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Abstract

:

A novel photo-Fenton catalyst named Ag/AgCl/MIL-101(Fe) was synthesized by the method of precipitation and photo reduction and characterized by X-ray diffraction patterns (XRD), Brunauer-Emmett-Teller (BET) measurements, Fourier transform infrared spectra (FTIR), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), X-ray photoelectron spectroscopy (XPS) and UV-vis diffuse reflectance spectra. Moreover, the catalytic activity of the synthesized catalyst was tested using methylene blue (MB) as the target pollutant. The obtained results illustrated that the plasmonic material Ag/AgCl was successfully loaded on MIL-101(Fe) and the obtained catalyst exhibited an excellent catalytic activity under visible light at the neutral pH. According to the analyses of Plackett-Burman and Box-Behnken design, the optimum conditions for MB degradation were obtained. Under these conditions, the MB decolorization and mineralization efficiencies could reach to 99.75% and 65.43%, respectively. The recycling experiments also showed that the as-prepared catalyst displayed good reusability. In addition, the possible reaction mechanisms for the heterogeneous photo-Fenton system catalyzed by Ag/AgCl/MIL-101(Fe) were derived. The synthesized catalyst provides a promising approach to degrade organic pollutants in waste water.






Keywords:


photo-Fenton; Ag/AgCl/MIL-101(Fe); Box–Behnken design; methylene blue












1. Introduction


Dyes are widely used in a number of industries, such as printing, painting, textile, paper, leather, etc. [1]. It is estimated that commercial dyes about 7 × 105 t are produced worldwide each year and about 5–10% of them are eventually lost in the waste water [2]. This waste water, if not properly treated, could result in considerable damage to aquatic life and human health. Most of the dyes are hardly removed from effluents by conventional biological (activated sludge) processes [3]. Thus, an efficient method of treating dye wastes is urgently required.



Heterogeneous photo-Fenton process is considered to be an attractive method for dyes treatment because of its generation of powerful active radicals, a relatively wide range of applications and the easy separation of the catalysts from a water stream. In the past few decades, various materials including FeOOH [4], Fe2O3 [5] and supported iron catalysts [6,7], have been used as heterogeneous photo-Fenton catalysts to degrade recalcitrant compounds. These catalysts, however, suffer from poor H2O2 utilization and low catalytic activity due to their limited exposed active sites [8]. Therefore, the development of highly effective heterogeneous photo-Fenton catalysts with large numbers of exposed active sites has emerged as an urgent task in this field.



Metal–organic frameworks (MOFs), a kind of porous material with high surface area, have been extensively studied in catalysis [9], gas storage [10], adsorption [11] and separation [12]. MOFs, also called porous coordination polymers, are built from organic linkers and metal ions/clusters, which belong to an extraordinary family of crystalline porous materials. The detailed model structure of MOFs can be seen in the previous reference [13]. Researchers have shown that MOFs containing iron species can be used as heterogeneous Fenton catalysts due to their attractive property of wide distribution of single iron sites and wide pH range application [14]. However, the catalytic efficiency of pure MOFs still needs to be improved since these materials contain only Fe(III) species with weak Fenton activity [15]. That is why supplementary UV-light needs to be applied for increasing the reduction of Fe(III) to Fe(II) and thus enhancing the Fenton catalytic efficiency of MOFs. However, the UV-light accounts for only 3–5% of the incoming solar energy, while large quantities of electrical power are required to use artificial UV-light sources, the widely expected practical applications of iron–based MOFs as photo-Fenton catalysts have been restricted [16]. As such, the enhancement of the photo-Fenton catalytic efficiency of iron–based MOFs under visible light irradiation is very meaningful for their application.



Coupling with these iron–based MOFs and plasmonic materials might be an effective strategy to solve this problem. Plasmonic materials are kinds of materials with surface plasmon resonance (SPR) effects [17]. When light interacts with these materials, the cloud of free electrons in these materials can support a wave of charge density fluctuations on the surface of these materials [18]. This phenomenon is called a surface plasmon wave, which makes plasmonic materials able to absorb strongly visible light and leads to greatly enhance light-matter interactions. As we know, plasmonic photocatalysts, e.g., Ag/AgX (X = Cl,Br,I), have received widespread interest owing to their high photocatalytic ability under visible light conditions as a result of their surface plasmon resonance [19]. Nevertheless, Ag/AgX composites suffer from the quick recombination of the electron and hole pairs, resulting in the losses of photocatalytic efficiency [20]. On the other hand, recent studies showed Fe(III) can act as electron acceptor to lower the recombination of photo induced electron–hole pairs produced by semiconductors [21]. Inspired by the above studies, we attempt to modify MIL-101(Fe) with Ag/AgCl, which may accelerate the reduction of Fe(III) to Fe(II) by photo-induced electrons and then improve the visible light Fenton catalytic activity of MIL-101 (Fe), which is a kind of iron-based MOFs formed by the coordination of ferric ions and terephthalic acid [22].



In this work, MIL-101(Fe) was used as a host material to load Ag/AgCl to synthesize a new catalyst called Ag/AgCl/MIL-101(Fe) with high visible light driven-Fenton catalytic activity under neutral pH. Methylene blue (MB) was used as a target contaminant to investigate the photo-Fenton catalytic activity of Ag/AgCl/MIL-101(Fe). Box–Behnken design (BBD) method was employed to optimize the effects of variables such as initial MB concentration, H2O2 concentration, irradiation intensity and catalyst dosage on the degradation of MB. Additionally, the possible reaction mechanisms involved in the photo-Fenton system were discussed.




2. Experimental


2.1. Materials and Reagents


The MB was obtained from Kelong Chemical Reagents Company (Chengdu, China). Silver nitrate (AgNO3), FeCl3·6H2O, terephthalic acid (H2BDC), dimethylformamide (DMF), absolute ethanol (CH3CH2OH), sodium chloride (NaCl), HNO3 and NaOH used in the experiments were of commercially available analytical grade.




2.2. Catalyst Preparation


2.2.1. The preparation of MIL-101 (Fe)


MIL-101 (Fe) was prepared by the method of hydrothermal synthesis [23]: 1.714 g of H2BDC, 0.824 g of FeCl3·6H2O and 15 mL of DMF were placed in a 60 mL Teflon-lined stainless steel autoclave and maintained at 110 °C for 20 h. After cooling down to ambient temperature, the suspension was filtered. The resulting yellow powder was rinsed with ethanol and deionized water repeatedly, and then vacuum dried overnight at 60 ℃ to obtain MIL-101 (Fe).




