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Abstract

:

The preparation of a series of different Ti/Zr MEL structure was performed successfully. Full characterization of the prepared materials was done using XRD, IR, DR, and SEM. The results show that the prepared materials contain only one crystalline phase (ZSM-11). The affinity of Zr to form the crystalline phase alone in a binary Zr/Ti synthesizing mixture was approved by SEM and elemental analysis results. The percentage of each active site was calculated. DR spectra were deconvoluted, and three active sites were supposed and quantified (tetragonal, octahedral, and crystalline). The mutual effect of ions (lead, copper, cobalt, and nickel) and methylene blue dye on the removal efficiency with and without ultraviolet irradiation was examined and fully characterized. The ions largely influence the photodegradation process, and a mechanism was formulated. Meanwhile, the presence of dye showed a negligible effect on the removal of ions.
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1. Introduction


Zeolite Socony Mobile 11 or ZSM-11 with a bi-dimensional ten-ring pore system structure is still attracting more and more attention, hence its first patent by Mobil Oil Company in the 1970s [1]. Due to its unique structure, it is considered as a good high shape-selective catalyst in petrochemical industries [2,3]. In addition to that, ZSM-11 exhibits outstanding properties such as large surface area, hydrothermal constancy, sharp unipore distribution profile, and the capability of restricting the active species on and inside its pores [4,5,6]. Moreover, ZSM-11 enters also the field of fine chemical synthesis such as the conversion of methanol into olefins [7,8,9,10].



The incorporation of foreign cation into the framework of a zeolite structure usually attains new useful characteristics to the modified materials. Thus, for example, the incorporation of vanadium into an analcime structure resulted in increasing the removal capacity for heavy metal through its inclusion as an octahedral species rather than the usual isomorphs substitution of Si in tetrahedral positions [11].



Moreover, the recent incorporation of photoactive centers into the zeolite framework such as Ti4+ ions added excellent photocatalytic properties in addition to its original properties [12,13]. Although the incorporation of Ti4+ or Sn4+ and V4+ into the MEL structure could be found in the literature [14,15,16,17], only a few papers dealt with the incorporation of Zr4+ into the framework of the MEL structure [18].



The removal of pollutants, especially organic dyes and heavy metals, is still considered to be challenging work. Hence, the purpose of treatment is not only the removal process, but it is extended to include many environmental restrictions either for the methods and/or effectiveness. Among many methods of removal, the photodegradation of organic pollutants is environmentally safe; it uses only light and non-poisonous photocatalyst. It attracts also special interest when it uses the direct sunlight in removal [19]. In addition, due to the variety of industrial applications and consequent multiple kinds of pollutants as waste, urgent demands to find a mutual treatment of different kinds of pollutants in the same process are arising. Our previous work [20] used a simultaneous treatment of organic and inorganic pollutants using mixed adsorbents of zeolite and active carbon to remove organic dye in contact with heavy metals. Although the adsorption process was effective, the post-treatment of the adsorbents bearing very poisonous organic dye may cause other environmental issues.



In this work, for the first time, the preparation of only a Ti-Zr MEL structure with the full characterization and elucidation of a crystal structure was performed. After which, the study of its use in the simultaneous removal of organic dyes and heavy metals in one process in the presence and absence of light irradiation was performed. To our knowledge, this is the first time to study such a system for this purpose.




2. Results and Discussion


2.1. XRD


Figure 1 shows the XRD diffraction patterns of ZSM-11 prepared samples. From this figure, it could be concluded that the ZSM-11phase is the only crystalline phase found. Table 1 shows the crystal lattice analysis related to the reference PDF card. A Scherer equation was used to calculate the crystallite size of each pattern [11].



From Table 1, it could be concluded that the deviation in lattice parameters from the reference pattern was observed in all samples. Thus, ZSM-11 reference is originally tetragonal. Pure Zr and pure Ti ZSM-11 samples showed only deviation in lattice constants (a, b, c) where they exhibit orthorhombic crystals. However, mixed Zr:Ti samples, showed higher deviation order as the percentage of Zr increases. The sample of 66% Zr (2Zr: 1Ti) showed maximum deviation with triclinic symmetry. This deviation gives us more or less some evidence about the introduction of both Ti and Zr in the lattice.




2.2. SEM and EDX Analysis


Figure 2 shows the SEM images of all investigated samples. From this figure, it could be observed that orthorhombic shapes were observed in all samples superimposed on an amorphous undefined shaped matrix. In addition to that, spherical-shaped particles were observed in some samples and very well observed in the 1Ti:1Zr sample.



Table 2 shows an EDX analysis of orthorhombic shapes, which indicates that orthorhombic shapes contain no Ti except for 100% Ti and 2Zr:1Ti samples where Ti is incorporated. In addition, the analysis of spherical particles in some different samples (given in Table 3) contains both Ti and Zr with constant ratio of Si/(Zr + Ti) ratio (≈12) where Si/(Zr + Ti) ratios in orthorhombic shapes differs according to the variation of samples.



