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Abstract

:

Most dyes used in the textile industry are chemically stable and poorly biodegradable, therefore, they are persistent in the environment and difficult to degrade by conventional methods. An alternative treatment for this kind of substance is heterogeneous photocatalysis using TiO2, so, in this work, it is proposed to degrade Direct Blue 1 (DB1) using microparticulate TiO2 irradiated with e-beam at three different doses: 5, 10 and 20 kGy (J/kg). The DB1 degradation was implemented in a batch reactor (DB1 initial concentration = 50 mg L−1, pH 2.5, TiO2 concentration = 200 mg L−1). We have demonstrated that the photocatalytic power of TiO2, when irradiated with e-beam (5, 10, 20 kGy), varies slightly, with minor effects on photodegradation performance. However, the dose of 10 kGy showed a slightly better result, according to the DB1 photodegradation rate constant. Adsorption process was not affected by irradiation; its isotherm was fitted to Freundlich’s mathematical model. The DB1 photodegradation rate constants, after one hour of treatment, were: 0.0661 and 0.0742 min−1 for irradiated (10 kGy) and nonirradiated TiO2, respectively. The degradation rate constant has an increase of 12.3% for irradiated TiO2. Finally, there was no evidence of mineralization in the degradation process after 60 min of treatment. According to the results, the irradiation of microparticulate TiO2 with e-beam (10 kGy) slightly improves the photodegradation rate constant of DB1.
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1. Introduction


Effluents from the textile industry are considered an important environmental problem because it is difficult to treat due to their high nonbiodegradable load, partially attributed to the dye presence. At present, 100,000 different types of dyes are produced, of which about 36,000 tons dye/year are consumed by the textile industries [1]. The dyes are used in the dyeing stage, where up to 30% of them come off, becoming part of the industrial discharge [2].



Among the most used dyes are those of the azo type, which constitute around 70% of world production [3], due to their ease of preparation and the wide range of colors in which they are offered. These dyes have chromophore groups formed by double bonds –N=N– and have high stability to light and washing. Most of them are sulfonic acids or their salts [4]. Its high stability determines properties of difficult degradation by conventional treatment methods; therefore, they are an important source of chemical and esthetic contamination [2]. Among the environmental problems caused by azo dyes are: color in effluents, visual pollution and eutrophication of water bodies, effects on gases solubility in water [5], generation of toxic, carcinogenic or mutagenic amines under specific conditions [6] and alterations in soil microbial biological activity of populations when they have been subjected to irrigation [7], among others.



One of the azo dyes used in the staining of denim fabrics in Ecuador, particularly in Pelileo (city located in the country center), is Direct Blue 1 (DB1), whose structure is shown in Figure 1, and it has two azo groups in its composition, it has a molecular weight of 992.82 g mol−1, which resists temperatures of up to 300 °C, and is difficult to degrade by conventional methods.



As an alternative treatment for compounds of difficult degradation, there are Advanced Oxidation Processes (AOPs), which are characterized by the oxidation reactions promoted by the hydroxyl radical (•OH) [9,10]. AOPs have been extensively studied for the oxidation of persistent compounds in water [11], such as dyes. Its advantages are simple handling, the relatively low cost of the reagents [9], as well as the oxidation of organic matter, even reaching its total mineralization (CO2, H2O and inorganic salts) [1]. A brief summary of some AOPs and other methodologies used for DB1 degradation are shown in Table 1:



A widely used AOP is heterogeneous photocatalysis with TiO2, which consists of an electron-hole pair (e−-h+) generation, by excitation of the electron from a semiconductor through UV radiation. The holes oxidize the hydroxyl ion in water to generate hydroxyl radicals (•OH), and electrons are transferred to adsorbed molecular oxygen to generate a superoxide ion. The •OH generation allows the degradation of the target pollutant [10].



TiO2 is a cheap, chemically stable, and nontoxic semiconductor. Several studies have been developed to improve its photocatalytic activity [28], for instance: doping with metal ions, doping with nonmetals, formation of compounds with TiO2 and with less energetic band gap semiconductors or with noble gases, dye sensitization, or rare earth modifications [10]. Some studies have applied ionizing radiation, particularly accelerated electrons (e-beam), to TiO2 nanoparticles, improving their photocatalytic activity [8,9]. There are few studies on this last modification, therefore, in this work the photocatalytic degradation of the DB1 dye is studied using a TiO2 microparticulate irradiated with accelerated electrons.