2.2.2. The preparation of Ag/AgCl/MIL-101 (Fe)


The Ag/AgCl/MIL-101 (Fe) catalyst was synthesized according to the precipitation - photoreduction method [24]. Firstly, 1.141 g of AgNO3 and 2.412 g of NaCl was respectively dissolved in 100 mL water to prepare 0.3 mol/L AgNO3 solution and 0.2 mol/L NaCl solution. Secondly, 1.0 g of MIL-101(Fe) was dispersed in 500 mL of AgNO3 solution with stirring at ambient temperature for 30 min. Then, 25 mL of NaCl solution was dropped to the mixture solution and further stirred for 30 min. Subsequently, this mixture was illuminated with 500 W Xe lamp for 60 min so as to reduce part of Ag+ into Ag0. Finally, the product was filtrated, washed, and dried overnight at 60 °C. For comparison, the plasmonic photocatalyst of Ag/AgCl was also prepared by the same method without the addition of MIL-101(Fe).





2.3. Characterization


X-ray diffraction patterns (XRD) of the catalysts were recorded by a diffractometer (RigakuD/max-2550 VK/PC) equipped with a Cu Kα source. The N2 adsorption/desorption isotherms were obtained on a Micromeritics Tristar 3020 instrument. The specific surface areas were analyzed by the Brunauer-Emmett-Teller (BET) method. The Fourier transform infrared spectra (FTIR) were performed with a FTIR spectrometer (Nicolet 380, Thermo Nicolet, Madison, WI, USA) in KBr medium in the region of 400–4000 cm−1. The morphology and chemical composition of the samples were investigated by using a Hitachi S-530 scanning electronic microscope (Hitachi Scientific Instruments, Tokyo, Japan) with an OXFORD Link-ISIS-300 energy dispersive X-ray spectrometer (SEM-EDX, Oxford Instruments, Oxford, UK). The chemical states of the samples were analyzed by an ESCALAB 250 X-ray photoelectron spectroscopy (XPS, Thermo-VG Scientific, West Sussex, UK) with an Al Kα X-ray source. UV-vis diffuse reflectance spectra were acquired with a Shimadzu UV-2500 spectrophotometer (Shimadzu Co., Kyoto, Japan) using BaSO4 as the reference material. Electron spin resonance (ESR) spectra were recorded on a JES-FAESR spectrometer (JEOL Ltd., Tokyo, Japan), using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin trapping reagent. The photocurrent responses were measured on an electrochemical workstation (CHI660, CH Instruments, Austin, TX, USA) with a three-electrode system, utilizing a Pt electrode as the counter electrode, and a saturated calomel electrode as the reference electrode, the working electrode was a glassy carbon electrode modified by the catalyst to be measured.




2.4. Photo-Fenton Catalytic Experiments and Analytical Methods


The photo-Fenton catalytic experiments were performed in a photochemical reaction instrument, in which a 500 W Xenon lamp with a 420 nm cut-off glass filter was employed as the visible light source. In these experiments, 10 mg of photo-Fenton catalyst was suspended into 100 mL MB solution and stirred for 30 min in the dark condition to establish an adsorption/desorption equilibrium. The reaction was started when H2O2 was added to the reaction solution and the Xenon lamp was turned on. At the given time intervals, the analytical samples were extracted and centrifuged (10,000 rpm, 5 min) to remove the precipitate. The MB concentration left in the supernatant was determined with a 722S spectrophotometer (Shanghai Youke Instrument Co, Ltd., China) at its λmax = 664 nm. The total organic carbon (TOC) of the aqueous solution was determined by a Shimadzu TOC-L CPH TOC analyzer (The decolorization efficiency and TOC removal efficiency of MB were calculated as follows (Equations (1) and (2)):


Decolorization efficiency(%)=C0−CtC0×100



(1)






TOC removal efficiency(%)=TOC0−TOCtTOC0



(2)




where C0 and TOC0 are the dye concentration and the TOC concentration at the time of adsorption–desorption equilibrium, respectively. Ct and TOCt are the dye concentration and the TOC concentration at certain time t during the photo-Fenton reaction process, respectively.



Plackett-Burman (P-B) design is useful for screening key factors from a multivariable system rapidly [25]. In the present study, the influence of eleven variables including six actual variables and five dummy variables on MB degradation in the photo-Fenton process were investigated using P-B design. Each independent variable was evaluated at two levels, a high (+) and a low (−) level, which are shown in Table S1 in the Supplementary Material. The range of values were selected according to the preliminary experiments. The effects of the variables on the MB degradation are listed in Table S2 in the Supplementary Material. A detailed analysis of the regression coefficients showed that initial dye concentration, hydrogen peroxide concentration, irradiation intensity and catalyst dosage had significant effects on MB degradation in the photo-Fenton process. It is worth noting that the changing pH from 5–9 has insignificant effect on the MB degradation, indicating the synthesized catalyst is stable over a relatively wide pH range near neutrality.



The optimal experimental conditions for MB degradation were further studied by using the Box–Behnken design (BBD), which was established using Design Expert Software (version 7.0). Based on the above P-B design, four critical parameters of initial dye concentration, hydrogen peroxide concentration, irradiation intensity and catalyst dosage were coded with low (−), middle (0), and high (+) levels in BBD (shown in Table 1), while the responses were expressed as % of MB decolorization efficiency and TOC removal efficiency after 2 h reaction. In all of these systems, the initial pH was set at 7.



The BBD results were fitted with the following quadratic model (Equation (3)):


Y=k0+kaA+kbB+kcC+kabAB+kacAC+kbcBC+kaaA2+kbbB2+kccC2



(3)







The significance of each parameter has been illustrated by our previous report [26].





3. Results and Discussion


3.1. Characterization of the Catalysts


The crystallographic structures of the as-prepared Ag/AgCl, MIL-101(Fe) and Ag/AgCl/MIL-101(Fe) sample were determined by powder XRD (Figure 1). The collected diffraction pattern of MIL-101(Fe) at 2θ = 8.95°, 9.84°, 16.43°, 18.79° and 24.65° were matched well with the reported pattern [27], indicating that MIL-101(Fe) had been successfully prepared. Beside the characteristic signal of MIL-101 at 2θ = 1–25°, some new diffraction peaks appear at 2θ = 27.89°, 32.14°, 46.38°, 54.74°, 57.52°, 67.52°, 76.76° and 85.84° in the XRD pattern of Ag/AgCl/MIL-101(Fe), which respectively correspond to the (111), (200), (220), (311), (222), (400), (331), (420) and (422) crystal facets of AgCl [28]. Moreover, the peak at 38.17°, 64.45° and 81.54° can be assigned to the (111), (220) and (222) crystal facets of Ag [29]. All of the above peaks corresponding to Ag and AgCl can be found in the XRD pattern of Ag/AgCl. The XRD results prove the successful fabrication of Ag/AgCl/MIL-101(Fe) composite.