The formation of Ti-ZSM-11 and Zr-ZSM-11 was obtained in a pure crystalline form. An orthorhombic crystal was observed as evidenced by XRD lattice analysis. In addition, these orthorhombic crystals are well observed in the SEM image. Although both are well crystalline, the Zr ZSM-11 is much more crystalline than the corresponding Ti analog.



However, trying to mix Zr and Ti within the same molar ratio resulted in a dramatic behavior. Thus, although XRD patterns give only a ZSM-11 phase, the SEM image shows two forms of shapes; one is orthorhombic crystal and the other is a small spherical shapes. The EDX spot analysis of each form revealed that the orthorhombic shapes contain only Zr in its structure beside other components (Na, Si, O), while the spherical shape contains both Zr and Ti. In addition, the XRD patterns shows only the ZSM-11 phase. This could be explained by the affinity of Zr to form ZSM-11 phase being much higher than that of Ti when they exist together in the same synthesizing mixtures. Thus, the 1Zr:1Ti molar ratio starting mixture revealed less crystalline phase of ZSM-11 (28.6% partial crystallinity related to the 100% Zr sample). Changing the ratio of Zr:Ti resulted in a variety of observations. Thus, by increasing the Ti in the synthesizing mixture to be 2Ti:1Zr; the overall XRD patterns show an increase in the degree of crystallinity of only the ZSM-11 phase. However, the SEM image supported by EDX analysis shows that the orthorhombic crystals contain only Zr, while the spherical shapes contain again Zr and Ti. This leads us to conclude that the presence of Ti enhances the crystallization rate with Zr. Combining these results with those obtained from XRD patterns that show only ZSM-11 and no other phases enables us to conclude that the spherical shapes have no XRD evidence or at least it is beyond its detection limits. Here, we assume that the degree of crystallinity should proportional to the amount of Zr. Although this assumption could be correct, the degree of crystallinity of the 2Ti:1Zr sample should be less than that of the 1Zr:1Ti sample; hence, the relative amount of Zr in the former sample is 33.33%, while in the last sample, it is 50%. Comparing the partial crystallinity values (Table 2) with previous values, a reverse manner was observed. Thus, the 50% Zr sample shows only a 28.6% degree of partial crystallinity, while the 33.33% Zr sample shows 53.8% crystallinity. This problem could be resolved only if we assume that not all Zr is contributed in the orthorhombic phase of pure Zr sample. In other words, not all the Zr matrix is crystallized. We assume by this assumption that the presence of Ti in the synthesizing mixture enhances more Zr that was not crystallized before it is crystallized. First, we assume that the degree of crystallinity is proportional to the percentage of Zr. The sample 1Ti:1Zr will be 50%, which means that the degree of relative crystallinity should be 50%. Subtracting this value from the actual relative degree of crystallinity (related to 100% Zr) results in obtaining the amount of Zr responsible for amorphous phases (50–28.6 = 21.4%). Again, if we assume that the amount of Zr attracted to amorphous phases is proportional to the percentage of Ti that exists in the synthesizing mixture, then we assume that 50%Ti will attract 21.4% Zr. Assuming linearity, then by simple calculation, we can calculate the percentage of Zr attracted to amorphous phases in other samples containing 66.6% Ti (2Ti:1Zr sample) to be 28.5% Zr. Subtracting this value from the percentage of Zr that exists in the sample (33.33%) resulted in the amount of Zr that theoretically remained for the formation of the crystallized ZSM-11 phase. This gives us the value of 4.8%. Now, if we correlate this value to the partial degree of crystallinity (53.8%), then we can conclude that for the 100% Zr sample, the actual degree of crystallinity should be 1120.8 if we assume all Zr contributed. The new degree of crystallinity is divided by this value nominated “normalized crystallinity” (Table 4).



Increasing the amount of Zr in the synthesizing mixture to be 66.66% enhances the incorporation of Ti as well as Zr in the orthorhombic crystals as could be evidenced by EDX analysis. However, in this time, crystal lattice analysis revealed that this crystal system transformed from orthorhombic to triclinic, evidencing the strain in the crystal resulted from the presence of both Ti and Zr in the same crystal system.




2.3. Diffuse Reflectance Spectra


The band gap energy could be calculated using the Kubelka–Munk method [21] (Figure 3). The band gap values were found to be decreased as the percentage of Zr increased. In all cases, the band gap value (3.48–365 eV) is higher than that of anatase form TiO2 (3.2 eV) [22]. This may reflect the crystalline environment of the zeolite structure around M4+, which put it in a more restricted environment.