2. Materials and Methods


2.1. Reagents and Equipment


TiO2 Hombitan (commercial grade, 325 µm microparticulate) previously sieved, DB1 Dyetex, Quito-Ecuador and H2SO4 1 N (Merck, Quito-Ecuador) were used. The equipment used was: ELU6U linear electron accelerator with 8 MeV power, EMPIREAN model PANanalytical diffractometer, Shimadzu TOC-5 total organic carbon meter, Hitachi U 1900, Tokio-Japan spectrophotometer, HACH 2800, Loveland-USA spectrophotometer, LABEC magnetic stirrer VELP, 15 W Sylvania Mercury.




2.2. TiO2 Irradiation


A total of 2 g of TiO2 Hombitan by Venator Materials was placed in LDPE low-density polyethylene bags, and those bags were irradiated in a linear electron accelerator (ELU6U) at three doses: 5, 10 and 20 kGy (J/kg) [29,30].




2.3. TiO2 Characterization


TiO2 was characterized by X-Ray Diffraction (XRD), operating in a θ-2θ configuration (Bragg–Brentano geometry) equipped with a copper X-ray tube (Kα-λ = 1.54056 Å) at 45 kV and 40 mA. The diffractograms analysis was performed on the average of four measurements between the angles 5° to 90° (θ-2θ) using the High Score Plus software.



Diffuse Reflectance Spectroscopy (DRS) was obtained at room temperature using a UV–VIS spectrometer equipped with an integrating sphere (Perkin Elmer, Lambda 365). The energy band gap of TiO2 samples was determined by extrapolating the slope to R→0 in the plot      (  R · h υ  )   n    versus hυ, where R is the reflectance, hυ is the photon energy and n = 2 corresponds to direct allowed transitions [31,32,33,34]. The best fit to a straight line near the absorption edge was used to determine the energy band gap.



Infrared absorption of TiO2 powder samples was obtained by measuring the Fourier transform infrared (FTIR) in a Jasco FT/IR 4700 spectrometer. Samples were analyzed at room temperature in a region of 4000–400 cm−1. Spectral resolution was 1 cm−1. Adsorbed water was removed from TiO2 powder by heating the samples to 50 °C for 24 h. TiO2 powder was mixed with KBr and pressed into pellets.



Finally, elemental analysis by Energy-Dispersive X-ray Spectroscopy (EDS) was performed in a RESCAN MIRA 3 scanning electron microscope.




2.4. DB1 Degradation Tests with Irradiated TiO2


The photocatalysis process was implemented in a batch reactor equipped with two Sylvania 15 W mercury lamps, with a working wavelength of 254 nm (UV region), two acrylic chambers and a water-cooling system (Figure 2), which allowed for keeping the temperature constant.



The effluent used was water with an initial concentration of 50 mg L−1 of DB1 dye, and 200 mg L−1 of both irradiated and nonirradiated TiO2 [16,17]. Then, ultrasound was applied for 10 min to the mixture.



Photodegradation was performed for 60 min, with stirring at 200 rpm [35] using a magnetic stirrer, Figure 2, and the change in pH was also followed by taking measurements at the beginning and at the end of the process. To verify degradation, aliquots were taken at different times, which were centrifuged (6000 rpm) to separate the catalyst from the sample. The sample was filtered through a Whatman filter with a pore diameter of 0.45 µm. The DB1 concentration decrease was followed by spectrophotometry, at a wavelength of 565 nm [18]. The concentrations were obtained from a previously prepared calibration curve.



The DB1 degradation reaction constant was determined after one hour of photodegradation by fitting the experimental data to a kinetic model.



The irradiation dose effect on reaction rate was analyzed using a completely randomized design (CRD), the independent variable was irradiation dose and the response variable was the reaction constant. Statistical analyzes were developed in STATGRAPHICS Centurion XVIII software. The experiments were made in triplicate.