The nitrogen adsorption/desorption isotherms of MIL-101(Fe) and Ag/AgCl/MIL-101(Fe) are shown in Figure 2. Both of the samples exhibit a typical type IV pattern, indicating the existence of mesopores structure [30]. The horizontal and parallel adsorption/desorption branches suggest that these hysteresis loops are of type H4, reflecting the presence of narrow slit-shaped pores in the catalysts [31]. The BET surface area and pore volume of MIL-101(Fe) are 541.55 m2/g and 0.32 cm3/g, respectively. After deposited with Ag/AgCl, the corresponding values of Ag/AgCl/MIL-101(Fe) decrease to 355.86 m2/g and 0.31 cm3/g, which may be caused by the effect of pore blocking from the Ag/AgCl particles. To further analyze the molecular structure of the catalysts, the FTIR spectra of MIL-101(Fe) and Ag/AgCl/MIL-101(Fe) were performed. Also, the spectrum of Ag/AgCl was recorded for comparison, as shown in Figure 3. The Ag/AgCl presents the water OH stretching and bending vibration bands centered at around 3454 cm−1 and 1634 cm−1, respectively. Moreover, an absorption peak appears at around 668 cm−1, which corresponds to the typical stretching vibration of Ag–Cl bond [32]. For the MIL-101(Fe) sample, the sharp peak located at 1603 cm−1 and 1393 cm−1 are assigned to the asymmetric and symmetric stretching vibrations of O-C-O in carboxyl groups. The band at 756 cm−1 is characteristic of benzene rings, attributing to the C-H bending vibration. The band at 542 cm−1 is ascribed to the stretching vibration of Fe–O band in MIL-101(Fe) framework [33]. In the Ag/AgCl/ MIL-101(Fe), the absorption peaks at 1602, 1393, 756 and 542 cm−1 are the characteristic absorptions of MIL-101(Fe), while the peak around 668 cm−1 is the typical AgCl absorption peak, which is evidence the presence of AgCl on the surface of the MIL-101(Fe).



The morphology of the MIL-101(Fe) and Ag/AgCl/MIL-101(Fe) were detected by SEM. As can be seen from Figure 4a,b, the as-prepared MIL-101(Fe) displays a typical octahedral structure with the sizes ranged from 0.4 to 1.4 μm. While the images of Ag/AgCl/MIL-101(Fe) reveal that clusters of Ag/AgCl were formed, resulting in a high coverage of the MIL-101(Fe). Furthermore, EDX elemental mapping for Ag/AgCl/MIL-101(Fe) (Figure 5) confirm the relative homogeneous distributions of Ag, Fe and Cl elements in the Ag/AgCl/MIL-101(Fe) sample.



The chemical composition of Ag/AgCl/MIL-101(Fe) was further investigated by XPS measurements (as shown in Figure 6). The XPS survey spectrum of the Ag/AgCl/MIL-101(Fe) sample (Figure 6a) shows the presence of Ag, Cl, and Fe elements, which agrees well with the above EDX result. The Fe 2p XPS spectrum of Ag/AgCl/MIL-101(Fe) (Figure 6b) indicates two well-defined peaks at 711.12 and 725.01 eV with a satellite signal at 718.21 eV, which are corresponding to Fe(Ⅲ) in MIL-101(Fe) [34]. In the Ag 3d XPS spectrum (Figure 6c), the peaks at 367.21 and 373.22 eV belong to Ag 3d 5/2 and Ag 3d 3/2 of Ag+, whereas the bands centered at 367.41 and 373.88 eV are attributed to metallic Ag0 according to previous reports [35]. The XPS measurements prove the existence of Ag/AgCl structure in Ag/AgCl/MIL-101(Fe) sample, which are agreeable to the XRD results.



The UV-vis diffuse reflectance spectra of Ag/AgCl, MIL-101(Fe) and Ag/AgCl/MIL-101(Fe) are compared in Figure 7. As can be seen, the MIL-101(Fe) shows only a strong photo-adsorption in the UV-light region. In contrast to the MIL-101(Fe), a remarkable enhancement of visible light absorption can be observed in the spectra of both Ag/AgCl and Ag/AgCl/MIL-101(Fe), which is ascribed to the surface plasmon resonance effect of Ag/AgCl [36]. The strong absorption in the visible light regions for the Ag/AgCl/MIL-101(Fe) implies its effective utilization of visible light energy for the photo-Fenton treatment of dyes.




3.2. Photo-Fenton Catalytic Activity


The photo-Fenton catalytic activity of the as-prepared Ag/AgCl/MIL-101(Fe) catalyst was studied using MB as the target contaminant under visible light irradiation, where control experiments were also carried out to compare the degradation efficiencies of MB in various conditions (as shown in Figure 8). It can be seen that MB is resistant to the oxidation under only visible light irradiation (curve a), as indicated by the 2.71% decolorization efficiency after 60 min and the only 1.42% of TOC removal efficiency after 120 min reaction. In the system with only Ag/AgCl/MIL-101(Fe) (curve b), approximately 30.12% of MB and 16.13% of TOC are removed, which is mainly ascribed to the adsorption of MB by the catalyst. In the presence of H2O2 and Ag/AgCl/MIL-101(Fe) (curve c), the decolorization and mineralization efficiencies of MB reach to 36.48% and 16.87% respectively, owing to the Fenton effect. For the system with visible light and Ag/AgCl/MIL-101(Fe) (curve d), the MB degradation efficiency of 68.65% and TOC removal efficiency of 18.36% are obtained, which are slightly higher than that in Ag/AgCl/MIL-101(Fe) system due to the photo catalytic effect of the catalyst. When the reactions are performed in the visible light + H2O2 system (curve e), the MB decolorization efficiency can increase to 79.87%. The high MB decolorization efficiency is attributed to the formation of OH· through the direct photolysis of H2O2 [37]. However, only 19.63% of TOC is removed in this system, implying that the OH radicals generated in this system are not enough to mineralize MB into H2O and CO2 [38]. In the system of MIL-101(Fe) + visible light + H2O2 (curve f) and Ag/AgCl/MIL-101(Fe) + visible light + H2O2 (curve g), significant decolorization efficiency of MB (more than 95%) can be observed. However, the Ag/AgCl/MIL-101(Fe) + visible light + H2O2 system shows much higher TOC removal efficiency (61.05%) and faster MB degradation rate, indicating that Ag/AgCl/MIL-101(Fe) can be used as an efficient heterogeneous photo-Fenton catalyst under visible light irradiation.