In addition, the deep analysis of the diffuse spectra reveals three peaks: one around 220 nm, the second in the center around 250 nm, and the third is around 270 nm. In order to quantify these peaks, deconvolution analysis using origin 8.5 were performed. The results are shown in Table 5 and Figure 4. These results show that all samples exhibit three peaks with different intensities except for that of 100% Zr, where the peak around 270 nm is missing. Searching the literature for interpretation of these peaks, it was found that the peak around 220 nm is attributed to tetrahedral M4+ ions [23] and the peak around 270 is attributed to octahedral M4+ [23,24,25], while the peak around 250 nm is due to the presence of M4+ in an ultra-thin environment and resulting from the quantum size effect of nano crystal [23,24]. The tetrahedral and octahedral peaks could be quantified and rationalized [23], while the middle peak around 250 nm could not quantified because of the quantum size effect, which may replicate the transition of electrons between the quantum levels.



In order to deduce the active centers, it was assumed that the crystalline part is completely tetragonal: either it contains Ti or Zr. Moreover, the amorphous part should contain both tetragonal and octahedron Ti or Zr. Returning to the above calculations (Table 4) of amorphous and crystalline parts, we can rationalize the tetragonal and octahedral sites in the amorphous part after subtracting the percentage of crystalline from tetragonal sites to obtain the data in Table 6.




2.4. Infrared Spectra of the Samples


The IR spectra of all samples are given in Figure 5. From this figure, it could be observed that the following peaks are found: 544, 794, 973, 1070, and 1230 cm−1.



The peak at 450 cm−1 is attributed to the internal tetrahedral bending vibration of O-M-O (M = Ti or Zr Or Si) and peaks around 794 are attributed to the symmetrical stretching of external tetrahedral linkage [25]. In addition, the band at 1078 refers to internal bridging, while the one at 1230 refers to external bridging [26]. Furthermore, the more intense peak at 1230 could be an indication of changing the density of the framework [27]. From Figure 5, it observed that this peak becomes much more intense as the percentage of Zr increases, which is much more clear and sharp in 100% Zr.




2.5. Simultaneous Photodegradation Removal of Ions and MB Dye


In order to examine the prepared materials in the simultaneous removal of organic and inorganic pollutants, a series of experiments were performed using different concentration of ions (Pb2+, Cu2+, Ni2+, Co2+) and methylene blue dye as an example of organic pollutant over the prepared materials. Methylene blue dye is an example of cationic dye, which may be a good competitor for the inorganic cations in solutions.



2.5.1. Effect of Ions on Photodegradation of Dye


In order to study the effect of ions on the photodegradation of dye at different concentration of ions, namely 400, 200, and 100 ppm, equal concentrations of each ion were combined with 10 ppm dye and mixed with each sample. The removal process was performed in the presence and absence of UV irradiation (Figure 6, Figure 7, Figure 8 and Figure 9). From these figures, it was observed that in the absence of ions, amounts of dye adsorbed are very high (>40%), and the effect of photo irradiation on the removal of dye is very limited (less than 40%). In addition, the 1Ti:1Zr sample shows higher photocatalytic activity than the other samples. A dramatic change was observed after introducing the ions into the solution. Thus, even at 100 ppm ions, the adsorption curves of the dye were very low (not exceeding 10%), while the effect of photo irradiation is enlarged (>60%). This behavior may be explained by the fact that the MB dye is cationic and the presence of other cations in solution will enhance the competition among them on the surface of adsorbent sites and repel out the dye from its surface.



In order to deeply analyze the effect of ions, we suppose an equation of


N1 × X + M1 × Y + L1 × Z = R1



(1)




where X is the power of octahedral sites, Y is the power of tetrahedral amorphous sites, and Z is the power of crystallite sites. N1, M1, and L1 are the percentage of each site (Table 6). By definition, the power of an active site is the percentage contribution of each active site in the photodegradation process. In order to solve this equation, mixed samples of 2Ti:1Zr, 1Ti:1Zr, and 2Zr:1Ti were chosen to solve these equations with time (details of calculations could be found in Supplementary Files). In the above solutions, we use only the effect of photoinduction by subtracting the irradiated curves with non-irradiated ones and then applying them in the equation. Figure 10 represents the results of solving the above equation with time. We use the data from the above equation and predict 100% Ti and 100% Zr samples (Table 7).



From the above curves and tables, it could be concluded that the power of tetragonal amorphous and octahedral active sites in the zero ions sample are nearly the same (about 40%), while the crystalline part power decreases with time. This may be explained by carbon deposit perhaps blocking the pores of the ZSM-11 crystalline phase much more than that of the amorphous sites. Introducing ions in solution changes the situation dramatically. Thus, in 100 ppm ions samples, the power of the crystalline part is much higher than the amorphous ones (>80%) and remains constant along with time. The same situation was observed in 400ppm ions. This could be translated into two observations; first, the presence of ions enhances the power of the crystalline active site, and the second is that the presence of adsorbed ions protects the crystalline part from deactivation.



In case of 200 ppm ions samples, the situation may differ a little bit where the deactivation of the crystalline part is observed along time and then regenerated again. This may reflect the high complexity and dynamicity of the adsorption desorption–photodegradation process that occurs simultaneously.