2.5. Adsorption Kinetics


DB1 adsorption in nonirradiated and irradiated TiO2 was studied for different doses (5, 10 and 20 kGy). This study was made using the Figure 2 reactor, in the same photodegradation conditions (Co, DB1 = 50 mg L−1; catalyst dose = 200 mg L−1; pHo = 2.5; Tamb) in light absence. Samples were taken every 10 min, during 50 min and were analyzed by spectrophotometry. With the experimental data of DB1 concentration, DB1 adsorption kinetics on TiO2 were determined, with which the adsorption equilibrium time was established.




2.6. Adsorption Isotherms


Solutions with different DB1 concentrations, in a range of 25 to 250 mg L−1, were prepared. The conditions established in the previous section were used (Catalyst dose = 200 mg L−1; pH = 2.5; Tamb). Samples were taken after reaching the equilibrium time, previously determined, these samples were filtered through 0.45 µm filters and measured by UV-vis spectrophotometry.



Experimental data were analyzed to identify if they fit Langmuir or Freundlich mathematical models, and the irradiation dose influence in adsorption onto TiO2 was studied using a CRD, in which the design variable was the irradiation dose (0 kGy and best dose) and the response variable was the best adjusted kinetic constant. Statistical analyzes were done in STATGRAPHICS Centurion XVIII software. The samples were taken in triplicate.




2.7. Contact Angles


The static contact angles were measured following the procedure described by [31,32,33,34,35]. Dried titanium dioxide samples were stored at ambient conditions before measurement. TiO2 powder was sprinkled uniformly on a 2 × 2 cm clean flat surface. A glass microscope slide (20 × 10 × 2 mm) was covered with double-sided adhesive tape. The tape was pressed to the powder with a 500 g weight for 10 s. The excess of powder was removed by using a razor blade. Finally, the slide was shaken to remove nonadhered material. This preparation technique produces a uniform powder surface. Measurements were taken immediately at ambient conditions, 20 °C and 60% relative humidity. For the static contact angle, an 8 µL droplet of deionized water was placed on the slide, and within 30 s three contact angle readings were measured (Dataphysics, OCA 25 equipped with electronic syringe module ESr-N). Each measurement was taken on three different positions of the slide and repeated on three slides. The average value is reported.




2.8. Mineralization Levels through TOC


Dye mineralization levels were measured at the beginning and ending of the process, through the determination of Total Organic Carbon (TOC), using method 5310 of the Standard Methods for the Examination of Water and Wastewater.





3. Results


3.1. X-ray Diffraction, Band Gap by DRS and FTIR Spectroscopy


Figure 3 show the two samples analyzed patterns (TiO2 nonirradiated and TiO2 irradiated).



Figure 4 shows the FTIR spectra of TiO2 samples, with and without e-beam treatment measured under ambient pressure conditions at the same humidity.



Band gap measurements were performed using DRS to determine if there were any changes in the optical properties of TiO2 caused by e-beam treatment (5, 10, and 20 kGy) (Figure 5).



In order to verify the presence of C in the samples of TiO2, EDS analysis was performed. Figure 6 shows an analysis based on mapping that identifies the elements that conform the sample. It is noted that the elements of the sample are O, Ti and C. The presence of C is attributed to the impurities in the sample. The averages of each element were 48.74%, 48.26%, and 3.00%, respectively.




3.2. Heterogeneous Photocatalysis


The curves obtained from DB1 dye degradation by heterogeneous photocatalysis with TiO2 irradiated at various doses and nonirradiated are shown in Figure 7.



To determine the dye degradation reaction constants, a linear fit was performed as shown in Figure 8. The experimental data were adapted to a pseudo first order kinetic model which is consistent with what was reported in other studies [16,36]. Results are shown in Table 2. Subsequently, an ANOVA was performed (Figure 9) in order to analyze dye degradation constant rates.




3.3. Isotherms of Adsorption


Adsorption isotherms obtained were “S” type, they can be observed in Figure 10:



With increasing concentrations, isotherms took a trend that was later adapted to the Freundlich mathematical model (Equation (1)) with high correlations (Table 3). With the experimental data from this linearization, adsorption constant Kf was obtained for each adsorption dose. Their average values are detailed in Table 3. In addition, a statistical analysis of the Kf was performed using CRD as shown in Figure 11.


  log  (   Q e   )  = log  (   K f   )  +  1 n  log  (   C e   )   



(1)








3.4. Mineralization


In Table 4, the percentages of DB1 mineralization levels achieved after one hour of treatment are presented.