3.3. Fitting Model and Analysis of Variance (ANOVA)


The BBD experiments were conducted to study the effects of initial MB concentration, H2O2 concentration, catalytic dose and irradiation intensity on the MB degradation. Based on BBD experiment results, the relationship between the responses (MB decolorization efficiency and TOC removal efficiency) and variables were expressed as follows (Equations (4) and (5)):


MB decolorization efficiency      =78.33−16.28A+7.45B+15.17C+16.52D−3.97AB−1.53AC−6.89AD−7.38BC      +5.86BD−0.42CD−12.39A2−5.89B2−13.39C2−10.10D2



(4)






TOC removal efficiency      =43.27−11.76A+4.79B+7.08C+10.87D−6.01AB−2.15AC−5.12AD−1.11BC      +4.18BD−4.40CD−6.50A2−1.46B2−6.69C2−3.76D2



(5)







Here, A, B, C and D represent the initial concentration of dye, the catalytic dose, the concentration of hydrogen peroxide and the radiation intensity respectively.



The statistical models were analyzed by F-test, and the ANOVA results of the quadratic models are presented in Table 2. The correlation coefficient (R2) of 0.9821 and adjusted determination coefficient R2adj of 0.9641 for MB decolorization efficiency and the R2 of 0.9737 and R2adj of 0.9423 for mineralization efficiency are closer to 1, indicating that these regression models fit well with the experimental values and they can offer adequate explanations about the relationships between the responses and the independent variables [39]. The Model F-value of 54.76 and 13.23 for MB and TOC removal efficiency respectively suggest that these models are significant. Moreover, the models’ adequate precisions of 16.92 and 13.62 for decolorization efficiency and mineralization efficiency are much greater than four, implying acceptable signals for the models to be applied [40]. The model terms with the value of “probability > F” less than 0.0500 are significant [41]. In the MB removal efficiency case, the model terms of A, B, C, D, BD, CD, A2, B2, C2 and D2 are significant, while A, B, C, D, AB, A2 and C2 are significant model terms in the TOC removal case.




3.4. Response Surface Analysis


The response surface results shown in Figure 9, Figure 10 and Figure 11 directly describe the effects of the main variables of Ag/AgCl/MIL-101(Fe) photo-Fenton catalytic degradation process on the MB and TOC removal.



The interactions of initial H2O2 concentration and MB concentration on the MB decolorization and mineralization efficiencies were shown in Figure 9. Both of MB decolorization efficiency and TOC removal efficiency increase with the increase of H2O2 at low concentration, due to the production of more OH· or other free radicals by higher concentration of H2O2 in a certain range. However, further increase of H2O2 will lead to the scavenging of OH· radicals, resulting in a slight decrease of MB degradation efficiency [42]. Additionally, Figure 9 also demonstrates that the MB decolorization and mineralization efficiencies decrease with increasing of initial MB concentration, which is result from the fact that the higher dye concentrations can affect the permeability of the solution and thus result in a decrease of the visible light utilization efficiency [43].



Figure 10 shows the interactions of irradiation intensity and catalyst load on the MB decolorization efficiency and TOC removal efficiency. It can be seen that radiation intensity has a more notable impact than catalyst dosage on MB degradation efficiency. As the irradiation intensity increases from 300 to 500 W, the MB decolorization and mineralization efficiencies increase significantly. The reason is that more photons are generated at higher intensity of irradiation, which can effectively accelerate the photo-Fenton reaction [44]. Also, the MB degradation efficiency is enhanced by increasing the catalyst dosage in the studied catalyst concentration range, owing to the increase in the accessible active sites of the catalyst [45]. However, excessive catalyst in solution may result in decreased visible light penetration owing to the screening effects.



It also can be seen that the influence of catalyst dosage on the MB degradation is much significant in the system with higher light irradiation. The irradiation intensity has a notable influence in the reaction owing to its influence on the photon’s generation. When lower irradiation intensity is applied, limited photons are produced in the solution, which results in the less activation of Ag/AgCl/MIL-101(Fe) catalyst. This phenomenon leads to the less significant influence of catalyst dosage on the MB degradation at lower irradiation intensities. When sufficient photons are generated in the system at the higher light intensity, the catalytic active sites become much more important. Thus, the influence of the catalyst dosage on the MB degradation becomes much more significant.



The effects of initial H2O2 concentration and irradiation intensity on the MB degradation (Figure 11) reveal that 90% of MB removal efficiency and 50% of TOC removal efficiency can be realized at irradiation intensity higher than 450 W and H2O2 concentration higher than 9.5 mmol. Of course, the interrelation between the variables is important for the optimization of MB degradation.




3.5. Model Validation and Experimental Confirmation


Based on the results of BBD, the optimal process parameters are determined to be 10.72 mg/L of MB concentration, 0.97 g/L of catalyst dosage, 10.90 mM of H2O2 concentration and 457.79 W of radiation intensity with the maximum MB decolorization efficiency of 100% and maximum TOC removal of 65.63%. To confirm the reliability of the predicted models, three additional experiments under these optimal conditions were conducted. The average MB decolorization and mineralization efficiencies are 99.75% and 65.43% respectively, confirming that the BBD was effective and reliable in the photo-Fenton optimization experiments.




3.6. Recyclability


The stability of Ag/AgCl/MIL-101(Fe) in the photo-Fenton reaction was studied by means of recycling experiments under the above-mentioned optimum conditions. As shown in Figure 12, an MB decolorization efficiency above 99.8% is achieved in the first run of reaction. After six repeated reactions, the MB decolorization efficiency can still be kept at 92.1%.



Additionally, the concentrations of Ag and total Fe ions in solution as a function of time in the photo-Fenton process were measured by atomic absorption spectrophotometer (Figure 13), which shows that the highest concentration of Ag and total Fe ions is about 0.17mg/L and 1.58mg/L, respectively. Compared to the content of Ag and Fe in the catalyst, the leached Ag and Fe ions in the studied system are relatively low (about 0.76% and 1.81%, respectively). Hence, the results show that the Ag/AgCl/MIL-101(Fe) catalyst exhibits good reusability and stability under visible light irradiation.



Besides, it should be noted that the purpose of this study is to test the activity of the synthesized catalyst and explore its photo-Fenton catalytic mechanism. The real wastewater is too complex to achieve this purpose. Therefore, the experiment was carried out under laboratory conditions but not in an actual wastewater system. Of course, the real wastewater treatment will be carried out in the future studies so as to test the practical value of the catalyst.




