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Abstract
A series of titania pillared Algerian montmorillonite was prepared from Na-montmorillonite using titanium isopropoxide and hydrochloric acid. Next to a reference clay pillared with TiO2 only(Mont-TiO2), a clay pillared with the palladium doped TiO2 was also synthesized(Mont-(TiO2-Pd)) as well as a TiO2-pillared clay photosensitized by the introduction of the methylene blue dye into the suspension of the TiO2-pillared clay(Mont-TiO2)-BM. 

The prepared materials were characterized by X-ray diffraction (XRD), micro X-ray fluorescence (µFX), Scanning electron microscopy (SEM), Differential and thermo-gravimetric analysis (DTA/TGA), Fourier transformed infrared (FT-IR), specific area and porosity determinations. The prepared materials are porous and exhibit a good thermal stability as indicated by their surface areas after calcination by microwave. Their photocatalytic performance was evaluated in the photodegradation of phenyl urea herbicide (precisely, Linuron). The TiO2 pillared clay (Mont-TiO2) is shown to be the best photocatalyst in term of photocatalytic activity.
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Introduction
Clay minerals are a class of inorganic layered silicate materials which have attracted significant attention due to their high abundance and low cost. They are chemically inert and resistant to deterioration. Their special properties ranging from sorptive, swelling, ion exchange, acidic and textural properties make clays attractive for various applications like adsorption and catalysis; they can also be used to remove organic pollutants from wastewaters1-7.

The level of interest for clays among the scientific community has increased dramatically in recent years due to their intercalation chemistry and various modification possibilities. Pillared smectites are clays of high permanent porosity obtained by separating the clay sheets by a pillaring agent. These pillaring agents can be organic, organometallic, or inorganic complexes, preferably of a high positive charge5,8-16.

Since the first work introducing the aluminum intercalated clay family in the early 1970s, interest in the synthesis of pillared interlayer clays has increased tremendously, especially research into the properties and applications of new synthesis methods17.

Now, the inorganic polyoxocations are of great interest because the corresponding inorganic pillared clays such as the common Al-pillared clay, Fe-pillared clay, Zr-pillared clay, Cr-pillared clay and Ti-pillared clay, have high specific surface area and better thermal stability; thus, their pores remain stable in high temperature reactions18-27. Among them, poly(hydroxo)titanium pillars were intensively studied because Ti-pillared clay have the following characteristics: (1) a large specific surface area and uniform pore size, (2) interlayer titanium dioxide primarily in the form of pillars bonded to the tetrahedral sheets in the clay and (3) a strong solid acidity. There are potential broad applications of Ti-pillared clay as solid catalysts and adsorbent in the petrochemical industry, fine chemicals industry and environmental protection field. They can also be used as photocatalysts for effective treatment of wastewaters polluted with toxic organic compounds28-31.

Heterogeneous photocatalysis based on semiconductors like TiO2, ZnO, Fe2O3, CdS, ZnS, Nb2O5, Ta2O5 and BiTaO4 is extensively investigated in view of its applications in the detoxification of polluted water. Nevertheless, TiO2 has been the most studied semiconductor photocatalyst due to its high activity under UV irradiation, high stability against photocorrosion process, chemical inertness, non-toxicity and low cost32-37. 

However, ultra-fine powders have a strong tendency to agglomerate into larger particles, resulting in an adverse effect on catalyst performance. In some cases, agglomerates could block the penetration of light into the solution. It might also be very hard to recover the powders after the reaction, leading to a potential difficulty in downstream separation38. To overcome these limitations and have superior activity performance of photocatalysts, various kinds of supports are most widely used to immobilize the active phases. Among them clays such as montmorillonite have attracted much attention in recent years. The intercalation of TiO2 into the interlayer of montmorillonite is one of the effective methods to induce the photocatalytic decomposition of the organic pollutants20,21,23-41.