3.5. Contact Angles


The contact angle by sessile drop of the nonirradiated and irradiated TiO2 samples are shown in Figure 12 (insert).





4. Discussion


4.1. X-ray Diffraction, Band Gap by DRS and FTIR Spectroscopy


Figure 3 shows TiO2 X-ray diffraction patterns with and without irradiation. The main features of the XRD pattern of the two samples are similar, peaks at 25 and 48 degrees, which are anatase phase characteristic peaks [37], and it shows that the crystalline phase used for the photocatalyst when it was irradiated with accelerated electrons did not change. This result is in agreement with the ones found in other studies. A study has pointed out that there were no significant changes in the TiO2 phase composition and crystal lattice when it was subjected to gamma irradiation at different doses (30–150 kGy) [38]. Another study shows that there were no changes in TiO2 when it was irradiated with e-beam with an energy of 5 MeV and a current of 200 µA [39]. Also, the peaks in Figure 3 are in good agreement with the standard spectrum and XRD patterns were similar, indicating that there was no change in the crystallinity of TiO2 caused by the e-beam treatment [39,40]. However, reports that changes in structure and improvement in photocatalytic activity were obtained at highest doses (5 MGy) [41].



The FTIR analysis results of the four TiO2 samples with and without e-beam treatment, obtained under similar environmental conditions (same humidity), are shown in Figure 4. The samples treated at 5 and 10 kGy clearly show an increased signal corresponding to water. Signals at 3300, 1600 and 900 cm−1 can be attributed to the OH-stretching, bending and vibrational water modes, respectively [42,43,44]. It is difficult to discriminate OH on C groups in IR spectra, because the C-O-H stretch overlaps the OH stretch of water adsorbed on the surface. However, in the electron beam-treated samples, especially at 5 kGy, the peak of the C–O stretching at 1400 cm−1 is more intense, and this does not happen with other samples. This result was confirmed by the contact angle (Figure 12), where the sample treated at 5 kGy has the lowest contact angle (that is the highest wettability). In line with these results, it can be confirmed that the amount of water adsorbed on the TiO2 surfaces increased after e-beam treatment, i.e., the TiO2 surfaces became more hydrophilic [29]. Therefore, partial oxidation of C impurities on TiO2 could be responsible for the slight improvement of photocatalytic activity. While, the TiO2 reticular vibration signal can be assigned to the band between 600–700 cm−1 [44]. The e-beam treatment had almost no influence on the geometric and electronic structures of TiO2.



To corroborate the presence of residual carbon in TiO2, from its synthesis, studies of EDS of the samples treated and not treated with e-beam were carried out. According to the results found, the percentage of carbon decreased from 3.00% for the untreated sample to 0.50 % for the sample treated at 10 kGy (Figure 6). This leads us to presume that part of the impure C is released from the surface of TiO2 with radiation, however this does not occur with the carbon that is within the TiO2 crystalline structure. Apparently, the TiO2 treatment with e-beam causes the carbon to acquire different oxidation states, which influences the photocatalytic behavior of TiO2.



Diffuse Reflectance Spectroscopy (DRS) was used to determine band gap, which was obtained by the Kubelka–Munk function. It was plotted as a wavelength function, where the intercept on the x-axis (energy) of the linear extrapolation of the Kubelka–Munk function corresponds to the material’s band-gap (Figure 5) [45]. The energy band gap for all TiO2 samples, irradiated and unirradiated, was around 3.25 eV (Insert of the Figure 5) which corresponds to reported value of anatase [34]. The value of the band gap does not change significantly up to irradiation, indicating that the change in optical properties cannot be the reason for the slight variation in photocatalytic activity. These results are consistent with those reported in the literature [29].