In addition, an evaluation of Equation (1) in the prediction of 100% Ti and 100% Zr samples is shown in Table 7. From this table, it could be observed that, in 0 ions samples, a larger percentage of errors was observed. This could be predicted, taking into consideration that for these samples, the effect of adsorption is much higher than that of photodegradation.



Introducing the ions into the solutions enhances the photodegradation efficiency in two ways; it enhances the power of active sites and decreases the adsorption contributions by repelling the dye from the surface with the aid of ions. This is reflected by decreasing the percentage error that does not exceed 5% on average.



The above results explain that the presence of ions, without any doubt, plays an important role in the photodegradation process. To shed some light on this effect, a deeper analysis is performed.



The ions in solution either remained or are adsorbed on the surface. In order to study the effect of the remaining ions, we should normalize the photoinduction effect to adsorbed ones and vice versa. This could be done mathematically by dividing the photo-induced removal percentage by either the adsorbed or remaining ions in order to study their effects. Afterwards, we resolve again Equation (1) to see the power map of the active site.



Figure 11 represents the effect of the remaining and adsorbed ions, respectively. From that figure, it could be concluded that the remaining ions nearly have no effects on the power activity of each site except for the 200 ppm ions samples where crystalline active sites are slightly increased by time with larger values than amorphous sites (tetragonal or octahedral). The other curves for 100 or 400 ppm ions are very similar to that corresponding to the curve with zero ions (Figure 12). In contrast, the adsorbed ions show high influence on crystalline part of active sites. Again, in the 200 ppm ion samples, the crystalline part power begins high; then, it is deactivated and then regenerated again with time. The adsorption effect curves are very similar to original power active centers map (Figure 12). This gives us the impression that the adsorbed ions are those that may play a major role especially on the crystalline part of the active site.



The secret of influencing the ions on active sites may be more or less mysterious; however, it could be more explained if each ion is studied individually. Again, the percentage removal was divided over all the percentage of ions except those under investigation in order to bring its effect; see Figure 13, Figure 14, Figure 15 and Figure 16. From the above figures, it could be concluded that all of the ions exhibit a high effect on the crystalline active site when it is absorbed. Again, adsorbed ions on the 200 ppm ions-impeded sample show different profiles of activation and deactivation of active sites over time. This behavior resembles more or less the total ion adsorbed effect (Figure 11). While this is expected for adsorbed ions, for the remaining ions, the situation differs; thus, as the initial concentration of ions reduced, the effect of the remaining ions increased, especially on the crystalline part, while it inhibits the other amorphous phases (tetragonal and octahedral sites). While this behavior was seen in all ions, some strange curves may appear for Cu and Pb where 100% removal was reached. At this extreme limit, mathematical treatment especially after 60 min will be more or less inaccurate because of the division on zero limit. These effects of ions open an argument about the mechanism of its role, which will be discussed in a separate section.




2.5.2. Effect of Dye on the Removal of Ions


In order to study the effect of dye on the removal of ions, a series of experiments was performed with different concentrations of dye (2.5, 5, 10 ppm, and constant amount of ions (400 ppm)). As a general argument, the dye may affect either the amount of ions and/or the selectivity of ions. In addition, the study of the effect of irradiation is also studied, as will be seen in this section. The results show that the total ions removed is not affected greatly by neither the photoirradiation nor by the change of the concentration of dye. This may be logical if the main mechanism of removal of ions is adsorption, and consequently, the photoirradiation has no effect on this mechanism. Moreover, a selectivity study shows also a small difference that lies within the experimental error and the high dynamicity of the system details of these calculations can be seen in the supplementary files.





2.6. Mechanism of Photodegradation of Methylene Blue


In order to speculate the mechanism of degradation of MB in the presence and absence of ions, first, kinetic analysis was performed for pseudo first and second and third orders; all degradation were found to follow pseudo first order (Table 8). The detailed calculations of all samples were given in the supplementary files.



The effect of addition of transition metal ions (Co2+, Cu2+, Pb2+, and Ni2+), as seen before from the activity results, shows various effects enhancements, retardations, and also differentiation between active sites. The increase of photocatalytic power of some active sites by metal ions may be attributed to the creation of new trapping sites by the introduction of these ions either remaining in solution or adsorbed on the surface of the catalyst [28]. On irradiation, migrating electrons from the valence band of the active site are trapped by the M2+ ion because of having partially filled d-orbital, and thus, electron–hole recombination is suppressed [29,30,31,32]. The hole generated is being labile enough to transfer to the surface of an active site at which the degradation of methylene blue could happen. On the other hand, the retardation or inhibition of some ions may be due to the blocking of active sites by the adsorption of metal on it [33]. Moreover, it was observed that when the concentration of some ions becomes small, its effectiveness in enhancement of the photo active site is enlarged.



