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Nano-TiO2 (T), TiO2/montmorillonite mixture (Mix), and TiO2/montmorillonite composite (Com) were prepared by using TiOSO4•2H2O as the precursor of TiO2 and montmorillonite as the matrix. The phase transition process of TiO2 and the degradation of methylene blue (MB) in T, Mix, and Com were studied by x-ray diffraction (XRD), infrared spectrum (IR), scanning electron microscopy with energy spectrum (SEM-EDS), and other methods. The results show that, except for the fact that the heating temperature has a great influence on the phase transition and grain growth of TiO2, the introduction of montmorillonite has an obvious inhibition effect on the phase transition and grain growth of TiO2, and the inhibition effect of the Com is obviously stronger than Mix. In Com, Ti–O–Si chemical bond was formed between TiO2 and oxygen atoms with negative charge on the bottom of the structure layer of montmorillonite, which is the main reason for inhibition effect. However, in Mix, TiO2 only covers the surface of montmorillonite without breaking the degree of order of montmorillonite and forming no chemical bond with montmorillonite, so the inhibition effect is small. From degradation of MB, it was found that before the structure of montmorillonite was destroyed (400–600°C), the total degradation percentage in Mix (85.3–99.5%) was higher than T and Com. At high temperature (above 700°C), because of the inhibition effect, the total degradation percentage of MB in Com is much larger than T and Mix, even above 1,100°C, the total degradation percentage can still reach at 47%. Therefore, in industrial applications, Mix and Com can be selected to degradation MB, according to the actual application temperature range.
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INTRODUCTION

With the rapid development of society and the fast growth of economy, the discharge of industrial and dye stuff production into wastewater is increasing, making the water pollution problem more and more serious. The problem of water pollution can be solved by using the environment-friendly technology, namely photocatalytic degradation technology, which is widely carried out currently (Abdennouri et al., 2016; Ling et al., 2019; Sun et al., 2019). As a photocatalyst with high efficiency, non-toxic, stability, high catalytic activity, and strong oxidation ability, TiO2 has antibacterial and bactericidal functions and can effectively degrade organic pollutants in water. It is a photocatalyst with the most potential and has a broad application prospect (Klaysri et al., 2015; Li D. et al., 2015; Calia et al., 2017; Shi et al., 2018; Kim et al., 2019). However, problems such as agglomeration, deactivation and difficulties in separation and recovery exist in the use of nano-TiO2, which is not conducive to the regeneration and recycling of photocatalyst and seriously affects the industrial application of TiO2-based photocatalytic technology (Pellegrino et al., 2017).

Montmorillonite is a common layered aluminosilicate mineral with large specific surface area and specific volume, strong adsorption capacity and stable chemical properties. It is often used as a catalyst carrier (Kadwa et al., 2014; Mofrad et al., 2018; Rao et al., 2018). The studies found that montmorillonite impregnated with TiO2 can maintain the photocatalytic performance of TiO2; at the same time the adsorption of pollutants by montmorillonite could increase the contact between TiO2 and pollutants and promote the photocatalysis (Rossetto et al., 2010; Dou et al., 2011; Yuan et al., 2011; Hassani et al., 2017; Liang et al., 2017). Montmorillonite particles can also cause light scattering and improve photocatalytic efficiency (Kang et al., 2010). Moreover, TiO2/montmorillonite composite is powder; it has a large contact area with waste liquid, high mass transfer efficiency, and good sedimentation performance, so the general sedimentation process can be used for solid–liquid separation and recycling (Djellabi et al., 2014; Zhang et al., 2015). Therefore, the composite of TiO2 and montmorillonite can not only solve the problem of the agglomeration and recycling of TiO2, but also improve the photocatalytic efficiency. When TiO2 enters into the interlayer of montmorillonite, montmorillonite has obvious blocking effect on the crystal phase transition and grain size of TiO2 (Kameshima et al., 2009; Hassani et al., 2017; Huo et al., 2018). Even at high temperature, TiO2 can still maintain anatase phase with good photocatalytic activity, which is beneficial to broaden the range of TiO2 photocatalytic application (Yuan et al., 2006; Chen et al., 2012, 2013). However, when TiO2 intercalation enters into montmorillonite, the degree of order of montmorillonite will be reduced (Yuan et al., 2006; Kameshima et al., 2009), which has a certain impact on the adsorption performance of montmorillonite. In a certain range, the organic pollutants, adsorbed on the montmorillonite in water, will be reduced, so as to reduce the degradation ability of organic pollutants. Therefore, whether TiO2 and montmorillonite are combined or not, whether TiO2 enters into the interlayer of montmorillonite or not, the degradation ability of organic pollutants is different.

Based on this, nano-TiO2 was prepared by uniform precipitation method with titanyl sulfate as precursor of TiO2. TiO2/montmorillonite composite was prepared by hydrolyzation–intercalation method with montmorillonite as substrate. The TiO2/montmorillonite mixture was prepared by grinding and mixing nano-TiO2 with montmorillonite directly. The phase transition of TiO2 at different temperature and the degradation of methylene blue under ultraviolet light of these three samples were studied.