Furthermore, XPS studies reported by Kim M. J. et al., for the TiO2 surface, show that Ti 2p spectra for untreated and e-beam-treated TiO2 samples (5, 10, and 15 kGy) show no structural changes. In contrast, the C 1s spectrum was significantly influenced by the e-beam treatment, i.e., the existing C as an impurity underwent a noticeable structural change in front of the e-beam. Finally, it has been shown that when 5 and 10 kGy e-beam doses were used to irradiate TiO2 samples, the absolute intensity of the C 1s state increases with respect to the untreated sample. The center of the C 1s peak shifts to a higher binding energy after e-beam treatment. In the case of e-beam exposure at 15 kGy, the intensity of the C 1s peak decreases. The change in C 1s state after e-beam treatment is due to the formation of C-O bonds, causing the TiO2 surface to become more hydrophilic [29,46]. The literature is complemented by the results shown in this paper, with regard to contact angle, band gap, EDS and FTIR.



In the case of TiO2 irradiated at 20 kGy, C 1s is removed, provoking a slightly decrease in the FTIR signals intensity and an increase in the contact angle (reduces hydrophilicity). The decrease of C 1s is due to the elimination of C by oxidizing agents created in the atmosphere by the e-beams and may become more dominant than the C deposition from the atmosphere, or oxidation of existing ones [29].




4.2. Effect of Irradiation on Heterogeneous Photocatalysis


According to Figure 7, the degradation of the DB1 in the first 5 min is slightly faster in the case of TiO2 irradiated at 10 kGy, however, after this time the degradation of the dye is slightly faster with nonirradiated TiO2. Unexpectedly, after 50 min of treatment, there is again a breaking point, where the irradiated TiO2 becomes lighter faster. Therefore, a statistical analysis of the degradation rate constant is convenient, and it is shown later. A degradation of around 98% is reached for all cases at 60 min of treatment.



A linear fit was performed to determine the dye degradation rate constants, as shown in Figure 8. The experimental data were adapted to a pseudo first order kinetic model. The rate constant averages for three replications are detailed in Table 2. Subsequently, an ANOVA was performed, Figure 9, in which we determined that there is a statistically significant difference (p < 0.05) in the reaction rate constants. This analysis indicates that the 10 kGy dose is the one that presents an improvement in the reaction rate constant, which is due an increase in the concentration of C-O bonds coming from impurities on the surface of TiO2 [29].




4.3. Effect of Irradiation Dose on Adsorption


The adsorption isotherms obtained were “S” type; that is, at low concentrations of adsorbate (DB1), the surface (TiO2) presents collateral associations, a process known as “cooperative adsorption” [47]. This kind of adsorption behavior implies a moderate intermolecular attraction between the adsorbate and the adsorbent, where there is a strong competition for the adsorption centers with solvent molecules or other adsorbates [48]. This process is identified in the isotherm as a turning point in the low concentration zone (Figure 10), as the adsorbate concentration increases, it presents better affinity towards the surface, and can be seen as an increase in the curve slope until saturation of available sites is reached (maximum adsorption).



With increasing concentrations, isotherms take a trend that is later adapted to the Freundlich mathematical model with high correlations, Table 3. With the experimental data from this linearization, the adsorption constant Kf was obtained for each adsorption dose; this constant is an approximate indicator of the maximum adsorption capacity on TiO2 [49]. Their average values are detailed in Table 3.



Using a CRD, in which the independent variable was the irradiation dose and the response variable was the adsorption constant, it was determined that there was a statistically significant difference between these values (p < 0.05). Figure 11 reflects that there is no a statistically significant difference between 0 and 10 kGy doses, nor between 5 and 20 kGy doses, but there is a statistically significant difference between 0 and 5 kGy doses, 0 and 20 kGy doses, 10 and 5 kGy doses, and between 10 and 20 kGy doses.



Particle size is a determining factor for the adsorption process, since it is related to the specific surface area, while the particle size decreases, the specific surface area increases and therefore, the number of active sites [50]. The TiO2 particle size used in this work was around 325 µm (considered a micrometric size), which means that it could improve the adsorption capacity if the particle size decreases.



Nevertheless, an excessive adsorption might block the way of the light towards the nanoparticle and provoke a decrease in the photocatalytic efficiency, especially when there are big molecules such as DB1 [2]. This can be confirmed with the experimental results of Kf, for TiO2 without irradiation and TiO2 irradiated at 10 kGy, where the lowest value of Kf is obtained.