The mechanism of degradation in the presence of ions could be formulated as follows:


1M.B + hν🡪1M.B1 (singlet state)



(2)






1M.B1🡪3M.B1 (triplet state)



(3)






PAS🡪PAS*(h+vb + e−cb)



(4)






Mn+ + e−cb🡪M(n−1)+



(5)






M(n−1)+ + O2🡪Mn+ + O2−



(6)






PAS*(h+vb) + OH−🡪 PAS + ·OH



(7)






3M.B1 + ·OH/O2− 🡪 Degradtion of the dye.



(8)







PAS: photo active site; M.B; methylene blue dye



From the above mechanism, it can be seen that the M.B dye is first affected by irradiation transforming from a singlet state to a triplet one. At the same time, the photoactive sites generate holes at the valence band and electrons on the conduction band. These generated electrons reduce the metal in the vicinity, which reoxidized again, generating oxygen free radicals. In addition to that, the photo active sites generated holes, reacting with OH− to generate hydroxyl free radicals. Both oxygen and hydroxyl free radicals attack the triplet states of M.B and degrade it. This mechanism shows the role of metal on the degradation of dye besides the ordinary mechanism corresponding to photo active sites.





3. Experimental


3.1. Materials


All chemicals used for preparation of ZSM-11 were analytical grade reagents as follows: tetraethyl orthosilicate (TEOS) (SiC8H20O4) (98%) (Merck, Darmstadt, Germany), sodium hydroxide (NaOH) (Merck), titanium (IV) chloride (TiCl4) (Merck), zirkonium (IV) chloride (ZrCl4) (Merck), tetrabutylammonium hydroxide (TBAOH), copper nitrate (Cu(NO3)2·3H2O (Sigma-Aldrich, Darmstadt, Germany), nickel nitrate (Ni(NO3)2·6H2O (Sigma-Aldrich), lead nitrate (Pb(NO3)2(Sigma-Aldrich), cobalt nitrate (Co(NO3)2·6H2O (Sigma-Aldrich), and methylene blue dye (C16H18ClN3S·xH2O) (Sigma-Aldrich).




3.2. Preparation of ZSM-11


In a typical synthesis of Zr-ZSM-11, a solution of 11.93 g of TBAOH solution was added on 0.7 g of NaOH in 55 mL distilled water. Then, this solution (named as solution A) was added slowly to solution B. Solution B was prepared by mixing 0.73 g of ZrCl4 in 5 g of distilled water with 21.35 g of TEOS (0.933 g/mL). The whole mixture was stirred at 60–80 °C for 1 h. Then, the mixture was left for 24 h for aging and then autoclaved for 3 days at 175 °C. After that, the mixture is washed, filtered, and dried. Titanium is introduced as a molar ratio, replacing the zirconium, keeping the total number of moles of both constant. Table 9 shows the elemental ratios of different samples prepared




3.3. Photocatalytic Experiments


First, 100 mL of methylene blue of 10 ppm solution was mixed with 0.1 g of composite using a horizontal cylinder annular batch reactor. A mercury lamp (300 W) was used for irradiation of the photocatalyst. The photocatalytic reaction was carried out at room temperature. Different amounts of solutions are collected by time for analysis. Figure 17 shows the image of used instrument.




3.4. DRUV-VIS Spectral Data


DRUV-VIS spectral data were collected using a Thermo-Scientific evolution spectrophotometer (Waltham, MA, USA) equipped with an integrating sphere in the wavelength range of 200–800 nm to measure the reflectance spectra of samples. The data were collected as an absorbance either as a reflectance.




3.5. Inductively Coupled Plasma (ICP)


ICP analysis of metals was analyzed using Perkin Elmer Optima (Waltham, MA, USA) 7000 DV. Calibration was performed using a stock solution of each metal with known concentration.




3.6. X-ray Powder Diffraction Analysis (XRD)


X-ray powder diffraction (XRD) patterns were collected using a Rigaku X-ray diffractometer system (Tokyo, Japan) equipped with a RINT 2000 wide angle Goniometer using Cu Kα radiation (λ = 0.15478 nm) and a power of 40 kV × 30 mA. The intensity data were collected at room temperature over a 2Ɵ ranging from 10 to 80°.




3.7. Scanning Electron Microscopy (SEM)


Samples were examined via a field emission scanning electron microscope (SEM), which was obtained using JEOL JSM-7600F (Tokyo, Japan). The power limit of magnification was 100 k. This system is combined with energy-dispersive X-ray spectroscopy for (EDX) composition and elemental analysis.




3.8. Fourier-Transform Infrared Spectroscopy (FTIR)


A Perkin-Elmer Spectrum100 FTIR spectrometer (Burladingen, Germany) was used to obtain FTIR spectra. The sample was introduced as it is in powder form. The range of measuring was adjusted between 500 and 4000 cm−1.