EXPERIMENTAL PROCEDURE

Raw Materials and Reagents

Montmorillonite was from the bentonite deposit in Santai County, Sichuan Province. The sample was purified by sedimentation method and then natrified by sodium carbonate, which was labeled as Mt. As can be seen from Figure 1A, Mt contains a small amount of quartz (d101 = 3.34 Å) and calcite (d104 = 3.03 Å). During the natrification of montmorillonite, calcium ions in the interlayer domain are exchanged by sodium ions. The calcite is formed from the reaction of Ca2+ with [image: image]. The chemical composition of Mt is SiO2 59.77%, Al2O3 15.05%, Fe2O3 3.22%, CaO 2.84%, MgO 3.72%, Na2O 0.17%, and K2O 0.85%. The loss of ignition (LOI) and the cation exchange capacity (CEC) of Mt is 14.4% and 119.52 mmol/100 g, respectively. Mt was calcined in furnace for 2 h at 400°C to 1,400°C, and the obtained samples were labeled as Mt-400, Mt-500…, and Mt-1100, based on the calcining temperature.
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FIGURE 1. XRD patterns of (A) Mt, (B) T, (C) Mix, and (D) Com (M-montmorillonite; Q-quartz; C-calcite).



The titanyl sulfate (Tianjin Guangfu Fine Chemical Research Institute, China), ammonium hydroxide (Chengdu Kelong Chemical Co Ltd, China), sulfuric acid (Chengdu Kelong Chemical Co Ltd, China), and methylene blue (Xilong Scientific Co Ltd, China), used in the experiment, were all analytically pure.

Preparation of TiO2 Nano-Powder

Titanyl sulfate solution (200 ml; concentration of 0.754 mol/L) was placed in a beaker, then ammonium hydroxide with a concentration of 13% was slowly trickled into the beaker under magnetic agitation until the pH value of the solution was 4.0 (which was higher than the pH of complete precipitation of titanium hydroxide); then titanium oxide hydrate gel was obtained by filtration and washing until no [image: image] was detected with BaCl2. After drying the titanium oxide hydrate gel at 80°C for 6 h in the oven, TiO2 nano-powder was obtained, which was labeled as T (Figure 1B). It can be seen that T is amorphous. T was calcined in furnace at 200°C to 1,200°C for 2 h, started to crystallize and underwent a phase transition. The obtained samples were labeled as T-t, where t was the calcining temperature.

Preparation of TiO2/Montmorillonite Mixture

T (0.0275 g) was mixed with 0.0225 g Mt for mechanical grinding and homogenization; the mechanical mixture sample of TiO2/montmorillonite was labeled as Mix (Figure 1C). Known from the figure, montmorillonite was not intercalated, and the basal reflection was not changed compared with Mt (Figure 1A). Mix was calcined in furnace for 2 h from 200°C to 1,200°C, and the obtained samples were labeled as Mix-200, Mix-300, …, and Mix-1200 based on the calcining temperature.

Preparation of TiO2/Montmorillonite Composite

Mt (1 g) was added into 100 ml ultrapure water in a beaker and stirred for 2 h to form montmorillonite suspension. Sulfuric acid solution (40%) was used to adjust the pH value of the montmorillonite suspension to 0.5, and then 12.5 mmol titanyl sulfate solution was slowly dropped into the suspension with stirring for 0.5 h to obtain the polymeric titanium ion/montmorillonite suspension. Then, 13% ammonium hydroxide was dropped into the polymeric titanium ion/montmorillonite suspension at a speed of 20 d/min, until the pH was 4.0 to obtain the hydrated titanium oxide/montmorillonite slurry. After aging for 8 h, the slurry was filtered and washed several times with ultrapure water until no [image: image] was detected with BaCl2. At last, the hydrated titanium oxide/montmorillonite compound (Com) was obtained after drying the filter residue for 6 h under 80°C. The XRD pattern of Com (Figure 1D) showed that the d001 diffraction peak of Mt disappeared, indicating the sample was intercalated montmorillonite, the polymeric titanium ion entered into the interlayer of montmorillonite through cation exchange, and the layered structure of montmorillonite was destroyed by the hydrolysis of the polymeric titanium ion to form hydrated titanium oxide. Com was roasted in furnace at 300°C to 1,200°C for 2 h and the obtained samples were labeled as Com-t, where t was the roasting temperature.

Adsorption and Photocatalysis Experiments

The MB solution with a concentration of 20 mg/L was prepared and 100 ml was measured into a 150-ml beaker. Then, 0.0275 g T-t series samples was weighed and added into the beaker under dark conditions with stirring for 4 h at room temperature (25°C). So did the 0.0225 g Mt-t series samples, 0.05 g Mix-t series samples, and 0.05 g Com-t series samples. After 4 h of adsorption treatment, the sample was irradiated with ultraviolet light (λ = 320 nm) for 0, 20, 40, 60, 120, and 180 min, respectively. Ultraviolet light is supplied by 350 W NG250Z2 high pressure sodium lamp. The sample after irradiated with ultraviolet light was centrifuged to remove the particulate matter. The residual concentration of MB was measured by the UV-3150 spectrophotometer (λmax = 660 nm).