3.7. Proposed Photo-Fenton Mechanism


To investigate the reactive species of the photo-Fenton process using Ag/AgCl/MIL-101(Fe) as catalyst for MB degradation, radical capture experiments were carried out by using a series of radical scavengers. In this study, isopropyl alcohol (IPA), chloroform, ammonium oxalate (AO) and sodium azide (NaN3) were adopted as the scavengers for hydroxyl radical (·OH), superoxide radical (O2·−), holes (h+) and singlet oxygen (1O2), respectively. As shown in Figure 14a–c, the maximum inhibition of MB degradation is up to 50.80%, 31.50 % and 28.60% after 30 min reaction when 20 mM IPA, 20 mM chloroform, and 20 mM AO is added in the solution, respectively. These results suggest that ·OH plays the most important role in the degradation of MB, followed by O2·− and h+. However, the addition of NaN3 presents relatively slight effect on MB degradation as shown in Figure 14d, indicating 1O2 is not the main reactive specie involved in the degradation of MB.



ESR spin trapping experiment using DMPO as a spin trap were also carried out to confirm the generation of ·OH and O2·− in the photo-Fenton system with Ag/AgCl/MIL-101(Fe). For comparison, the ESR spectra measured in the photo-Fenton system with MIL-101(Fe) were also given, which are shown in Figure 15. As can be seen, the four-fold characteristic peak corresponding to DMPO–OH· adduct with a peak intensity ratio of 1:2:2:1 can be clearly observed in the photo-Fenton system catalyzed with Ag/AgCl/MIL-101(Fe), while the peak strength under the photo-Fenton system with MIL-101(Fe) is relatively weaker. Similarly, the signal intensity of DMPO-O2− adduct in the photo-Fenton system with Ag/AgCl/MIL-101(Fe) is much higher than that of the system with MIL-101(Fe). This fact can be used to explain why Ag/AgCl/MIL-101(Fe) has much higher catalytic activity than MIL-101(Fe).



Additionally, the photocurrent responses of Ag/AgCl/MIL-101(Fe) and MIL-101(Fe) were analyzed and the results are illustrated in Figure 16. As is shown, both of the materials can generate photocurrent with a reproducible response to on/off cycles of visible light irradiation. However, Ag/AgCl/MIL-101(Fe) presents much higher photocurrent density than that of pure MIL-101(Fe), indicating the higher light harvesting and more effective of photo-induced electron transfer for Ag/AgCl/MIL-101(Fe). This result illustrates that the modification of Ag/AgCl can greatly enhanced the visible light activity of MIL-101(Fe).



According to the above results, the mechanism MB degradation in the of heterogeneous photo-Fenton system using Ag/AgCl/MIL-101(Fe) as catalyst was proposed (shown in Figure 17). Under visible light irradiation, the Ag nanoparticles on the surface of Ag/AgCl/MIL-101(Fe) catalyst adsorb the visible light photons and generate a large amount of electron and hole pairs due to the surface plasmon resonance effect [46]. The photo-induced electrons rapidly migrate to the conduction band (CB) of AgCl, and the leaving holes will react with the MB in solution to produce the corresponding degradation products. Also, on one hand, the electrons in CB of Ag/AgCl are captured by Fe(III) on the surface of MIL-101(Fe) to generate the Fe(II), which can promote Fe(III)/Fe(II) cycle and accelerate the Fenton reaction. This is the reason why OH· radical is the main reactive specie in the system. On another hand, the electrons can be absorbed by dissolved O2 molecules so as to produce O2·− radical, which also plays an important role in the degradation of MB.





4. Conclusions


In this paper, a novel material Ag/AgCl/MIL-101(Fe) was successfully synthesized and used as heterogeneous photo-Fenton catalyst for the treatment of MB at near-neutral pH under visible light irradiation. PBD and BBD methods were employed to screen and optimized the variables which influenced the degradation of MB, and the optimal conditions were obtained. The results showed that Ag/AgCl/MIL-101(Fe) exhibited high catalytic activity in the visible light-Fenton system. Under the optimal conditions, 99.75% of MB decolorization efficiency and 65.43% of TOC removal efficiency was achieved. The recycling experiments also indicated that the as-prepared catalyst had excellent stability. In addition, the reactive species trapping experiments revealed that OH·, O2·− and h+ exhibited synergistic effects in the photo-Fenton system using Ag/AgCl/MIL-101(Fe) as catalysts for MB degradation.








Supplementary Materials


The following are available online at https://www.mdpi.com/1996-1944/12/9/1453/s1, Table S1: Factors and levels in Plackett-Burman design. Table S2: Effects of the variables of the Plackett-Burman design.





Author Contributions


Conceptualization, M.D.; Data curation, Y.X.; Formal analysis, Y.X. and M.D.; Funding acquisition, Y.L.; Investigation, Y.X., M.D. and Q.G.; Project administration, Y.L.; Resources, Y.L. and Z.D.; Supervision, Z.D.; Validation, Y.X., M.D. and Q.G.; Visualization, Y.X. and M.D.; Writing—original draft, Y.X. and M.D.; Writing—review & editing, Y.L.




Funding


This research was funded by [the National Natural Science Foundation of China] grant number [41573118] And [Primary Research & Development Plan of Hunan Province] grant number [2018SK2016].




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mathur, N.; Bhatnagar, P. Mutagenicity assessment of textile dyes from Sanganer (Rajasthan). J. Environ. Biol. 2007, 28, 123–126. [Google Scholar] [PubMed]

	



Rai, H.S.; Bhattacharyya, M.S.; Singh, J.; Bansal, T.K.; Vats, P.; Banerjee, U.C. Removal of dyes from the effluent of textile and dyestuff manufacturing industry: A review of emerging techniques with reference to biological treatment. Crit. Rev. Environ. Sci. Technol. 2005, 35, 219–238. [Google Scholar] [CrossRef]

	



Oller, I.; Malato, S.; Sánchezpérez, J.A. Combination of advanced oxidation processes and biological treatments for wastewater decontamination—A review. Energy Environ. Prot. 2012, 409, 4141–4166. [Google Scholar] [CrossRef]

	



Zhao, Y.; Hu, J.; Jin, W. Transformation of oxidation products and reduction of estrogenic activity of 17β-estradiol by a heterogeneous photo-fenton reaction. Environ. Sci. Technol. 2008, 42, 5277–5284. [Google Scholar] [CrossRef]

	