4.4. Contac Angle


Contact angle refers to the angle that the surface of a liquid makes when it encounters a solid. The value of the contact angle depends mainly on the relationship between the adhesive forces between the liquid and the solid and the cohesive forces of the liquid. When the adhesive forces with the surface of the solid are very large in relation to the cohesive forces, the contact angle is less than 90 degrees, resulting in the liquid wetting the surface. Contact angle measurement is useful in the evaluation of surface macroscopic properties, such as surface energy and wettability [51].



The variation of the contact angle between irradiated and nonirradiated TiO2 samples is small. The e-beam produces a change on the surface that affects the contact angle variation, which goes down from 131.6° (TiO2, 0 kGy) to 130.8° (TiO2, 10 kGy), Figure 12; this slight decrease can be attributed to the increase in C-OH, as discussed above, which causes a slight increase of the wettability. That is likely related to the slight increase of the photocatalytic activity of the TiO2 irradiated at 10 kGy. However, studies show that to achieve a change in the oxidation state of Ti, an increase in the Ti3+/Ti4+ ratio, and irradiation with an MeV electron beam is required [52]. There are some studies that compares the photocatalytic activity and the super-hydrophilicity of TiO2 induced by UV irradiation. The results are inconclusive, however, the composition and the processing of the material increases the photocatalytic activity and reduces the super-hydrophilic character, or vice versa [53,54,55]. According to Yu et al., the mechanism of photoinduced super-hydrophilicity of the films is different from that of photocatalytic oxidation, super-hydrophilicity is attributed to formation of surface trapped electrons and Ti3+ defective sites [56]. All these studies show that the photoinduced super-hydrophilicity is not permanent and reduces when the sample is stored in the dark for a couple of days.




4.5. Mineralization


According to Table 4, the mineralization after 60 min of treatment with TiO2, not irradiated and irradiated at 10 kGy, is very low. However, it is important to note that the interest of this research was not to achieve total mineralization, but to study the effect of irradiation on the degradation of the DB1. However, in a study developed with azo dyes, it was determined that total mineralization occurs at longer times, around 5 h [57], which means that this low percentage could be caused by the time taken to mineralize the dye. Other studies attribute the low TOC to structure cleavage and to the production of organic molecular small fragments that are not fully mineralized under the prevailing oxidative conditions [58,59].





5. Conclusions


TiO2 irradiated at 10 kGy allows a slightly faster degradation of DB1, compared to the degradation with TiO2 irradiated at 0, 5, and 20 kGy; in this sense, the rate constant of degradation of DB1, on TiO2 irradiated at 10 kGy, is slightly higher statistically, according to ANOVA analysis. The results of XRD and band gap are identical for the irradiated and unirradiated TiO2 with e-beam, showing that e-beam irradiation show no changes in the crystalline structure of the TiO2 samples. However, EDS and XPS results from similar e-beam irradiation show that its surface properties suffer slight modifications, and the residual carbon on the TiO2 structure is oxidized by irradiation, forming oxygenated species (C-O), which causes an increase in the TiO2 hydrophilicity. This was corroborated experimentally by decreasing the contact angle, increasing the FT-IR (signals to the C-OH). In the case of TiO2 irradiated at 20 kGy, C-OH groups are lost; causing a decrease in the intensity of the corresponding signals in FTIR intensity and an increase in the contact angle (reduces wettability). Regarding the absorption, the TiO2 irradiated at 10 kGy absorbs less than the other materials used (TiO2 irradiated at 0, 5 and 20 kGy); this apparently slightly favors the degradation of DB1, since an excessive adsorption would prevent the adequate passage of light towards the photocatalyst, causing a decrease in the speed of the degradation.
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Figure 1. Direct Blue 1 (DB1) structure [8]. 
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Figure 2. Diagram of the photoreactor used in the degradation of the DB1 dye. (1) Water inlet, (2) UV lamps, (3) Samples, (4) Magnetic stirrers, (5) Water outlet. 
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Figure 3. TiO2 X-ray diffraction with and without irradiation. 
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Figure 4. FT-IR spectra of TiO2 with and without e-beam treatment measured under ambient conditions. Inset, a magnified view of the spectrum of the samples. 
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Figure 5. Diffuse Reflectance Spectroscopy (DRS) spectra of TiO2 with and without e-beam treatment are displayed. Inset, the band gaps estimated from the DRS spectra are summarized. 
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Figure 6. Energy-Dispersive X-ray Spectroscopy (EDS) mapping of composition of sample of TiO2 without irradiation, and EDS spectrum of irradiated and unirradiated TiO2. 
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Figure 7. DB1 photodegradation on TiO2 with and without e-beam treatment is displayed. Conditions: Co, DB1 = 50 mg L−1; catalyst dose = 200 mg L−1; pHo = 2,5; Tamb ≈ 20 °C. 
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Figure 8. DB1 linear adjustment according to pseudo first order kinetics, data from Figure 7. 