4. Conclusions


The prepared Zr-Ti ZSM-11 composites contain both crystalline phases and remaining amorphous matrix. The analysis shows that Ti and Zr both exhibit tetragonal and octahedral symmetry in the composites. The simultaneous photodegradation/removal of dye with some heavy metals enables us to quantify the power of three different photoactive sites. For the first time, we can draw and quantify the active sites map by calculations and solving three linear equations systems. The presence of ions was proved to play an important role in the photodegradation of MB dye. In contrast, the presence of dye was found to have less of an influence on the removal of ions.
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Figure 1. XRD patterns of all investigated samples. 
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Figure 2. SEM Image of investigated samples: (a) 2Ti:1Zr; (b) 1Ti:2Zr; (c) 1Ti:1Zr; (d) 100% Zr; (e) 100% Ti. 
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Figure 3. Kubelka–Munk method curves combined with a relation between percentage of Ti and band gap values: (a) 100% Ti; (b) 66%Ti; (c) 50% Ti; (d) 33%Ti; (e) 0 %Ti; (f) effect of %Ti on band gap. 
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[image: Catalysts 11 00633 g003]







[image: Catalysts 11 00633 g004 550] 





Figure 4. Deconvolution graphs of diffuse reflectance spectra: (a) 100% Ti; (b) 2Ti:1Zr; (c) 2Zr:1Ti; (d) 1Ti:1Zr; (e) 100%Zr. 
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Figure 5. Infrared spectra of all investigated samples. 
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Figure 6. Three-dimensional curves of removal of 0 ppm ions with 10 ppm dye in the presence and absence of UV irradiation and the difference between curves: (a) under UV irradiation; (b) without UV irradiation; (c) two curves difference. 
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Figure 7. Three-dimensional curves of removal of 100 ppm ions with 10 ppm dye in the presence and absence of UV irradiation: (a) under UV irradiation; (b) without UV irradiation. 
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Figure 8. Three-dimensional curves of removal of 200 ppm ions with 10 ppm dye in the presence and absence of UV irradiation: (a) under UV irradiation; (b) without UV irradiation. 
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Figure 9. Three-dimensional curves of removal of 400 ppm ions with 10 ppm dye in the presence and absence of UV irradiation: (a) under UV irradiation; (b) without UV irradiation. 
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Figure 10. The power of each active site as a function of time with different initial concentrations of ions: (a) 400 ppm; (b) 200 ppm; (c) 100 ppm; (d) 0 ppm. 
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Figure 11. The effect of adsorbed ions and remaining ions on the power activity of each site: (a) 400 ppm remained; (b) 200 ppm remained; (c) 100 ppm remained; (d) 400 ppm adsorbed; (e) 200 ppm adsorbed; (f) 100 ppm adsorbed. 
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Figure 12. Active power of each active site in the absence of ions. 
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Figure 13. Effect of remained and adsorbed copper ions on the power activity map: (a) 400 ppm remained; (b) 200 ppm remained; (c) 100 ppm remained; (d) 400 ppm adsorbed; (e) 200 ppm adsorbed; (f) 100 ppm adsorbed. 
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Figure 14. Effect of remained and adsorbed cobalt ions on the power activity map: (a) 400 ppm remained; (b) 200 ppm remained; (c) 100 ppm remained; (d) 400 ppm adsorbed; (e) 200 ppm adsorbed; (f) 100 ppm adsorbed. 
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Figure 15. Effect of remained and adsorbed nickel ions on the power activity map: (a) 400 ppm remained; (b) 200 ppm remained; (c) 100 ppm remained; (d) 400 ppm adsorbed; (e) 200 ppm adsorbed; (f) 100 ppm adsorbed. 






Figure 15. Effect of remained and adsorbed nickel ions on the power activity map: (a) 400 ppm remained; (b) 200 ppm remained; (c) 100 ppm remained; (d) 400 ppm adsorbed; (e) 200 ppm adsorbed; (f) 100 ppm adsorbed.



[image: Catalysts 11 00633 g015]







[image: Catalysts 11 00633 g016 550] 





Figure 16. Effect of remained and adsorbed lead ions on the power activity map: (a) 400 ppm remained; (b) 200 ppm remained; (c) 100 ppm remained; (d) 400 ppm adsorbed; (e) 200 ppm adsorbed; (f) 100 ppm adsorbed. 
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Figure 17. Photochemical reactor. 
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Table 1. Crystal lattice analysis of investigated samples.
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	Crystallite Size (nm)
	Amorphous Phase
	Relative Crystallinity
	γ
	β
	α
	C
	b
	a
	Volume of Unit Crystal
	Crystal System
	Phase Name
	Sample





	-
	-
	-
	90
	90
	90
	13.4
	20.06
	20.06
	-
	Tetragonal
	ZSM-11
	Reference

Pdf no (P420022)



	47.73
	35.2
	64.8
	90
	90
	90
	8.028
	44.4
	12.77
	4556.1 Pm3
	Orthorhombic
	ZSM-11
	100% Ti