Characterization

The phase composition of samples was determined by X-ray diffraction (XRD, X Pert pro, Cu Ka radiation under the operating conditions of 40 kV and 40 mA, and step size 0.02°, 2θ range 3°-80°, scan speed 0.4°/S).The microstructure and elemental analysis of sample were observed using SEM/EDS, Ultra 55, operating at 15 kV at magnifying multiple ranges of 5,000. Nicolet 5700 infrared absorption spectrometer for FTIR analysis, scanning range: 4,000–500 cm−1.

RESULTS AND DISCUSSION

Phase Transformation

It can be seen from Figure 2 that the roast temperature and the addition of montmorillonite have a great influence on the phase transition of TiO2. From Figure 2A the crystallization of anatase is relatively complete at 300°C. As the roast temperature has increased to 700°C, the diffraction peak of anatase becomes sharper and the characteristic (110) of rutile (2θ = 27.42) begins to appear (Jing et al., 2003). At 900°C, the diffraction peak of anatase disappears completely, meaning anatase has been completely transformed into rutile phase. Compared with Figure 2A, because of the TiO2 mechanically mixed with montmorillonite, the temperature of the complete crystallization of anatase rises to 400°C and the temperature, at which anatase completely converts to rutile, has been increased to 1,000°C. In Figure 2C, the XRD pattern of Com-300 and Com-400 only appears the characteristic (020) of montmorillonite, meanwhile disappearance (001) of montmorillonite compared with Figure 2B. This indicated that the hydrated titanium oxide has been uniformly inserted into the interlayer of montmorillonite and the superimposed and disordered hydrated titanium oxide/montmorillonite compound has been formed. With the roast temperature, increasing from 500 to 900°C, the diffraction peak of anatase becomes sharp and characteristic peak of rutile begins to appear at 900°C. At 1,100°C, there is still a weak diffraction peak of anatase. By 1,200°C, anatase has been completely transformed into rutile phase.


[image: image]

FIGURE 2. XRD patterns of the (A) T, (B) Mix, and (C) Com calcinated at the different temperatures (M, montmorillonite; Q, quartz; A, anatase; R, rutile; Al, Al2TiO5).



By comparison, it was found that the transition temperature of TiO2 in Com from anatase to rutile appeared at 900°C and complete at 1,200°C, which was higher than that of Mix and T. The results show that the structure layer of montmorillonite has obvious blocking effect on the transition from anatase to rutile phase (Zhu et al., 2002), and the retarding effect of the Com is stronger than that of Mix. It is speculated that TiO2 particles in the Mix engaged with the surface of montmorillonite layer, so there is a certain blocking effect. While in Com, TiO2 particles not only cover the surface of montmorillonite, but also enter into the interlayer of montmorillonite and form a connection with the structural layer of montmorillonite, so the blocking effect is very obvious. Interestingly, a new phase, Al2TiO5 (Huo et al., 2018), was generated above 1,000°C in Com, which was not appeared in the high temperature process of T and Mix. Therefore, it can be determined that in the Com, TiO2 interacts with the montmorillonite surface layer.

The Relative Content and Average Particle Size of TiO2

The crystal size (D) of TiO2 (anatase and rutile) in T-t, Mix-t, and Com-t series samples can be calculated by using Scherrer equation (Sakai et al., 2004; Sun et al., 2015).

The relative content of rutile phase in TiO2(WR) can be calculated by the following formula (Spurr, 1957):

[image: image]

IA and IR are the intensity of the diffraction peak of the anatase (101) andrutile (110), respectively.

In general, the grain size of anatase and rutile increases with the roasting temperature (Figure 3). When treating at the same temperature, the grain size of anatase and rutile in Com series samples are smaller than that of Mix and T series samples. It means that the structure layer of montmorillonite also has an obvious inhibition effect on the growth of TiO2 grains (Kameshima et al., 2009; Huo et al., 2018), and the inhibition effect of the Com is greater than that of Mix.


[image: image]

FIGURE 3. The grain size change of anatase and rutile in T, Mix, and Com calcinated at the different temperatures.



With the increase of temperature, the relative content of anatase decreases and rutile increases (Figure 4). The relative content of anatase is reduced to 0% at 900°C in T, 1,000°C in Mix, and 1,200°C in Com, respectively, which is consistent with the results of Figure 2. Combined with Figures 3, 4, montmorillonite not only has prominent inhibition effect on the phase transition of TiO2 but also has obvious inhibition effect on the growth of anatase and rutile grains, and the inhibition effect of the Com is the strongest. It is believed that this is related to the link between TiO2 and oxygen atoms from the bottom of the montmorillonite structure in Com, just as the connection between attapulgite and TiO2 in TiO2/Attapulgite composite (Li X. Z. et al., 2015). On the one hand, the Si–O–Ti chemical bond is formed, that is, the Ti at the edge of TiO2 particles is combined with the oxygen at the bottom of the montmorillonite structure. On the other hand, the montmorillonite structure layers on both sides have a limited effect on TiO2 particles, which has delayed the transition of TiO2.


[image: image]

FIGURE 4. The content of anatase and rutile in T, Mix, and Com calcinated at the different temperatures.