Lan, H.; Wang, A.; Liu, R.; Liu, H.; Qu, J. Heterogeneous photo-Fenton degradation of acid red B over Fe2O3 supported on activated carbon fiber. J. Hazard. Mater. 2015, 285, 167–172. [Google Scholar] [PubMed]

	



Feng, J.; Hu, X.; Yue, P.L. Effect of initial solution pH on the degradation of orange II using clay-based Fe nanocomposites as heterogeneous photo-fenton catalyst. Water Res. 2006, 40, 641–646. [Google Scholar] [CrossRef]

	



Kasiri, M.B.; Aleboyeh, H.; Aleboyeh, A. Degradation of acid blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-fenton catalyst. Appl. Catal. B Environ. 2008, 84, 9–15. [Google Scholar] [CrossRef]

	



Wang, J.L.; Xu, L.J. Advanced oxidation processes for wastewater treatment: Formation of hydroxyl Radical and application. Crit. Rev. Environ. Sci. Technol. 2012, 42, 251–325. [Google Scholar] [CrossRef]

	



Xamena, F.L.I.; Casanova, O.; Tailleur, R.G.; Garcia, H.; Corma, A. Metal organic frameworks (MOFs) as catalysts: A combination of Cu2+ and Co2+ MOFs as an efficient catalyst for tetralin oxidation. J. Catal. 2008, 255, 220–227. [Google Scholar]

	



Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O’Keeffe, M.; Yaghi, O.M. Systematic design of pore size and functionality in isoreticular MOFs and their application in methane storage. Science 2002, 295, 469–472. [Google Scholar] [CrossRef] [PubMed]

	



Henninger, S.K.; Habib, H.A.; Janiak, C. MOFs as adsorbents for low temperature heating and cooling applications. J. Am. Chem. Soc. 2009, 131, 2776–2777. [Google Scholar] [CrossRef]

	



Car, A.; Stropnik, C.; Peinemann, K.V. Hybrid membrane materials with different metal–organic frameworks (MOFs) for gas separation. Desalination 2006, 200, 424–426. [Google Scholar] [CrossRef]

	



Sudarsanam, P.; Zhong, R.; Van den Bosch, S.; Coman, S.M.; Parvulescu, V.I.; Sels, B.F. Functionalised heterogeneous catalysts for sustainable biomass valorisation. Chem. Soc. Rev. 2018, 47, 8349–8402. [Google Scholar] [CrossRef] [PubMed]

	



Lv, H.; Zhao, H.; Cao, T.; Lin, Q.; Wang, Y.; Zhao, G. Efficient degradation of high concentration azo-dye wastewater by heterogeneous Fenton process with iron-based metal-organic framework. J. Mol. Catal. A Chem. 2015, 400, 81–89. [Google Scholar] [CrossRef]

	



Gao, C.; Chen, S.; Quan, X.; Yu, H.; Zhang, Y. Enhanced fenton-like catalysis by iron-based metal organic frameworks for degradation of organic pollutants. J. Catal. 2017, 356, 125–132. [Google Scholar] [CrossRef]

	



Bazaga-Garcia, M.; Cabeza, A.; Olivera-Pastor, P.; Santacruz, I.; Colodrero, R.M.; Aranda, M.A. Photodegradation of phenol over a hybrid organo-inorganic material: Iron(II) hydroxyphosphonoacetate. J. Phys. Chem. C 2012, 116, 14526–14533. [Google Scholar] [CrossRef]

	



Zhu, H.; Chen, D.; Li, N.; Xu, Q.; Li, H.; He, J.; Lu, J. Cyclodextrin-functionalized Ag/AgCl foam with enhanced photocatalytic performance for water purification. J. Colloid Interface Sci. 2018, 531, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Naik, G.V.; Shalaev, V.M.; Boltasseva, A. Alternative plasmonic materials: Beyond gold and silver. Adv. Mater. 2013, 25, 3264–3294. [Google Scholar] [CrossRef] [PubMed]

	



Shi, H.; Chen, J.; Li, G.; Nie, X.; Zhao, H.; Wong, P.K.; An, T. Synthesis and characterization of novel plasmonic Ag/AgX-CNTs (X = Cl, Br, I) nanocomposite photocatalysts and synergetic degradation of organic pollutant under visible light. ACS Appl. Mater. Interfaces 2013, 5, 6959–6967. [Google Scholar] [CrossRef]

	



Li, W.; Hua, F.; Yue, J.; Li, J. Ag@AgCl plasmon-induced sensitized ZnO particle for high-efficiency photocatalytic property under visible light. Appl. Surf. Sci. 2013, 285, 490–497. [Google Scholar] [CrossRef]

	



Taylor-pashow, K.M.; Rocca, J.D.; Xie, Z.; Tran, S.; Lin, W. Post-Synthetic modifications of iron-carboxylate nanoscale metal-organic frameworks for imaging and drug delivery. J. Am. Chem. Soc. 2009, 131, 14261–14263. [Google Scholar] [CrossRef] [PubMed]

	



Hu, H.; Zhang, H.; Chen, Y.; Chen, Y.; Zhuang, L.; Ou, H. Enhanced photocatalysis degradation of organophosphorus flame retardant using MIL-101(Fe)/persulfate: Effect of irradiation wavelength and real water matrixes. Chem. Eng. J. 2019, 368, 273–284. [Google Scholar] [CrossRef]

	



Liu, N.; Huang, W.; Zhang, X.; Tang, L.; Wang, L.; Wang, Y.; Wu, M. Ultrathin graphene oxide encapsulated in uniform MIL-88A (Fe) for enhanced visible light-driven photodegradation of RhB. Appl. Catal. B Environ. 2018, 221, 119–128. [Google Scholar] [CrossRef]

	



Guo, J.F.; Ma, B.; Yin, A.; Fan, K.; Dai, W.L. Highly stable and efficient Ag/AgCl@TiO2 photocatalyst: Preparation, characterization, and application in the treatment of aqueous hazardous pollutants. J. Hazard. Mater. 2012, 211, 77–82. [Google Scholar] [CrossRef]

	



Kalil, S.J.; Maugeri, F.; Rodrigues, M.I. Response surface analysis and simulation as a tool for bioprocess design and optimization. Process. Biochem. 2000, 35, 539–550. [Google Scholar] [CrossRef]

	



Tang, X.; Yun, L. Heterogeneous photo-fenton degradation of methylene blue under visible irradiation by iron tetrasulphophthalocyanine immobilized layered double hydroxide at circumneutral pH. Dyes Pigments 2016, 134, 397–408. [Google Scholar] [CrossRef]

	