	41.62
	46.2
	53.8
	90
	90
	90
	19.8
	21.2
	20.6
	8669.89 Pm3
	Orthorhombic
	ZSM-11
	(1Zr:2Ti)



	47.74
	71.4
	28.6
	90
	104.6
	90
	18.46
	28.8
	27.7
	14,262.2 Pm3
	Monoclinic
	ZSM-11
	(1Zr:1Ti)



	49.17
	1.4
	98.6
	96.4
	92.8
	102
	11.38
	20.35
	18.04
	4086.11 Pm3
	Triclinic
	ZSM-11
	(2Zr:1Ti)



	54.09
	0
	100
	90
	90
	90
	13.4
	28.4
	28.2
	10,811.7 Pm3
	Orthorhombic
	ZSM-11
	100%Zr
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Table 2. Results of EDX analysis of orthorhombic shapes.
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	Sample
	Si
	O
	Zr
	Ti
	Na
	Si/(Ti + Zr)





	100% Zr
	23.87
	74
	0.97
	-
	1.08
	24.61



	2Zr:1Ti
	25.1
	70.6
	1.43
	0.44
	2.34
	13.42



	1Ti:1Zr
	28.7
	69.5
	0.86
	-
	0.9
	33.37



	2Ti:1Zr
	40.43
	57.7
	1.31
	-
	0.59
	30.86



	100% Ti
	25.5
	70.8
	-
	1.24
	2.38
	20.56
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Table 3. EDX analysis of spherical shapes in different samples.
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	Sample
	Si
	O
	Zr
	Ti
	Na
	Si/(Zr + Ti)





	1Ti:1Zr
	21.9
	74.7
	1.12
	0.7
	1.58
	12.03297



	2Ti:1Zr
	27.5
	67.8
	1.32
	0.95
	2.5
	12.11454
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Table 4. Normalized real crystallinity against real amorphous ratios.
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	Real Amorphous
	Normalized Crystallinity (Actual Related to Yield)
	Sample





	94.22
	5.78
	100% Ti



	95.2
	4.8
	(1Zr:2Ti)



	97.45
	2.55
	(1Zr:1Ti)



	91.21
	8.79
	(2Zr:1Ti)



	91.1
	8.9
	100%Zr
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Table 5. Deconvolution data of diffuse reflectance spectra.
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	Sample
	Peaks
	Area
	Center
	Width
	Height





	100% Ti
	1
	38.2
	225.9
	41.1
	0.59



	
	2
	38.9
	257.7
	42.7
	0.58



	
	3
	22.0
	288.1
	38.2
	0.37



	2Ti:1Zr
	1
	40.9
	224.4
	43.0
	0.61



	
	2
	42.9
	256.2
	45.3
	0.60



	
	3
	21.1
	285.6
	41.5
	0.32



	1Ti:1Zr
	1
	42.4
	220.2
	48.5
	0.56



	
	2
	76.1
	254.8
	61.0
	0.79



	
	3
	3.7
	288.2
	35.5
	0.066



	1Ti:2Zr
	1
	28.9
	223.0
	34.2
	0.54



	
	2
	40.5
	248.7
	42.7
	0.60



	
	3
	20.5
	277.3
	48.4
	0.27



	100% Zr
	1
	127.6
	193.7
	133.0
	0.61



	
	2
	32.17
	248.05
	49.05
	0.42



	
	3
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Table 6. Ratios among octahedral, tetrahedral, and crystalline active sites.
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% Amorphous

	
% Crystalline




	
% Ti

	
Octa

	
Tetra






	
100

	
36.32

	
57.89

	
5.78




	
66

	
33.32

	
61.87

	
4.8




	
50

	
4.83

	
92.61

	
2.55




	
33

	
36.82

	
54.38

	
8.79




	
0

	
0

	
91.21

	
8.9
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Table 7. Evaluation of Equation (1) in the prediction of 100% Ti and 100% Zr samples.
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0 Ions

	




	
Time

	
100% Zr Simulated

	
100% Zr Real

	
% Error

	
100% Ti Real

	
100% Ti Simulated

	
% Error

	
Average Error




	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
-




	
10

	
44.06

	
24.72

	
19.34

	
10.01

	
−3.46

	
13.48

	
-




	
20

	
48.37

	
20.28

	
28.09

	
9.6

	
−2.51

	
12.11

	
-




	
40

	
34.28

	
18.19

	
16.09

	
11.4

	
−0.72

	
12.11

	
-




	
60

	
23.46

	
16.25

	
7.22

	
12.35

	
0.94

	
11.41

	
-




	
80

	
6.18

	
12.62

	
6.44

	
13.52

	
−0.48

	
14

	
-




	
100

	
−4

	
13.71

	
17.71

	
13.62

	
0.19

	
13.43

	
-




	
120

	
−13.22

	
14.69

	
27.91

	
15.71

	
2.24

	
13.47

	
-




	
average error

	
-

	
15.35

	
-

	
-

	
11.25

	
13.3




	