Figure 8. DB1 linear adjustment according to pseudo first order kinetics, data from Figure 7.



[image: Processes 08 01181 g008]







[image: Processes 08 01181 g009 550] 





Figure 9. Statistical analysis of irradiation dose effect on the photodegradation of DB1. Conditions: Co, DB1 = 50 mg L−1; catalyst dose = 200 mg L−1; pHo = 2.5; Tamb ≈ 20 °C. 
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Figure 10. Adsorption DB1 dye isotherms of unirradiated and irradiated TiO2 at different doses (5, 10 y 20 kGy). 
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Figure 11. Statistical analysis of irradiation dose effect on DB1 adsorption. (CO, DB1 = 50 mg L−1; catalyst dose = 200 mg L−1; pHo = 2.5; Tamb). 
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Figure 12. Contact angle by sessile drop without drying the sample (ambient), of the nonirradiated and irradiated TiO2. Insert, contact angle. 
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Table 1. DB1 degradation using Advanced Oxidation Processes (AOPs) and other methodologies.
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	Treatment
	Operating Conditions
	DB1 Concentration
	Removal
	Other Results
	Ref.





	Photocatalysis with C5N4 irradiated
	V = 20 mL; pH = 7; catalyst concentration = 100 mg L−1; reactor batch.
	50 mg L−1
	Complete discoloration after 60 min of treatment
	Low percentages of mineralization (10%)
	[12]



	Ozonation and electrocoagulation
	V = 200 L, Q = 10 L min−1; ozone injection = 5.21 mg min−1; 1100 L tank capacity; ¾ in hydraulic line pipe. V = 1 L; electrode area = 160 cm2; i = 5 mA cm−2; aluminum anodes; iron cathodes.
	50 mg L−1
	50% color removal after 210 min 99% color removal after 20 min
	Electrocoagulation is more economically viable than ozonation, since it promotes greater dye removal and requires less energy consumption
	[13]



	AOPs using pulsed corona discharge from water.
	V = 300 mL; Q = 100 mL min−1, peroxide rate = 8.8 × 10−4 mol L−1, pH = 3.5–10.3; conductivity = 100 µS cm−1
	10 mg L−1
	75–80% color removal after 60 min.
	The addition of hydrogen peroxide improves the discoloration rate.
	[14]



	Photocatalysis with TiO2 films
	V = 250 mL; pH = 2–10; 200 W mercury lamp
	4–10 mg L−1
	98% degradation after 1800 min at pH = 2
	Decrease 12 to 46% removal of COD at a pH of 2 by varying dye concentration
	[15]



	Photocatalysis with TiO2 and ZnO supported on polystyrene and polyethylene terephthalate
	pH = 2.5 y 6 (TiO2) y 7–11 (ZnO), 8 W UV lamps
	50 mg L−1
	100% degradation after 50 min with the two catalysts
	The immobilized catalyst mass reached 0.399 mg cm−3 for TiO2 and 0.689 mg cm−2 for ZnO in PET. The highest photocatalytic degradation was at pH = 2.5 using TiO2.
	[16]



	Photocatalytic degradation using rutile TiO2
	-
	-
	Discoloration and removal of COD 60%
	The rutile activity improves making a composite of it with polyaniline.
	[17]