Comparison of Degradation of MB

The residual concentration of MB solution degradation by the T series samples presented “fan-shaped” change, while “trapezoidal” change by the Mix, Com and Mt series samples, which was caused by smaller specific surface area of T series samples (Figure 5).


[image: image]

FIGURE 5. The curve of MB residual concentration of solution degradation by the (A) T, (B) Mix, (C) Com, and (D) Mt calcinated at the different temperatures vs. the time of action.



Montmorillonite has a high absorption to MB (Kang et al., 2018; Wang et al., 2018), so when discussing the photocatalytic degradation percentage of Mix and Com series samples, adsorption degradation percentage, caused by Montmorillonite, must be considered. The degradation, caused by photocatalysis, is called photocatalytic degradation percentage. The degradation percentage was calculated using the following equation from the MB residual concentration curve of different samples after the adsorption and photocatalytic treatment process in Figure 5.

[image: image]

The degradation percentage of MB solution was Rt−s (Xu et al., 2011), when s = 0, the adsorption degradation percentage of the samples to MB is Rt−0, when s = 3 h, the total degradation percentage of the samples to MB is Rt−3, so the photocatalytic degradation percentage Rt of the sample was Rt = Rt−3h–Rt−0.

The adsorption degradation percentage of T series samples to MB was about 1% at 400°C to 1,100°C [Figure 6P(A)] showing that with the increase of temperature, the growth and phase transition of TiO2 grain had little influence on adsorption degradation rate of MB. The adsorption degradation percentage of Mix, Com, and Mt series samples were obviously higher than that of T series samples. It means that the adsorption degradation percentage of MB is mainly caused by the montmorillonite and the grain growth and phase transition of TiO2 have little influence on the adsorption degradation percentage. When temperature ranges from 400 to 600°C, the adsorption degradation percentage of Mix samples was higher than that of Com while after high temperature treatment (700–1,100°C) showed an opposite trend. The main reasons are as follows: hydrated titanium oxide just contacts with the surface of montmorillonite, but not induced into the interlayer space of montmorillonite and not destroy the original layered structure of montmorillonite in Mix samples. When roasted below 600°C, the original specific surface area of montmorillonite is retained. Therefore, Mix-400, Mix-500, and Mix-600 have a higher adsorption degradation percentage. With the increase of temperature (700 to 1,100°C), the structure of montmorillonite is easier to damage, so adsorption degradation percentage reduced and lower than Com. However, hydrated titanium oxide entered into the interlayer of montmorillonite, distributed evenly both in the surface and interlayer of montmorillonite, destroyed the original adsorption of montmorillonite in Com samples. So, Com-400, Com-500, and Com-600 had relatively lower adsorption decolorization percentage. Rising the temperature, dehydration of hydrated titanium oxide in the interlayer of montmorillonite, the specific surface area of montmorillonite decreased relatively slowly and the adsorption degradation percentage was relatively high. In addition, the inhibition effect of Com on the phase transition and grain growth of TiO2 is stronger than that of the Mix, so the specific surface area of the Com drops lower and its adsorption percentage is higher at high temperature (700 to 1,100°C).
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FIGURE 6. The curves of the adsorption degradation percentage P(A), the photocatalytic degradation percentage P(B), and the total degradation percentage P(C) of T-t, Mix-t, Com-t, Mt-t.



It can be seen from the Figure 6P(B), the photocatalytic degradation percentage of T, Mix, and Com samples increases first and then decreases, which is closely related to the change in the crystal phase and grain size of TiO2. While there is no TiO2 in the Mt-t series samples, there is no photocatalytic degradation percentage. At 400–600°C, the photocatalytic degradation percentage of T series samples was higher than Mix and Com, as the anatase phase, produced by T, is more complete. With the increase in temperature, the anatase is more easily transformed to rutile in T than that of Mix and Com, hence, the photocatalytic degradation percentage of T samples is lower. Com samples have higher photocatalytic degradation percentage than Mix samples roasted at the same temperature; because, in Com, the inhibition effect of montmorillonite layer on the phase transition and grain size of TiO2 is greater than in Mix. At 700–900°C, Com series samples have relatively high photocatalytic degradation percentage, especially at 700°C. The particle size of anatase increases with the increase in temperature (800°C), so the specific surface area decreases and photocatalytic degradation percentage decreases slightly. At 900°C, anatase (3.2 ev) begins to transform into rutile (3.0 ev) and a close contact rutile phase thin layer is formed on the surface of anatase grains. As the anatase and rutile phase have different Fermi levels (Spurr, 1957), Schottky potential barrier is generated between the interfaces, which promotes the separation, transfer, and migration of internal electron-hole pairs to the surface of TiO2 (Gao et al., 2001), and promotes the photocatalytic degradation percentage of MB. When the temperature is increased, the content of anatase phase is less, the grain size is bigger, and the migration distance of electron-hole pairs to the surface of the particle is longer, so the photocatalytic degradation percentage is reduced obviously, but still high.

