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Abstract

:

In this study, we tested the efficiency of nitrogen-doped titanium dioxide (N-TiO2) and nitrogen-doped bismuth molybdate (N-Bi2MoO6) compounds as photocatalysts capable of degrading methylene blue and lignin molecules under irradiation with ultraviolet (UV) and visible light (VIS). Moreover, we compared TiO2 and Bi2MoO6 catalysts with N-TiO2 and N-Bi2MoO6 compounds using chemical coprecipitation. The catalysts were prepared starting from Ti(OCH2CH2CH3)4, Bi(NO3)3·5H2O, and (NH4)6Mo7O24 reagents. N-doping was achieved in a continuous reflux system, using ethylene diamine as a nitrogen source. The resulting materials were characterized using Scanning Electron Microscopy (SEM), X-Ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). Additionally, we observed the decrease in particle size after processing the compounds in the reflux system. The results regarding photocatalytic degradation tests show a remarkable effect for nitrogen doped samples, achieving 90% of lignin degradation.
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1. Introduction


Advanced oxidation processes (AOP) are commonly seen as an alternative to degraded environmental water pollutants, based on their effectiveness, high reactivity, non-selectivity, and their extensive variety of applications [1]. Since its inception [2], titanium oxide remains one of the most effective and versatile compounds for photocatalytic applications, even if traditional compounds like ZnO [3], CdS [4], SnO2 [5], ZnS [6], and BiVO4 [7] have been tested to improve their efficiency or performance in comparison to TiO2. Another aspect commonly used to enhance photocatalytic yield is the process manipulation that produces different structural features of TiO2 particles, such as specific surface area or shape. Some of these manipulations include chemical coprecipitation [8], sol-gel combustion method [9], spray drying [10], or microwave heating [11]. Most of those studies were used to reduce or control the crystal size and had the purpose of increasing the volume/length ratio to maximize the exposed surface, thus increasing the active sites to achieve the catalytic process more effectively, in terms of reactivity [12]. In the majority of reported studies, the results are marginal in comparison to TiO2. Only few compounds, including ZnO or Bi2MoO6, have exhibited promising results in enhancing the catalytic activity in at least one order of magnitude [13,14]. ZnO is as a robust candidate for wastewater treatment, due to its similarity with TiO2, in aspects such as charge carrier dynamics upon bandgap excitation and the generation of reactive oxygen species in aqueous suspensions. However, inherent details like its wide band gap and massive charge carrier recombination has limited their massive usage [3].



Bismuth molybdate (Bi2MoO6) has been profusely studied in the past as a catalyst in oxidation reactions [15]. At the present time, Bi2MoO6 has attracted a lot of attention in photocatalysis research, due to their effectiveness to degrade organic pollutants under UV irradiation. The Bi2MoO6 morphology [16,17] and production methods include sol-gel [18], solvothermal synthesis [19], and co-precipitation [20], among others.



An alternative method to increase the catalytic activity of some photocatalytic materials is through the inclusion of some relevant dopant elements, either by using transition metal cations to replace metal sites [21] or by inserting nonmetal anions like F [22], C [23], or N [24].



The purpose is to create new electronic states between the valence and conduction bands, facilitating the electron conduction to enhance the photocatalytic efficiency and also favoring the electron-hole formation. In addition, those new states promote the shifting towards the visible region of the electromagnetic spectrum. In this regard, nitrogen-doping has been considered one of most effective approaches to improve photocatalytic activity of TiO2 in the visible region [25]. The methods currently reported to achieve it superficially or by replacing atoms include ion implantation [26], physical vapor deposition [27], and spray pyrolysis [28], as well as variants of the known process of sol-gel. An alternative method to include nitrogen is the refluxing methodology, which consists of inducing intimate contact between the nitrogen source precursor (hydrazine, urea, ethylene diamine, etc.) and the catalyst inside a closed system of reflux at constant temperature. As a result of that methodology, it is possible to obtain catalysts containing nitrogen [29]. The amount of nitrogen that can be introduced depends on factors including the type of precursor, the reflux temperature, and the time involved.



