Bransonic, 1510R-MT) for 5 min. Subsequently, the cement and aqueous dispersion was blended in a mixing pot at a water/cement ratio of 0.485 before gradually adding silica sand to the mixture. The mortars that resulted were cast into wood molds with internal dimensions of 100 mm × 50 mm × 5 mm. After the casting process, the specimens were wrapped with plastic film to prevent moisture evaporation and were kept in the molds for 24 h. Finally, the samples were demolded and submerged in water at 25 ± 3 °C until reaching 28 days in age.




3.3. Characterization of the Photocatalysts


A detailed analysis of the physicochemical and optical properties of the BiOX powders is given in [42]. A summary of the main physicochemical properties of BiOX samples (BiOI and BiOCl) is shown in Table 1. For comparison purposes, the characteristics of commercial Aeroxide®® TiO2 P25 (Evonik) are also included. The crystalline sizes of BiOX using the Scherrer equation were 8 ± 3 and 12 ± 4 nm for BiOI and BiOCl, respectively; both smaller than TiO2 (35 nm). The band gap (eV) was calculated by Equation (1) based on diffuse reflectance [55].


αhv = A(hv − Eg)n/2



(1)




where α, h, v, Eg and A are absorption coefficient, Plank constant, light frequency, band gap energy and a constant, respectively. Among them, n is determined by a semiconductor’s type of optical transition (n = 1 for direct transition and n = 4 for indirect transition). For BiOx, the value of n is 4 [42]. As a result, the Eg of photocatalyst samples were calculated from a plot of (hv)1/2 versus energy (hv) and are summarized in Table 1. BiOCl and TiO2 samples had similar band gaps of 3.4 and 3.2 eV, respectively, whereas BiOI samples had a smaller one (1.9 eV). This means that TiO2 and BiOCl samples are active when exposed to UV light, whereas BiOI is active in the visible light range provided by solar irradiation. In terms of specific BET area, BiOI has a greater surface area (57 m2 g−1) than the reference TiO2 photocatalyst (50 m2 g−1) and BiOCl (40 m2 g−1), which has been found to play a significant role in heterogeneous reactions between solids and gases [26].



The elemental composition and chemical states were analyzed by X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-alpha X-ray photoelectron spectrometer system (Waltham, MA, USA) with monochromatized Al Kα radiation (1486.6 eV). The C 1s signal at 284.8 eV was used as a reference. In addition, the morphology and microstructure of the samples were determined using scanning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan) and transmission electron microscopy (TEM, FEI-Titan G2 80-300, Portland, OR, USA).




3.4. Characterization of Photocatalytic Mortars


The impact of BiOX’s addition was studied by comparing the reference mortar without a photocatalyst (MRef) with mortar samples prepared with 10% photocatalyst after 28 days. The hydration process of the mortars was stopped for this propose by immersing them completely in isopropanol for seven days. Compressive strength tests were performed on 50 mm cube specimens using an Instrom universal testing machine by applying a 90 kg/s loading rate. X-ray diffraction patterns (XRD) of powder mortars were obtained by a Bruker D8 Advance diffractometer (Billerica, MA, USA) using Cu Kα radiation at 40 kV and 30 mA. The Hitachi S-4800 microscope (Tokyo, Japan) at 25 Kv was used for the SEM-EDS analysis.




3.5. Exposure of Photocatalytic Mortars to Real Weathering


The photocatalytic performance durability of modified BiOX/cement samples was assessed as a function of time exposed to real-world weathering conditions. From June 2017 to July 2018, the samples (MBiOX with 5 and 10% wt.) remained outdoors. To maximize exposure to sunlight, samples were placed on the roof of an institutional building in the northwest direction (Nuevo Leon, Mexico, 25.7645°, 100.1239°) [13]. Figure 10 depicts the monthly averaged maximum and minimum temperatures, and the amount of rain, during the months of outdoor exposure. The samples were analyzed in the laboratory every two months for NO removal activity in a continuous flow reactor. The reactor was made of stainless steel, and the size of the samples was 100 mm × 50 mm × 5 mm, leaving a 5 mm space in the upper part for gas flow. The target NO gas at a concentration of 3 ppm (N2 balance) was diluted to 1 ppm by air introduced by a zero-air generator (Environics 6100), and the flow rate of gas was adjusted to 1 L min−1. In the reactor, the content of water vapor was <0.4 ppm, and the temperature was 25 °C ± 2 °C. These conditions are preferable to ISO 22197-1:2007 prescriptions for removal of NOx, allowing obtaining high sensitivity to activity loss due to weathering. The NOx stream flowed over the sample in the dark in order to stabilize the adsorption–desorption equilibrium. After this, the mortar samples were illuminated for 30 min. For MBiOI mortars, an LED lamp emitting between 400 and 700 nm (Street Light, DELIGHT, MidView, Singapore, SPL-24 W) was used. MBiOCl samples were irradiated by two UV lamps emitting mainly at 365 nm (TecnoLite, Zapopan, Mexico, 20 W). The obtained results were expressed as percentages of NO and NOx removed, RNO % and RNOx %, respectively, and NO2 formed. The nitrate selectivity was expressed as SNO3 and calculated as RNOx/RNO [51,56].