	
100 ppm Ions

	




	
Time

	
100% Zr Simulated

	
100% Zr Real

	
% Error

	
100% Ti Simulated

	
100% Ti Actual

	
% Error

	
Average Error




	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
-




	
10

	
18.83

	
11.07

	
7.76

	
13.74

	
14.94

	
1.2

	
-




	
20

	
22.53

	
19.8

	
2.73

	
19.46

	
21.01

	
1.56

	
-




	
40

	
33.66

	
34.8

	
1.14

	
32.02

	
32.79

	
0.77

	
-




	
60

	
41.54

	
52.06

	
10.51

	
41.22

	
40.48

	
0.74

	
-




	
80

	
46.66

	
64.17

	
17.51

	
46.85

	
47.91

	
1.07

	
-




	
100

	
51.31

	
74.66

	
23.35

	
51.85

	
54.59

	
2.73

	
-




	
120

	
58.81

	
78.41

	
19.6

	
59.7

	
57.41

	
2.29

	
-




	
average error

	

	
10.33

	

	

	
1.29

	
3.87




	

	
200 ppm Ions

	




	
Time

	
100% Zr Simulated

	
100% Zr Real

	
% Error

	
100% Ti Simulated

	
100% Ti Actual

	
% Error

	
Average Error




	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
-




	
10

	
16.4

	
7.05

	
9.35

	
11.77

	
11.27

	
0.5

	
-




	
20

	
20.56

	
14.33

	
6.24

	
18.16

	
19.97

	
1.81

	
-




	
40

	
32.87

	
24.94

	
7.93

	
29.74

	
31.13

	
1.39

	
-




	
60

	
41.42

	
34.95

	
6.46

	
38.89

	
39.13

	
0.24

	
-




	
80

	
47.09

	
44.14

	
2.95

	
45.76

	
47.12

	
1.36

	
-




	
100

	
53.37

	
54.49

	
1.12

	
52.97

	
53.27

	
0.3

	




	
120

	
56.88

	
59.8

	
2.93

	
57.31

	
60.21

	
2.9

	
-




	
average error

	
-

	
4.62

	
-

	
-

	
1.06

	
2.84




	

	
400 ppm Ions

	




	
Time

	
100% Zr Simulated

	
100% Zr Real

	
% Error

	
100% Ti Simulated

	
100% Ti Actual

	
% Error

	
Average Error




	
0

	
0

	
0

	
0

	
0

	
0

	
0

	




	
10

	
8.02

	
9.33

	
1.31

	
5.72

	
8.87

	
3.15

	
-




	
20

	
18.81

	
20.39

	
1.58

	
15.91

	
17.56

	
1.65

	
-




	
40

	
35.38

	
34.01

	
1.38

	
30.72

	
30.11

	
0.62

	
-




	
60

	
46.53

	
47.23

	
0.7

	
41.7

	
40.87

	
0.84

	
-




	
80

	
49.44

	
56.7

	
7.25

	
46.69

	
50.81

	
4.12

	
-




	
100

	
56.35

	
64.93

	
8.58

	
53.77

	
58.6

	
4.83

	
-




	
120

	
61.6

	
72.15

	
10.55

	
60.13

	
65.34

	
5.21

	
-




	
average error

	
-

	
3.92

	
-

	
-

	
2.55

	
3.23
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Table 8. Kinetic summary of samples.
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0 Ions

	
100 ppm Ions

	
200 ppm Ions

	
400 ppm Ions




	
Sample

	
R2

	
K

	
R2

	
k

	
R2

	
k

	
R2

	
k






	
100% Zr

	
0.76

	
0.20

	
0.86

	
0.16

	
0.87

	
0.15

	
0.92

	
0.15




	
2Zr:1Ti

	
0.77

	
0.21

	
0.85

	
0.16

	
0.85

	
0.16

	
0.88

	
0.15




	
1Zr:1Ti

	
0.76

	
0.23

	
0.85

	
0.16

	
0.88

	
0.15

	
0.99

	
0.13




	
2Ti:1Zr

	
0.77

	
0.21

	
0.85

	
0.15

	
0.85

	
0.15

	
0.99

	
0.14




	
100% Ti

	
0.77

	
0.18

	
0.84

	
0.15

	
0.86

	
0.16

	
0.91

	
0.14
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Table 9. Elemental composition (atomic ratio) in synthesizing mixture.
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	Sample
	Si
	Zr
	Ti
	Na
	Si/(Zr + Ti)





	100% Zr
	83.2
	2.54
	0
	14.2
	32.7



	2Zr:1Ti
	83.2
	1.69
	0.85
	14.2
	32.7



	1Ti:1Zr
	83.2
	1.3
	1.3
	14.2
	32.7



	2Ti:1Zr
	83.2
	0.85
	1.7
	14.2
	32.7



	100% Ti
	83.2
	0
	2.5
	14.2
	32.7
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