The overall trend of the total degradation percentage of MB by T series samples [Figure 6P(C)] was similar to that of the photocatalytic degradation percentage [Figure 6P(B)], and in the same sample, the photocatalytic degradation percentage was significantly higher than the adsorption degradation percentage. Therefore, the degradation of T series samples to MB solution was mainly caused by the photocatalytic degradation. While the total degradation percentage of Mt series samples to MB solution was only caused by the adsorption degradation. The total degradation percentage of Mix and Com series samples to MB solution are the combination of adsorption and photocatalytic degradation percentage. When the temperature is lower than 600°C (the temperature before the destruction of the montmorillonite structure), adsorption plays a major role, while higher than 600°C, photocatalysis plays a major role. This is also related to the inhibition effect of the phase transition and grain growth produced by the TiO2 entering into the interlayer of montmorillonite. In general, the total degradation percentage of Com and Mix to MB is higher than that of T. and total degradation percentage of Mix to MB is higher than Com before the structural damage of montmorillonite, that is, before 700°C. Therefore, in practical applications, the choice of Mix or Com can be made according to the applied temperature. For fields requiring degradation at high temperatures (>700°C), such as ceramic coating, Com can be chosen. Mix can be selected for degradation below 700°C.

Connection Between TiO2 and Montmorillonite Structure Layer

In order to confirm the molecular vibration characteristics of Com samples and whether Ti–O–Si chemical bond is formed by the TiO2 and the bottom oxygen on the surface of montmorillonite structural layer, the infrared spectroscopy analysis is carried out on the T and Com series samples, the results are shown in Figure 7.
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FIGURE 7. IR spectroscopy patterns of (A) T and (B) Com calcinated at different temperature.



Combined with Figure 2A, below 600°C, TiO2 is anatase phase and there is a wide absorption band in the range is 400–900 cm−1 in the infrared spectrum. Above 900°C, anatase transformed to rutile, showing a broad absorption band within the range of 450–800 cm−1, a shoulder absorption band appears near 520 cm−1, and a small absorption band appears near 410 cm−1.With the increase of roasting temperature, the broad absorption band of the sample gradually narrowed. This indicates that the Ti–O vibration mode in rutile structure is gradually narrowed, and the crystallinity of the sample is gradually improved.

The infrared spectral characteristics of montmorillonite mainly show in the strong Si–O stretching vibration absorption band within the range of 900–1,100 cm−1, the Si–O bending vibration absorption band near 515 cm−1 and the Al–O vibration absorption band near 465 cm−1 (Tichit et al., 1988). Combined with Figure 2C, the phases below 700°C are montmorillonite and anatase, above 900°C, structure of montmorillonite layer is completely damaged, TiO2 is a mixture of anatase and rutile. Below 700°C, except the strong Si–O stretching vibration absorption band near 1,040 cm−1(C) (Abdennouri et al., 2016), the Si–O bending vibration absorption band near 515 cm−1(B) and Al-O vibration absorption band near 465 cm−1(A), there exists a weak absorption band range in 750–950 cm−1. Above 900°C, due to the complete destruction of montmorillonite structure, the absorption band of Si–O stretching vibration moved to 1,140 cm−1, the Si–O bending vibration absorption band and the Al–O vibration absorption band combined into an absorption band. Interestingly, weak absorption bands in the range of 750–950 cm−1 are more obvious, and the analysis suggests that these weak absorption bands may be related to the stretching vibration of Si–O–Ti (Hasegawa et al., 1991; Sosnov et al., 2010). In the infrared spectrum of Com samples, a weak wide absorption band appeared near 930 cm−1, which did not appear in the infrared spectrum of montmorillonite, anatase, and rutile. It was believed that the absorption band was caused by Si–O–Ti anti-symmetric stretching vibration (Hassani et al., 2015, 2017). This indicates that TiO2 particles formed Ti–O–Si chemical bond with oxygen at the bottom of the structure layer of montmorillonite in Com. It can also be seen from Figure 8 that TiO2 particles are evenly distributed on the surface and between layers of montmorillonite, and the element distribution of Si and Ti is also uniform.


[image: image]

FIGURE 8. SEM image of TiO2/montmorillonite composite (Com-700) (Left) and image of Si (red)–Ti (green) composition distribution in corresponding region (Right).



In the preparation process of Com, titanyl sulfate solution was hydrolyzed into the polymeric titanium ion by controlling the pH of montmorillonite suspension to 0.5, and the polymeric titanium ion with different degree entered into the interlayer of montmorillonite through cation exchange. With the increase of pH in the solution, the polymeric titanium ion was further hydrolyzed, and its hydrolysis and the resulting hydrated titanium oxide molecules could be expressed by Equation (1). Continuous polymerization of hydrated titanium oxide molecules can form a molecular network of titanium oxide, which can be expressed by Equation (2).

[image: yes]
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The hydrated titanium oxide molecules, formed by Equation (1) or the titanium oxide molecules, formed by Equation (2), can form chemical bonds with the negatively charged oxygen atoms at the bottom of the montmorillonite structure, as shown in Equation (3) and Equation (4).

[image: yes]
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Therefore, in the interlayer of montmorillonite or on the surface of the layer of montmorillonite, TiO2 can form a chemical bond with the bottom oxygen on the bottom layer of the montmorillonite structure, that is, Ti-O-Si chemical bond. Hence, the Ti–O–Si absorption band in the infrared spectrum of Com samples can be theoretically explained. In other words, in Com samples, anatase or rutile nanoparticles bond with silica skeleton [Si4O10]n in the structure layer of montmorillonite, which give rise to the inhibition of the phase transition of TiO2 particles and grain growth.