The impact of carbonation caused by atmospheric CO2 on the loss of photocatalytic activity of BiOX/cement samples was assessed after outdoor exposure using phenolphthalein indicator solution at 1% in isopropanol. Following carbonation analysis, the samples were plastic wrapped and stored in a desiccator for 4 more years at room temperature, shielded from the outside environment. Following this period, the NOx activity of the 5% and 10% specimens was re-examined. After cutting each specimen parallel to the external surface, the analysis was performed on both the outer (carbonated) and inner surfaces of the specimens (freshly internal surface). These tests were carried out in the same conditions as the previous ones (1 L/min NO in dry gas) and in the ISO conditions (3 L/min, 50% RH, 10 W/m2). The emission spectra of the lamps used for these NOx photodegradation tests (UV-Visible for BiOCl and Visible for BiOI) are shown in Figure 13. NOx concentrations were monitored by a chemiluminescent NOx analyzer.





4. Conclusions


A study of photocatalytic BiOX (X = Cl, I) at different percentages (5 and 10% by weight of the cement binder) was carried out outdoors for 13 months, in a temperate context in Nuevo Leon (Mexico), and for 4 additional years in a consistent laboratory environment. The following conclusions have been obtained:



The proposed optimum dosage of BiOX for cement-based materials is 10%, based on results from both compressive mechanical performance and initial photocatalytic performance (NO removal efficiency).



The NO monitoring showed that, after natural weather exposure, a significant de-crease in the photoactivity of BiOX mortar samples occurred, leading to values around a 3% of initial performance. Partial regeneration of the photocatalytic activity could be observed after cleaning of the samples, more so in samples with the higher photocatalyst load, indicating that loss of outdoor activity is partially due to external agents, such as dirt and deposition of nitrates.



After four years of subsequent storage, protected from external aggressions in plastic wrap, the mortars with BiOI almost completely lost their activity, whereas BiOCl-10 maintained around 3% RNOx according the ISO standard conditions, which is similar to the values found after the outdoor period. Carbonation did not seem to be the cause of the decrease in activity, as there were not noticeable differences in NOx removal activity between carbonated and non-carbonated surfaces. An internal self-deactivation mechanism affecting BiOI photocatalysts in cementitious matrices has been postulated.
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Figure 1. XPS spectra of BiOI photocatalyst. 
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Figure 2. XPS spectra of BiOCl photocatalyst. 
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Figure 3. SEM (a,b) and TEM (c) images and distribution of particle size (d) of BiOI photocatalyst. 
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Figure 4. SEM (a,b) and TEM (c) images and distribution of particle size (d) of BiOCl photocatalyst. 
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Figure 5. Compressive strength properties of reference (MRef) and photocatalytic mortars prepared with 10% of the photocatalyst (BiOI or BiOCl) at the age of 28 days. 
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Figure 6. Comparative of XRD patterns of reference (MRef) and photocatalytic mortars: (a) MBiOI-10 and (b) MBiOCl-10. BiOCl and BiOI are XRD patterns of photocatalysts alone. 
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Figure 7. SEM images (a–c) and EDS microanalysis (d) of MBIOI-10 mortar at 28 days. 
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Figure 8. SEM images (a–c) and EDS microanalysis (d) of MBIOCl-10 mortar at 28 days. 
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Figure 9. NO removal (bars) and loss of photocatalytic activity (lines) of mortar samples exposed to outdoor weathering during 1-year: (a) MBiOI-5 and MBiOI-10 and (b) MBiOCl-5 and MBiOCl-10. 
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Figure 10. Averaged environmental temperatures and amount of rain during the months of outdoor exposure. 
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Figure 11. Carbonation test according to the phenolphthalein indicator of photocatalytic mortars with different contents of BiOX (5 and 10%) exposed to real weathering for 13 months. 
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Figure 12. NO and NO2 concentration profiles during the photocatalytic tests for BiOCl and BiOI with 5 and 10% of photocatalyst. The percentages of removed NO (RNO) and NOx (RNOx), and selectivity to nitrates, SNO3−, are given below. 
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Figure 13. Light spectra for visible (Philips master) and UV-Visible (Philips actinic BL) lamps. 
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Table 1. Physicochemical properties of photocatalysts.
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	Sample
	Crystallite Size (nm) a
	Band Gap (eV) b
	Surface Area (m2.g−1) c





	BiOI
	8 ± 3
	1.9
	57



	BiOCl
	12 ± 4
	3.4
	40



	TiO2
	35 *
	3.2
	50







a Estimated from XRD by Scherrer equation (* data reported by [26]). b Calculated from UV-Vis absorption spectra. c Specific surface area estimated from BET surface area analysis (deviation ±0.01 m2/g).
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Fresh-1L/min dry gas 748 | 4.85 | 6.61 4.85 0.88 099 | 0.18 | 2.24 0.12 1.93 0.66 [ 0.86
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