The purpose of the present research was to study the efficiency of titanium oxide and bismuth molybdate, both nitrogen-doped, to be tested as photocatalysts capable of degrading the methylene blue (MB) dye, which is considered as a model molecule for degradation studies.



Additionally, we studied the photodegradation of lignin using both kinds of compounds. Lignin is a compound commonly found in wastewater from the wood process manufacturing. Usually, lignin is partially solubilized with acid and their product is concentrated and burned. Even so, some residual amount of lignin remains bonded to cellulose, which in many cases, is discarded to body waters affecting the environment and altering the photosynthetic processes. Our hypothesis is that nitrogen doping on TiO2 and Bi2MoO6 will make the photocatalytic oxidation process more efficient, this achieving the lignin degradation.




2. Results


2.1. Scanning Electron Microscopy (SEM)


The morphology of samples was analyzed using Scanning Electron Microscopy (SEM). The Figure 1a displays a SEM image of TiO2, which shows spherical and defined morphology. The N-doped TiO2 compound, presented in Figure 1b, shows agglomerates of nano particles in a range of 0.1 to 0.5 μm. The image 1c of Bi2MoO6 displays laminar particles of an N-doped Bi2MoO6 compound. Figure 1d exhibits defined, elongated bar-like shaped particles with smooth edges.




2.2. X-ray Diffraction Analysis


X-ray analyses were carried out in order to capture pristine TiO2 and Bi2MoO6 catalysts. I addition, they were carried out for their corresponding nitrogen doped compounds. For TiO2 compounds, X-ray diffraction (XRD) patterns are displayed in Figure 2. It can be observed that this sample matches well with the anatase phase reported for TiO2. For the N-doped TiO2 sample, wider peaks are observed, as are changes in the intensity of the (101) diffraction plane, revealing that after N-doping through the reflux system, TiO2 particles become smaller in size, providing the characteristic spectrum of an amorphous material. Figure 3 shows the diffraction pattern for Bi2MoO6 compounds, which reveals how the orthorhombic phase, also known as γ-Bi2MoO6 phase, was stabilized in these compounds. The crystallite size was calculated for every system using the Scherrer equation, which is as follows:


L=kλWcosΘ



(1)




where k is a constant that depends on particle morphology (usually k = 1.0 for cubic or nearly-cubic systems); λ is the Cu, Kα radiation (nm); W is the full width at half-maximum (rad); and Θ is the diffraction angle (deg). The (101) reflection was used to perform calculations through Equation (1) for TiO2 compounds, while the (131) reflection was used to obtain the crystallite size for Bi2MoO6 compounds. The results were 8.6 nm for TiO2, 4.01 nm for N-doped TiO2, 16.14 nm for γ-Bi2MoO6. and 7.92 nm for N-doped Bi2MoO6. Briefly, it appeared that nitrogen doping inhibited the crystal growth.




2.3. Specific Surface Area Determination


The textural properties of TiO2, Bi2MoO6, and N-doped catalysts are summarized in Table 1. It was appreciated that after doping TiO2 and Bi2MoO6, their surface area changed in comparison to the pristine compounds. A dramatic change was observed for the TiO2 compound which, after doping, decreased their BET area by 37%, while specific surface for Bi2MoO6 area was reduced to 47%. Apparently, the nitration process in both systems entails amorphization and pore reduction.



Through the reflux procedure, carried out for at least 2 h, the constant movement of the particles in intimate contact with the ethylene-diamine and 1-hexanol resulted in a separation of the initially obtained particles, modifying the size of aggregates towards smaller values, which impacted the specific surface area. The resulting particles were smaller on average, especially in comparison to pristine undoped TiO2 or Bi2MoO6 compounds, in the order of nanometers. While this process occurred, nitrogen molecules were fixed on the surface blocking pores and contributed to an apparent decrease in the specific surface area.