CONCLUSION

(1) Anatase was completely transformed into rutile phase in T at 900°C. Because of the addition of montmorillonite, the temperatures, at which anatase was completely converted to rutile phase in the Mix and Com, were increased to 1,000 and 1,200°C, respectively. The addition of montmorillonite also had an obvious inhibition effect on the growth of TiO2 (anatase and rutile) grains. After treatment at the same temperature, the anatase grains and rutile grains of T series samples and Mix series samples were 4–34 and 15–88 nm larger than Com series samples, respectively.

(2) Effect of the degradation of methylene blue is closely related to the heat treatment temperature, the crystal structure of TiO2 and grain size. When treated at low temperature (400 to 600°C), as the structure of montmorillonite is not destroyed and the adsorption capacity is kept, the degradation rate of MB is highest in Mix. While at high temperature (700 to 1,100°C), as the Ti–O–Si chemical bond was formed with TiO2 particles and oxygen at the bottom of the structure layer of montmorillonite in Com, it had stronger degradation ability.

(3) In practical application, the choice of Mix or Com can be made according to the application temperature of the degradation of MB. Mix can be selected in the low temperature range (the temperature before the destruction of the montmorillonite structure), while Com in the high temperature range.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript.

AUTHOR CONTRIBUTIONS

HS designed the research. XL and LZ conceived the experiments and analyzed the results with the help of HS and TP. LZ drafted the manuscript.

FUNDING

This work was financially supported by the National Natural Science Foundation of China (Grant No. 41372052) and the Scientific and Technological Innovation Team Foundation of Education Department of Sichuan Province, China (Grant No. 14TD0012).

REFERENCES

 Abdennouri, M., Baǎlala, M., Galadi, A., Makhfouk, M. E., Bensitel, M., Nohair, K., et al. (2016). Photocatalytic degradation of pesticides by titanium dioxide and titanium pillared purified clays. Arab J. Chem. 9, S313–S318. doi: 10.1016/j.arabjc.2011.04.005

 Calia, A., Lettieri, M., Masieri, M., Pal, S., Licciulli, A., and Arima, V. (2017). Limestones coated with photocatalytic TiO2 to enhance building surface with self-cleaning and depolluting abilities. J. Clean. Prod. 165, 1036–1047. doi: 10.1016/j.jclepro.2017.07.193

 Chen, D. M., Du, G. X., Zhu, Q., and Zhou, F. S. (2013). Synthesis and characterization of TiO2, pillared montmorillonites: application for methylene blue degradation. J. Colloid Interface Sci. 409, 151–157. doi: 10.1016/j.jcis.2013.07.049

 Chen, D. M., Zhu, Q., Zhou, F. S., and Li, F. T. (2012). Synthesis and photocatalytic performances of the TiO2 pillared montmorillonite. J. Hazard Mater. 235–236, 186–193. doi: 10.1016/j.jhazmat.2012.07.038

 Djellabi, R., Ghorab, M. F., Cerrato, G., Morandi, S., Gatto, S., Oldani, V., et al. (2014). Photoactive TiO2–montmorillonite composite for degradation of organic dyes in water. J. Photoch. Photobio. A 295, 57–63. doi: 10.1016/j.jphotochem.2014.08.017

 Dou, B. L., Dupont, V., Pan, W. G., and Chen, B. B. (2011). Removal of aqueous toxic Hg(II) by synthesized TiO2 nanoparticles and TiO2/montmorillonite. Chem. Eng. J. 166, 631–638. doi: 10.1016/j.cej.2010.11.035

 Gao, W., Luo, F. Q., Luo, Z., Fu, J. X., Wang, D. J., and Xu, B. K. (2001). Studies on the relationship between the crystal form of TiO2 and its photocatalyzing degradation efficiency. Chen. J. Chinese U. 62, 660–662. doi: 10.3321/j.issn:0251-0790.2001.04.047

 Hasegawa, Y., Feng, C. X., Song, Y. C., and Tan, Z. L. (1991). Ceramic fibres from polymer precursor containing Si-O-Ti bonds. J. Mater. Sci. 23, 1911–1920. doi: 10.1007/BF01115750

 Hassani, A., Khataee, A., Karaca, S., and Fathinia, M. (2015). Heterogeneous photocatalytic ozonation ofciprofloxacin using synthesized titanium dioxidenanoparticles on a montmorillonite support: parametric studies, mechanistic analysis andintermediates identification. RSC Adv. 6, 87569–87583. doi: 10.1039/C6RA19191F

 Hassani, A., Khataee, A., Karaca, S., Karaca, C., and Gholami, P. (2017). Sonocatalytic degradation of ciprofloxacin using synthesized TiO2 nanoparticles on montmorillonite. Ultrason. Sonochem. 35, 251–262. doi: 10.1016/j.ultsonch.2016.09.027