	Photocatalysis with Fe2O3 compounds, surrounded by C3N4 and amorphous carbon.
	V = 20 mL, T = 20 °C; pH = 7; catalyst mass = 50 mg; H2O2 30% solution; 35 W Xe lamp
	500 mg L−1
	Degradation greater than 99% after 50 min with C3N4 and the same value after 35 min with the CN-Fe compound
	TOC removal does not exceed 15%. Three cycle catalyst reuses with 99% removal results.
	[18]



	Peroxidase-mediated discoloration
	H2O2 concentration = 2.4 mM; nano enzyme concentration = 150 nM
	10 µM L−1
	Complete discoloration of DB1 after three days.
	-
	[19]



	Photocatalytic degradation with biogenic copper synthesized from native Escherichia sp
	V = 100 mL; catalyst mass = 100 mg; use of solar radiation
	25–100 mg L−1
	Discoloration of 88.42% after 5 h of exposure.
	The concentrations of total dissolved solids, COD, hardness, chlorides, sulfates, electrical conductivity, total suspended solids, turbidity, and pH decreased.
	[20]



	Biosorptions using biomass of Trametes versicolor
	V = 50 mL; biomass = 250 mg; pH = 2–9; T = 25 °C; batch system
	25–800 mg L−1
	Maximum biosorptions of 101.1 mg g−1 for the native fungus and 152.3 mg g−1 for the treated fungus.
	Technology projection on a large scale.
	[8]



	Biotransformation by Marinonacter sp
	V = 100 mL; T = 37 °C; pH = 8; concentration NaCl = 70 g L−1
	100 mg L−1
	Complete discoloration after 6 h
	Less toxicity of the metabolites with respect to the dye.
	[21]



	Adsorption, using low-cost adsorbents
	V = 50 mL; T = 28 ± 2 °C; batch mode;
	21%
	Appreciable decrease in COD (70–90%) in samples treated for 1 h.
	Cane bagasse is better absorbent than sawdust by 10% and brick dust by 25%
	[22]



	Discoloration by Bacillus sp
	NaCl concentration = 0–9%, pH = 5–9; T = 20–35 °C
	150 mg L−1
	47% discoloration after 24 h, 57% after 48 h and 73% after 72 h, all at pH = 7
	The discoloration for the treatment in which the initial concentration was 25 mg L–l, was 25.10% and 29.51% higher, for 1 h and 5 h, respectively.
	[23]



	Degradation by laccase
	V = 10 mL; laccase mass = 0.5 g; T = 30 °C
	50 mg L−1
	54 and 68% degradation for 18 h for the free and immobilized enzyme, respectively.
	-
	[24]



	Discoloration by laccase from Pycnoporus cinnabarinus
	V = 3.1 mL; pH = 4.9; laccase mass = 0.82–25 µg
	25 mg L−1
	The disappearance of the dye is confirmed after contact with oxygen.
	-
	[25]



	Degradation by azoreductase and laccase
	-
	0.6 mol L−1
	80% discoloration after 24 h.
	Production of toxic by-products in some cases, for example 3,3 dimethoxybenzidine in the case of DB1.
	[26]



	Adsorption using cement kiln powder
	V = 250 mL, cement mass = g; Stirring speed = rpm
	800 mg L−1
	The removal is greater than the one carried out with activated carbon.
	When washing the cement with colorant, it does not return to the water.
	[27]
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Table 2. Rate constants for pseudo first order reaction at different irradiation doses.
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	Radiation Dose (kGy)
	Constant Rate
	r2





	Not irradiated
	0.0661
	0.8826



	5
	0.0677
	0.9273



	10
	0.0742
	0.9818



	20
	0.0715
	0.9644
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Table 3. Freundlich isotherm parameters.
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Doses (kGy)

	
Parameters




	
r2

	
Kf (mg g−1)

	
N






	
0

	
0.947

	
1.897

	
0.959




	
5

	
0.970

	
2.913

	
1.047




	
10

	
0.968

	
1.810

	
0.981




	
20

	
0.945

	
2.962

	
1.084











[image: Table] 





Table 4. % Total Organic Carbon (TOC) removal during DB1 degradation after 60 min of treatment.
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	Doses kGy
	%TOC





	0
	2.48



	10
	1.61











© 2020 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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