2.4. Diffuse Reflectance Measurements


Because the use of visible energy is necessary to test these systems, it is important to determine if there are any energy gap reductions after conducting the doping process. Thus, the diffuse reflectance spectra were obtained (Figure 4) and transformed into F(R), with a magnitude proportional to the extinction coefficient through the Kubelka-Munk function. In this case, R is the absolute reflectance of the sampled layer. Therefore, it is inferred that by using the following equation, the energy gap could be obtained graphically.


[F(R)hν]2=C(hν−Eg)



(2)




where Eg is the energy gap for every sample.



The values obtained for the band gap are summarized in Table 2, where it is appreciated that, in both cases, a decreasing occurs after the nitrogen doping. These results indicate the possibility of using the developed compounds as a photocatalyst in the visible region of the electromagnetic spectrum, which will be demonstrated later in this work.




2.5. X-ray Photoelectron Spectroscopy (XPS)


XPS analyses were performed in samples with the purpose of establishing present elements and especially to determine if nitrogen doping is detected in TiO2 or Bi2MoO6 doped compounds. Figure 5 shows the XPS spectra for TiO2 and TiO2-N compounds. The lower image, in this figure, corresponds to the pristine TiO2, where the peaks O1s and Ti 2p are pointed out, as well as the C 1s. This last peak corresponds to small traces of carbon. In the upper part of Figure 5, it can be seen the corresponding image to N-TiO2. On it, O1s, Ti 2p which were detected, and the N 1s signal was also found. In addition, a high-resolution scanning analysis was from 390 to 410 eV was performed, aimed at demonstrating the presence of nitrogen, which is shown as inset in the same figure. The XPS results for the Bi2MoO6 compounds are included in Figure 6, where the XPS spectra was acquired from 0–700 eV. The image shows the 3p3/2, 3d, and 4p states for Mo and Bi 4f, but also the O 1s and N 1 transitions are pointed out. In the upper left, an inset corresponding to the high-resolution energy window for N has been included, in order to emphasize their presence. In this way, for both cases, it is demonstrated that the procedure to introduce or impregnate nitrogen has been carried out successfully. Our results are in agreement with those results reported by other authors regarding the position of the N peak [26,27,28].



The quantification of the elements through the integration under the curve of each of their corresponding reflections gave us the following values summarized in Table 3.



It is observed that titanium oxide compounds are closer to the TiO2 stoichiometry in comparison to Bi2MoO6 compounds. The reason is that usually bismuth tends to segregate close to the surface in the calcination stage, altering in some proportion the desired stoichiometry, as has been discussed in previous works [19,20]. It is important to note that the nitrogen content for N-Bi2MoO6 is larger than the value obtained for N-TiO2. However, it will be shown in the next section that N-TiO2 exhibits better performance in terms of catalytic activity. This means that the proportion of nitrogen has specific effects for every compound, as will be demonstrated latter.