 Huo, M. Y., Guo, H. G., Jiang, Y. S., Ju, H., Xue, B., and Li, F. F. (2018). A facile method of preparing sandwich layered TiO2, in between montmorillonite sheets and its enhanced UV-light photocatalytic activity. J. Photoch Photobio A 358, 121–129. doi: 10.1016/j.jphotochem.2018.02.012

 Jing, L. Q., Sun, X. J., Cai, W. M., Xu, Z. L., Du, Y. G., and Fu, H. G. (2003). The preparation and characterization of nanoparticle TiO2/Ti films and their photocatalytic activity. J. Phys ChemSolids. 64, 615–623. doi: 10.1016/s0022-3697(02)00362-1

 Kadwa, E., Bala, M. D., and Friedrich, H. B. (2014). Characterisation and application of montmorillonite-supported Fe Schiff base complexes as catalysts for the oxidation of n-octane. Appl. Clay Sci. 95, 340–347. doi: 10.1016/j.clay.2014.04.036

 Kameshima, Y., Tamura, Y., Nakajima, A., and Okada, K. (2009). Preparation and properties of TiO2/montmorillonite composites. Appl. Clay Sci. 45, 20–23. doi: 10.1016/j.clay.2009.03.005

 Kang, S. C., Zhao, Y. L., Wang, W., Zhang, T. T., Chen, T. X., Yi, H., et al. (2018). Removal of methylene blue from water with montmorillonite nanosheets/chitosan hydrogels as adsorbent. Appl. Surf. Sci. 448, 203–211. doi: 10.1016/j.apsusc.2018.04.037

 Kang, S. Z., Wu, T., Li, X. Q., and Mu, J. (2010). Effect of montmorillonite on the photocatalytic activity of TiO2 nanoparticles. Desalination 262, 147–151. doi: 10.1016/j.desal.2010.06.003

 Kim, H. J., Yoon, Y. S., Yang, K. H., and Kwon, S. J. (2019). Durability and purification performance of concrete impregnated with silicate and sprayed with photocatalytic TiO2. Constr. Build Mater. 199, 106–114. doi: 10.1016/j.conbuildmat.2018.12.035

 Klaysri, R., Wichaidit, S., Tuhchareon, T., Nokjan, S., Piticharoenphun, S., Mekasuwandumrong, O., et al. (2015). Impact of calcination atmospheres on the physiochemical and photocatalytic properties of nanocrystalline TiO2 and Si-doped TiO2. Ceram. Int. 41, 11409–11417. doi: 10.1016/j.ceramint.2015.05.104

 Li, D., Cheng, X. W., Yu, X. J., and Xing, Z. P. (2015). Preparation and characterization of TiO2-based nanosheets for photocatalytic degradation of acetylsalicylic acid: influence of calcination temperature. Chem. Eng. J. 279, 994–1003. doi: 10.1016/j.cej.2015.05.102

 Li, X. Z., Yao, Y., Lu, X. W., Yin, Y., Zuo, S. X., and Ni, C. Y. (2015). TiO2/Attapulgite nanocomposite as photocatalyst: impact of phase transition. Sci. Adv. Mater. 7, 1400–1405. doi: 10.1166/sam.2015.2058

 Liang, H., Wang, Z. Q., Liao, L. M., Chen, L., Li, Z., and Feng, J. (2017). High performance photocatalysts: Montmorillonite supported-nano TiO2, composites. Optik 136, 44–51. doi: 10.1016/j.ijleo.2017.02.018

 Ling, L. L., Feng, Y. W., Li, H., Chen, Y., Wen, J. Y., Zhu, J., et al. (2019). Microwave induced surface enhanced pollutant adsorption and photocatalytic degradation on Ag/TiO2. Appl. Surf. Sci. 483, 772–778. doi: 10.1016/j.apsusc.2019.04.039

 Mofrad, B. D., Hayati-Ashtiani, M., and Rezaei, M. (2018). Preparation of pillared nanoporous bentonite and its application as catalyst support in dry reforming reaction. Asia-Pac. J. Chem. Eng. 13, 1–11. doi: 10.1002/apj.2188

 Pellegrino, F., Pellutiè, L., Sordello, F., Minero, C., Ortel, E., Hodoroaba, V. D., et al. (2017). Influence of agglomeration and aggregation on the photocatalytic activity of TiO2 nanoparticles. Appl. Catal. B 216, 80–87. doi: 10.1016/j.apcatb.2017.05.046

 Rao, W., Liu, H., Lv, G. C., Wang, D. Y., and Liao, L. B. (2018). Effective degradation of Rh 6G using montmorillonite-supported nano zero-valent iron under microwave treatment. Materials 11, 1–11. doi: 10.3390/ma11112212

 Rossetto, E., Petkowicz, D. I., Santos, J. H. Z., Pergher, S. B. C., and Penha, F. G. (2010). Bentonites impregnated with TiO2 for photodegradation of methylene blue. Appl. Clay Sci. 48, 602–606. doi: 10.1016/j.clay.2010.03.010

 Sakai, N., Ebina, Y., Takada, K., and Sasaki, T. (2004). Electronic band structure of titania semiconductor nanosheets revealed by electrochemical and photoelectrochemical studies. J. Am. Chem. Soc. 126, 5851–5858. doi: 10.1021/ja0394582