Duan, M.J.; Guan, Z.Y.; Ma, Y.W.; Wan, J.Q.; Wang, Y.; Qu, Y.F. A novel catalyst of MIL-101(Fe) doped with Co and Cu as persulfate activator: Synthesis, characterization, and catalytic performance. Chem. Pap. 2018, 72, 235–250. [Google Scholar] [CrossRef]

	



Wang, P.; Huang, B.; Lou, Z.; Zhang, X.; Qin, X.; Dai, Y.; Zheng, Z.; Wang, X. Synthesis of highly efficient Ag@AgCl plasmonic photocatalysts with various structures. Chem. A Eur. J. 2010, 16, 538–544. [Google Scholar] [CrossRef]

	



Yu, J.; Dai, G.; Huang, B. Fabrication and characterization of visible-light-driven plasmonic photocatalyst Ag/AgCl/TiO2 nanotube arrays. J. Phys. Chem. C 2009, 113, 16394–16401. [Google Scholar] [CrossRef]

	



Denny, J.M.S.; Cohen, S.M. In situ modification of metal-organic frameworks in mixed-matrix membranes. Angew. Chem. Int. Ed. 2015, 54, 9029–9032. [Google Scholar] [CrossRef]

	



Sangwichien, C.; Aranovich, G.L.; Donohue, M.D. Density functional theory predictions of adsorption isotherms with hysteresis loops. Colloids Surf. A Physicochem. Eng. Asp. 2012, 206, 313–320. [Google Scholar] [CrossRef]

	



Ping, W.; Ming, T.; Wang, G.; Wang, X.; Yu, H.; Yu, J. Cocatalyst modification and nanonization of Ag/AgCl photocatalyst with enhanced photocatalytic performance. J. Mol. Catal. A Chem. 2014, 381, 114–119. [Google Scholar]

	



Deng, Y.; Zhang, R.; Li, D.; Sun, P.; Su, P.; Yang, Y. Preparation of iron-based MIL-101 functionalized polydopamine@Fe3O4 magnetic composites for extracting sulfonylurea herbicides from environmental water and vegetable samples. J. Sep. Sci. 2018, 41, 2046–2055. [Google Scholar] [CrossRef] [PubMed]

	



Qian, T.X.; Dan, Z.Y.; Wei, J.Z.; Mei, W.D.; Zhi, H.C.; Fang, L.Y. Fe3O4 and metal-organic framework MIL-101(Fe) composites catalyze luminol chemiluminescence for sensitively sensing hydrogen peroxide and glucose. Talanta 2018, 179, 43–50. [Google Scholar] [CrossRef]

	



Xu, H.; Li, H.; Xia, J.; Yin, S.; Luo, Z.; Liu, L.; Xu, L. One-pot synthesis of visible-light-driven plasmonic photocatalyst Ag/AgCl in ionic liquid. ACS Appl. Mater. Interfaces 2011, 3, 22–29. [Google Scholar] [CrossRef]

	



Liu, Q.; Zeng, C.; Ai, L.; Hao, Z.; Jiang, J. Boosting visible light photoreactivity of photoactive metal-organic framework: Designed plasmonic Z-scheme Ag/AgCl@MIL-53-Fe. Appl. Catal. B Environ. 2018, 224, 38–45. [Google Scholar] [CrossRef]

	



Warang, T.; Patel, N.; Santini, A.; Bazzanella, N.; Kale, A.; Miotello, A. Pulsed laser deposition of Co3O4 nanoparticles assembled coating: Role of substrate temperature to tailor disordered to crystalline phase and related photocatalytic activity in degradation of methylene blue. Appl. Catal. A Gen. 2012, 423, 21–27. [Google Scholar] [CrossRef]

	



Galindo, C.; Jacques, P.; Kalt, A. Photodegradation of the aminoazobenzene acid orange 52 by three advanced oxidation processes: UV/H2O2, UV/TiO2 and VIS/TiO2: Comparative mechanistic and kinetic investigations. J. Photochem. Photobiol. A Chem. 2000, 130, 35–47. [Google Scholar] [CrossRef]

	



Pujari, V.; Chandra, T.S. Statistical optimization of medium components for enhanced riboflavin production by a UV-mutant of Eremothecium ashbyii. Process. Biochem. 2000, 36, 31–37. [Google Scholar] [CrossRef]

	



Maran, J.P.; Manikandan, S.; Thirugnanasambandham, K.; Nivetha, C.V.; Dinesh, R. Box–Behnken design based statistical modeling for ultrasound-assisted extraction of corn silk polysaccharide. Carbohydr. Polym. 2013, 92, 604–611. [Google Scholar] [CrossRef]

	



Tripathi, P.; Srivastava, V.C.; Kumar, A. Optimization of an azo dye batch adsorption parameters using Box-Behnken design. Desalination 2009, 249, 1273–1279. [Google Scholar] [CrossRef]

	



Bali, U.; Catalkaya, E.; Sengül, F. Photodegradation of reactive black 5, direct red 28 and direct yellow 12 using UV, UV/H2O2 and UV/H2O2/Fe2+: A comparative study. J. Hazard. Mater. 2004, 114, 159–166. [Google Scholar] [CrossRef] [PubMed]

	



Lucas, M.S.; Peres, J.A. Decolorization of the azo dye reactive black 5 by fenton and photo-fenton oxidation. Dyes Pigments 2006, 71, 236–244. [Google Scholar] [CrossRef]

	



Cai, C.; Zhang, Z.; Jin, L.; Ni, S.; Hui, Z.; Dionysiou, D.D. Visible light-assisted heterogeneous fenton with ZnFe2O4 for the degradation of orange II in water. Appl. Catal. B Environ. 2016, 182, 456–468. [Google Scholar] [CrossRef]

	



Feng, J.; Hu, X.; Yue, P.L. Novel bentonite clay-based Fe−nanocomposite as a heterogeneous catalyst for photo-fenton discoloration and mineralization of orange II. Environ. Sci. Technol. 2004, 38, 269–275. [Google Scholar] [CrossRef]

	



Gao, S.; Feng, T.; Feng, C.; Shang, N.; Wang, C. Novel visible-light-responsive Ag/AgCl@MIL-101 hybrid materials with synergistic photocatalytic activity. J. Colloid Interface Sci. 2016, 466, 284–290. [Google Scholar] [CrossRef]








[image: Materials 12 01453 g001 550]