3. Photocatalytic Activity Tests


Figure 7, Figure 8 and Figure 9 show photocatalytic activity measurements and solutions containing TiO2 or Bi2MoO6 compounds. The reaction under ultraviolet (UV) and visible light (VIS) was evaluated separately for both, specifically methylene blue and lignin samples, which were measured to have an optical absorption at 660 nm and 289 nm, respectively. Pristine TiO2 or Bi2MoO6 compounds were tested for MB degradation for about 120 min in the UV range (Figure 7). The degradation reached for TiO2 was 80%, while for Bi2MoO6 it was nearly 70%. On the other hand, both compounds showed an improved degradation behavior when doped with nitrogen, reaching 90% of MB degradation using N-Bi2MoO6 and 93% for N-TiO2. After the MB tests, both Bi2MoO6 and TiO2 compounds were studied for lignin degradation, which is a more complex organic structure, when compared to MB. The degradation attained for Bi2MoO6 was about 62%; the degradation attained for TiO2 was about 70% (Figure 8). In the case of nitrogen-doped compounds, the degradation was 82% for Bi2MoO6–N and 93% for N-TiO2. Figure 8 summarizes the results obtained for lignin degradation that used TiO2, N-TiO2, Bi2MoO6, and N-Bi2MoO6 catalysts under visible light. Regarding the TiO2 compound, it was less sensitive to VIS irradiation in such a way that only 12% degradation for TiO2 and 25% for Bi2MoO6 were found. These results reveal the complex nature of the lignin molecule, which is hard to degrade and frequently results in compounds derived from this degradation, such as formic acid, ketones, and aldehydes, among others [30,31,32,33]. An interesting result was found for lignin degradation when using N-TiO2 and N-Bi2MoO6 catalysts (Figure 9), where a 32% degradation for N-TiO2 catalyst and 38% for N-Bi2MoO6 compound can be observed. Interestingly, nitrogen doping on both compounds, has been beneficial. However, the nitrogen doping in TiO2 makes this material more efficient, which can be related to the reduction of the energy gap, which would be able to provide additional electronic states among conduction and valence bands.




4. Methods and Materials


4.1. Synthesis of TiO2 and Bi2MoO6 Catalysts


A TiO2 material was based on colloidal TiO2 obtained from Ti[OCH(CH3)2]4 hydrolysis and stirring the suspension to obtain the gel. The resulting material was filtered and oven dried at 100 °C and finally calcined at 450 °C. The Bi2MoO6 compound was obtained using chemical coprecipitation starting with high purity Bi(NO3)3·5H2O and (NH4)6Mo7O24, diluted in distilled water and adjusting the pH 7.0 using either NH4OH or HNO3. Afterward, the precipitated Bi2MoO6 was washed and oven-dried at 100 °C and calcined at 400 °C.




4.2. Synthesis of N-doped TiO2 and N-doped Bi2MoO6


In order to obtain N-doped Bi2MoO6 and N-doped TiO2 catalysts, both compounds separately, were added with 25 mL of a 2 M ethylene diamine solution and 150 mL of 1-hexanol, in a continuous refluxing system, stirring it for 2 h. Afterward, N-doped Bi2MoO6 and N-doped TiO2 materials were filtered, washed several times with water, and dried in an oven at 200 °C. Upon drying, both compounds yielded an intense yellowish powder.




4.3. Characterization Details


The obtained compounds were characterized using X-ray diffraction (Siemens, D-5000 model), operating at 30 keV and 20 mA, with a step size 0.02°/min from 10 to 70°(2θ). The images were obtained in a SEM JSM-6400 JEOL Noran Instruments, at 20 keV and 10−6 Torr. The diffuse reflectance spectra (R) data were obtained using a UV-visible spectrophotometer (AvaSpec-2048), equipped with an integrating sphere (Ocean Optics, Mod. ISP-50-8-R-GT), equipped with a deuterium halogen light source (Mod. AvaLight DH-S-BAL). Specific surface area was measured in a Micrometrics Gemini 2060 RIG-100, model at 77 K using the BET method. For the XPS analyses, samples were excited with Al and Ka X-rays with an energy of 1486.6 eV. The spectrometer was calibrated using the Cu 2p3/2 (932.4 eV) and Cu 3p3/2 (74.9 eV) lines. Binding energy calibration was based on C 1s at 284.6 eV.