 Shi, T., Duan, Y., Lv, K., Hu, Z., Li, Q., Li, M., et al. (2018). PhotocatalyticOxidation of acetone over high thermally stable TiO2 nanosheets with exposed (001) facets. Front. Chem. 6:175. doi: 10.3389/fchem.2018.00175

 Sosnov, E. A., Malkov, A. A., and Malygin, A. A. (2010). Hydrolytic stability of the Si–O–Ti bonds in the chemical assembly of titania nanostructures on silica surfaces. Russ. Chem. Rev. 79, 907–920. doi: 10.1002/chin.201114218

 Spurr, R. A. (1957). Quantitative analysis of anatase-rutile mixtures with an X-ray diffractometer. Anal. Chem. 29, 760–762. doi: 10.1021/ac60125a006

 Sun, H. J., Peng, T. J., Liu, B., and Xian, H. Y. (2015). Effects of montmorillonite on phase transition and size of TiO2 nanoparticles in TiO2/montmorillonite nanocomposites. Appl. Clay Sci. 114, 440–446. doi: 10.1016/j.clay.2015.06.026

 Sun, X. T., Yan, L. T., Xu, R. X., Xu, M. Y., and Zhu, Y. Y. (2019). Surface modification of TiO2 with polydopamine and its effect on photocatalytic degradation mechanism. Colloids Surface A 570, 199–209. doi: 10.1016/j.colsurfa.2019.03.018

 Tichit, D., Fajula, F., Figueras, F., Ducourant, B., Mascherpa, G., Gueguen, G., et al. (1988). Sintering of montomorillonites pillared by hydroxy-aluminum species. Clays Clay Miner. 36, 369–375. doi: 10.1346/CCMN.1988.0360413

 Wang, W., Zhao, Y. L., Bai, H. Y., Zhang, T. T., Valentin, I. G., and Song, S. X. (2018). Methylene blue removal from water using the hydrogel beads of poly (vinylalcohol)-sodium alginate-chitosan-montmorillonite. Carbohyd. Polym. 198, 518–528. doi: 10.1016/j.carbpol.2018.06.124

 Xu, J. J., Zhu, P. W., Zhao, L., Sun, J. X., Sun, B. T., and Lei, Z. Q. (2011). Preparation and characterization of Ag/TiO2 hollow nano-fiberphotocatalytic material. Acta Chim. Sinica 59, 585–590. doi: 10.1016/j.cclet.2010.10.028

 Yuan, L. L., Huang, D. D., Guo, W. N., Yang, Q. X., and Yu, J. (2011). TiO2/montmorillonite nanocomposite for removal of organic pollutant. Appl. Clay Sci. 53, 272–278. doi: 10.1016/j.clay.2011.03.013

 Yuan, P., Yin, X. L., He, H. P., Yang, D., Wang, L. L., and Zhu, J. X. (2006). Investigation on the delaminated-pillared structure of TiO2-PILC synthesized by TiCl4 hydrolysis method. Micropor. Mesopor. Mat. 93, 240–247. doi: 10.1016/j.micromeso.2006.03.002

 Zhang, T. T., Luo, Y., Jia, B., Li, Y., Yuan, L. L., and Yu, J. (2015). Immobilization of self-assembled pre-dispersed nano-TiO2 onto montmorillonite and its photocatalytic activity. J. Environ. Sci. 32, 108–117. doi: 10.1016/j.jes.2015.01.010

 Zhu, H. Y., Orthman, J. A., Li, J. Y., Zhao, J. C., Churchman, J., and Vansantjj, E. F. (2002). Novel composites of TiO2(Anatase) and silicate nanoparticles. Chem. Mater. 14, 5037–5044. doi: 10.1021/cm0205884

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Zeng, Sun, Peng and Lv. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fchem-07-00538-g004.gif





OPS/images/fchem-07-00538-g003.gif





OPS/images/fchem-07-00538-g006.gif





OPS/images/fchem-07-00538-g005.gif





OPS/images/fchem-07-00538-g002.gif
[enstyia )

[ tee thmend o]t 3 u“ P
e oo IO S ) Y YW

5 g s Bun vav) : B o A,.""é Towme g

e s ...u.il aan A S






OPS/images/fchem-07-00538-g001.gif





OPS/images/cover.jpg
’ frontiers
in Chemistry

Comparison of the Phase Transition
and Degradation of Methylene Blue
of TiO,, TiO,/Montmorillonite
Mixture and TiO,/Montmorillonite
Composite









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/math_2.gif





OPS/images/fchem-07-00538-i001.gif
O} {240 +OH ——TiOH
1

(1)





OPS/images/inline_3.gif
S0}





OPS/images/math_1.gif
Wi = — 1 x 100%
1+08k





OPS/images/fchem-07-00538-i004.gif
E






OPS/images/fchem-07-00538-i002.gif
(2)





OPS/images/fchem-07-00538-i003.gif
—-on + ot —e —o—d—
| I |





OPS/images/inline_1.gif
[ole:y





OPS/images/inline_2.gif
S0}





OPS/images/fchem-07-00538-g008.gif





OPS/images/fchem-07-00538-g007.gif
<

|