Figure 1. X-ray diffraction patterns of the Ag/AgCl, MIL-101(Fe) and Ag/AgCl/MIL-101(Fe). 
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Figure 2. Nitrogen adsorption-desorption isotherms of MIL-101(Fe) and Ag/AgCl/MIL-101(Fe). 
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Figure 3. FTIR spectra of pure Ag/AgCl, MIL-101(Fe) and Ag/AgCl/MIL-101(Fe). 
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Figure 4. SEM images of MIL-101(Fe) (a) and Ag/AgCl/MIL-101(Fe) (b). 
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Figure 5. SEM image of Ag/AgCl/MIL-101(Fe) (a), SEM-EDX elemental mappings of Ag (b), Fe (c) and Cl (d). 
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Figure 6. X-ray photoelectron survey spectrum (a), Fe 2p spectrum (b) and Ag 3d (c) spectrum of the Ag/AgCl/MIL-101(Fe). 
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Figure 7. UV-vis diffuse reflectance spectra of the MIL-101(Fe) and Ag/AgCl/MIL-101(Fe). 
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Figure 8. (a) Decoloration of MB under different conditions and (b) TOC removal of MB under different conditions. a.vis; b.Ag/AgCl/MIL-101(Fe); c.Ag/AgCl/MIL-101(Fe) + H2O2; d.vis + Ag/AgCl/MIL-101(Fe); e.vis + H2O2; f.vis + MIL-101(Fe) + H2O2; g.vis + Ag/AgCl/MIL-101(Fe) + H2O2; (pH = 7; [MB] = 10 mg/L; [H2O2] =10 mM; catalyst dosage = 1.0 g/L; radiation intensity = 500 W). 
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Figure 9. The contour plots and 3D surface responses for the effects of initial H2O2 concentration and MB concentration on MB decolorization efficiency (a) and TOC removal efficiency (b). 
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Figure 10. The contour plots and 3D surface responses for the effects of catalyst dosage and radiation intensity on MB decolorization efficiency (a) and TOC removal efficiency (b). 
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Figure 11. The contour plots and 3D surface responses for the effects of initial H2O2 concentration and radiation intensity on MB decolorization efficiency (a) and TOC removal efficiency (b). 
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Figure 12. The cycling runs of MB degradation in the photo-Fenton system catalyzed with Ag/AgCl/MIL-101(Fe). 
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Figure 13. The concentrations of Ag and total Fe ions in solution as a function of time in the photo-Fenton process. 
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Figure 14. The influence of ammonium oxalate (a), chloroform (b) isopropyl alcohol (c) and sodium azide (d) on the MB decolorization efficiency. (pH = 7; [MB] = 10 mg/L; [H2O2] = 10 mM; catalyst dosage = 1.0 g/L; radiation intensity = 500 W). 
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Figure 15. The ESR spectra of DMPO-HO· adducts (a) and DMPO-O2·− adducts (b) in the photo-Fenton system with MIL-101(Fe) and Ag/AgCl/MIL-101(Fe). 
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Figure 16. Transient photocurrent responses of Ag/AgCl/MIL-101(Fe) and MIL-101(Fe). 
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Figure 17. The proposed mechanism for the photo-Fenton degradation of MB using Ag/AgCl/MIL-101(Fe) as catalyst. 
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Table 1. Experimental range and levels of the independent variables.
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	Influence Factors
	Code
	Levels Low (−)
	Levels Middle (0)
	Levels High (+)





	Dye concentration(mg/L)
	A
	10
	20
	30



	Hydrogen peroxide(mM)
	B
	0.5
	6.5
	12.5



	Catalyst dosage(g/L)
	C
	0.2
	0.7
	1.2



	Radiation intensity (W)
	D
	300
	400
	500
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Table 2. ANOVA results of the quadratic models for MB degradation.
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Source

	

	
Decolorization

	
TOC Removal




	
D

	
Sum of

	
Mean

	
F Value

	
Prob > F

	
Sum of

	
Mean

	
F Value

	
Prob > F




	
F

	
Square

	
Square

	
Square

	
Square






	
Model

	
14

	
12376.46

	
12376.46

	
54.76

	
<0.0001

	
4873.04

	
4873.04

	
13.23

	
<0.0001




	
A

	
1

	
3178.48

	
3178.48

	
133.59

	
<0.0001

	
1658.0

	
1658.0

	
63.06

	
<0.0001




	
B

	
1

	
665.88

	
665.88

	
128.72

	
0.0017

	
274.85

	
274.85

	
10.45

	
0.006




	
C

	
1

	
2761.85

	
2761.85

	
164.48

	
<0.0001

	
601.83

	
601.83

	
22.88

	
0.0003




	
D

	
1

	
3274.59

	
3274.59

	
211.95

	
<0.0001

	
1418.32

	
1418.32

	
53.92

	
<0.0001




	
AB

	
1

	
63.04

	
63.04

	
12.21

	
0.2547

	
144.36

	
144.36

	
5.49

	
0.0344




	
AC

	
1

	
9.33

	
9.33

	
0.074

	
0.6542

	
18.53

	
18.53

	
0.70

	
0.4154




	
AD

	
1

	
190.16

	
190.16

	
54.13

	
0.0528

	
104.96

	
104.96

	
3.99

	
0.0656




	
BC

	
1

	
22.71

	
22.71

	
36.71

	
0.1017

	
4.96

	
4.96

	
0.19

	
0.6224




	
BD

	
1

	
137.1

	
137.1

	
36.94

	
0.0001

	
69.81

	
69.81

	
2.65

	
0.1256




	
CD

	
1

	
0.71

	
0.71

	
0.0052

	
0.0054

	
77.44

	
77.44

	
2.94

	
0.1082




	
A2

	
1

	
996.37

	
996.37

	
22.29

	
0.0003

	
274.14

	
274.14

	
10.42

	
0.0061




	
B2

	
1

	
225.13

	
225.13

	
5.04

	
0.0415

	
13.80

	
13.80

	
0.52

	
0.4808




	
C2

	
1

	
1162.34

	
1162.34

	
26.01

	
0.0002

	
290.51

	
290.51

	
11.04

	
0.0050




	
D2

	
1

	
661.86

	
661.86

	
14.81

	
0.0018

	
91.69

	
91.69

	
3.49

	
0.0830




	
Residual

	
14

	
625.67

	
44.69

	

	

	
368.28

	
26.31

	

	




	
Pure Error

	
4

	
0

	
8.330 × 10−3

	

	

	
0

	
1.770 × 10−3

	

	




	
R2 = 0.9821; R2adj = 0.9641

	
R2 = 0.9737; R2adj = 0.9423




	
R2pred = 0.9021; adeq precision = 16.920

	
R2pred = 0.8577; adeq precision = 13.62












© 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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