4.4. Photocatalytic Evaluation


Catalytic activity was tested as previously described [30,31]. Briefly, the reaction was carried out in a batch micro reactor provided with an oxygen flow, to generate superoxide radicals and prevent electron recombination. The solution was previously stirred for 20 min without the presence of light in order to reach a stable MB or lignin absorbance on the photocatalyst surface. Then, the solution was irradiated with the source of light, magnetically stirred, and air was introduced once the reaction system was started. For MB studies, 0.1 g of every catalyst were placed into a beaker containing an aqueous solution of 0.2 g/L of MB. Regarding the lignin degradation, 0.2 g of this compound (Sigma-Aldrich, PM = 28,000 g/mol) was mixed with 15 mL of NaOH (Sigma-Aldrich, México city, México); 0.05 M was used to dissolve the samples, where then the samples were placed into a beaker containing 500 mL of deionized water. The pH = 8 was adjusted to enhance the photo catalytic reaction, according to reference [32]. For every catalyst, the reaction was achieved for 80 min. Samples were taken from the reactor system at 20 min intervals to follow the course of the reaction. Samples were centrifuged for 5 min at 220 rpm, in order to separate the catalyst from the solution to determine the progress of the reaction. A UV light lamp was used with a wavelength of 365 nm for the photocatalytic reaction. In the case of the visible light experiments, the irradiation was performed using a UV-VIS light source of 200 W, provided with a Xe arc lamp (Oriel). The concentration was monitored through a UV-VIS Hach Dr/4000u spectrophotometer at a wavelength of 289 nm for lignin and 660 nm for MB.





5. Discussion


After the refluxing process, the dissolution and recrystallization processes of a dispersed solid under reflux (nitrogen doping) was expected. It was substantiated by the well-known Ostwald’s ripening. Often, the Ostwald’s ripening includes the large crystals growing at the cost of smaller ones (i.e., coarsening). In the present case, the presence of the amine might have changed the expected growth by favoring the nucleation of new parties as part of the recrystallizing processes. According to Classical Nucleation Theory (CNT), a phase transition (i.e., the crystallization of a new phase within another) can be rationalized as result of two main opposed contributions. On one hand, the driving force for the process is universally identified in chemical reactions with the chemical potential difference (∆µ); on the other hand, the work spent to form the new surface was related to the new phase (associated with the interface energy, σ, and the area created, A) [34]. Hence, the Gibbs free energy for homogeneous nucleation was, ∆G = ∆µ + Aσ, where spontaneous nucleation will depend on the balance between both energies’ contribution. In a heterogeneous nucleation, a surface area already exists and acts as nucleation site with lower contribution from the second term. Therefore, ∆Gheterogeneous becomes a fraction of ∆Ghomogeneous [35]. This explains the well-known “coarsening” phenomena. However, the coarsening should compete with nucleation of new particles, as the amine acts as a surfactant and also decreases the second term by lowering the interfacial energy. Therefore, diminishing the particle size is intuitively expected under present conditions.



Furthermore, we cannot discard a possible amorphization process as result of the nitrogen inclusions within the matrix of the solids. Recrystallization accompanied nitrogen impurification might cause displacements of Wyckoff positions expected for the spatial groups of both solids; this could occur with the consequent strain increase that would change the Full wide half maximum (FWHM) of the reflections.



The XPS analyses have demonstrated the incorporation of nitrogen in both N-TiO2 and N-Bi2MoO6 compounds. The nitrogen signal is located close to 400 eV. However, it is worth mentioning that some differences arise when this peak is closely analyzed for every compound. In the case of nitrogen doping for the TiO2 compound, one peak is located at 397.3 eV and another in 400.7 eV. The first is attributed to substitutional or interstitial impurities (corresponding to Ti-N bonds that substitute O by N in the lattice); the other transition, located in 400.7 eV, can be attributed to molecularly chemisorbed (superficial) nitrogen. Regarding the Bi2MoO6 catalyst, something similar occurs when the high-resolution peak that corresponds to nitrogen is analyzed, as the peak found at 396 eV corresponds to shallow surface nitrogen, while the nitrogen signal at 398 eV can be assigned to interstitial nitrogen. In general, nitrogen doping has been beneficial in most cases, because the nitrogen doped samples showed the best degradation performance in comparison to the pristine Bi2MoO6 or TiO2 catalysts. As expected, lignin degradation was more difficult to carry out in comparison to MB, due to the complexity of the lignin molecule. However, the N-TiO2 sample showed a 90% degradation for lignin when using UV radiation. In the case of experiments carried out using visible radiation, it was found that by using an N-Bi2MoO6 compound, 30% degradation was attained; in the case of N-TiO2, however, a 35% of lignin degradation was reached.




6. Conclusions


TiO2 and Bi2MoO6 N-doped photocatalysts were successfully synthesized and our XPS analyses demonstrate that nitrogen doping was carried out efficiently. It was also found that the N-TiO2 catalyst exhibited a better performance in terms of MB or lignin degradation. Even if N-TiO2 and N-Bi2MoO6 catalysts provide good efficiency for MB and lignin degradation, nitrogen doped TiO2 is the best catalyst to degrade lignin. It is demonstrated that nitrogen doping in both compounds, is an effective way to improve their degradation performance. It was also shown that nitrogen doping provides the possibility of using both catalysts under visible light.
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Figure 1. Scanning Electron Microscopy (SEM) photo-micrograph obtained at 5000X of (a) titanium dioxide (TiO2), (b) nitrogen-doped titanium dioxide (N-TiO2), (c) bismuth molybdate (Bi2MoO6), and (d) nitrogen-doped bismuth molybdate (N-Bi2MoO6) Bi2MoO6 catalysts. 
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Figure 2. X-ray diffraction (XRD) patterns of TiO2 and N-TiO2. 
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Figure 3. XRD patterns for Bi2MoO6 and Bi2MoO6-N catalysts. 
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Figure 4. Reflectance diffuse measurements for (a) N-TiO2, (b) TiO2, (c) N-Bi2MoO6, and (d) Bi2MoO6, compounds. 
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Figure 5. X-ray Photoelectron Spectroscopy (XPS) analysis for TiO2 and N-TiO2 catalysts. 
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Figure 6. XPS analysis for Bi2MoO6 and N-Bi2MoO6 catalysts. 
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Figure 7. Methylene blue degradation in presence of TiO2, N-TiO2, Bi2MoO6, and N-Bi2MoO6 catalysts under visible light (VIS) energy irradiation. 
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Figure 8. Lignin degradation in presence of TiO2, N-TiO2, Bi2MoO6, and N-Bi2MoO6 catalysts under ultraviolet (UV) energy irradiation. 
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Figure 9. Lignin degradation in presence of TiO2, N-TiO2, Bi2MoO6, and N-Bi2MoO6 catalysts under VIS energy irradiation. 






Figure 9. Lignin degradation in presence of TiO2, N-TiO2, Bi2MoO6, and N-Bi2MoO6 catalysts under VIS energy irradiation.



[image: Catalysts 08 00668 g009]







[image: Table]





Table 1. Specific surface area for TiO2, Bi2MoO6, TiO2-N, and Bi2MoO6-N catalysts.
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	Compound
	BET Surface Area (m2/g)





	TiO2
	117.0



	N-TiO2
	73.7



	Bi2MoO6
	3.8



	N-Bi2MoO6
	2.0
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Table 2. Gap values for TiO2, Bi2MoO6, N-TiO2, and N-Bi2MoO6 catalysts.
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	Compound
	Experimental Gap, eV
	Reported Gap, eV





	TiO2
	3.17
	3.20



	N-TiO2
	2.96
	



	Bi2MoO6
	2.84
	2.90



	N-Bi2MoO6
	2.73
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Table 3. Atomic percent values from XPS analyses for TiO2, Bi2MoO6, N-TiO2, and N-Bi2MoO6 catalysts.
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	Compound
	Ti2p
	O1s
	N1s
	Bi
	Mo





	TiO2
	22.73
	67.77
	-
	-
	-



	N-TiO2
	27.01
	67.05
	5.94
	-
	-



	Bi2MoO6
	-
	61.86
	-
	24.12
	14.02



	N-Bi2MoO6
	-
	52.3
	13.38
	25.29
	9.04
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