In general, TiO2-pillared clays are prepared through a cation exchange approach between the interlayer sodium ions and positively charged sol particles of titanium hydrate, [TiO(OH)x]mn+ with size ≤ 2 nm. 

Here we used an organic-dye (methylene blue) to boost the performance of our pillared clay in the process of the photodegradation of Linuron. Doping TiO2-pillared clay with a transition metal, precisely palladium, has also been extended here in order to improve the performance, in particular by narrowing the energy band gap in the electronic structure of titanium. This approach can indeed lead to produce materials with better photocatalytic activity than the classical TiO2-pillared clay42-43. Our materials were thus prepared by introducing the palladium into the TiO2 sol before pillaring the clay. In this study, we describe the synthesis and characterization of TiO2 pillared clay with ratio of TiO2/HCl equal to 4 using the Stert method44. The prepared materials were characterized by different spectroscopic and thermal techniques and tested to evaluate their potential for removal of phenylurea herbicide (Linuron) from aqueous solutions, by adsorption and photodegradation.

Material and Methods
Material and reagents: The starting clay was a bentonite obtained from the Roussel deposit of Maghnia (Algeria). It is reported to be composed essentially of montmorillonite with minor impurities (quartz, feldspar, calcite, etc.). The structural formula is Na0.35K0.01Ca0.02(Si3.89Al0.11) (Al1.60Mg0.32Fe0.08)O10(OH)2.

The cation exchange capacity (CEC) of the montmorillonite is 90 meq per 100g of bentonite. Its chemical composition (wt%) is: SiO2 69.4; Al2O314.7;Fe2O3 1.2; MgO 1.1; CaO 0.3; Na2O 0.5; K2O 0.8; TiO2 0.2 and its mass loss by ignition at 1173 K is 11%.

This bentonite was purified using a sedimentation process to obtain a purified bentonite with a high montmorillonite content. The pure bentonite was then modified through cation exchange with a NaCl(1M) aqueous solution to obtain Na-Mont5. HCl, PdCl2, Methylene blue (C16H18ClN3S) were purchased from Fluka and Titanium (IV) isopropoxide [Ti(OC3H7)4] (100%) from Prolabo.

The pollutant used in this study is a phenylurea herbicide (Linuron) with chemical structure (C9H10Cl2O2N2): 3-(3,4-dichlorophenyl)-1-methoxy-methylurea. It was used without further purification. All aqueous solutions were prepared with deionized water.

The physicochemical properties and chemical structure of the Linuron are shown in table 1 and figure 1.

Table 1
Physico-chemical properties of Linuron

	Compound
	Molecular weight (g/mol)
	Solubility in water (mg/l)
	Vapor pressure
(Pa)

	Linuron
	249.1
	52.7 at pH=5
63.8 at pH = 7
	5.1 .10-3
at 20°C
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Figure 1: Chemical structure of Linuron

Synthesis of pillared, Palladium doped and photosensitized TiO2-montmorillonite:
· The pillaring agent was prepared using the sol-gel method by adding dropwise the titanium tetraisopropoxide into 1M HCl aqueous solution under continuous stirring for three hours at 50 °C until a clear solution was obtained. The molar ratio of HCl/Ti was equal to 4 and a titanium amount of 10mmol/g of montmorillonite was targeted according to the conditions reported in the literature44. The sol of titanium hydrate obtained was added drop by drop into a suspension of montmorillonite in water (1% wt) followed by stirring for 17h and then a sequence of washing with distilled water, centrifugation and drying at 40°C for 72h. Finally, the modified clay was calcined during 15min in a microwave apparatus at 800W. The photocatalyst obtained was named Mont-TiO25,45.
· The palladium doped TiO2 pillared clay was synthesized by adding 0.5% (w/w) of PdCl2 to a titanium hydrate sol prepared as described beforehand. This mixture was stirred for 4h in the dark. The product thus obtained was then added dropwise to a suspension of sodium montmorillonite (Mont-Na) and left under vigorous stirring for 48h. The suspension was then centrifuged and washed several times with distilled water, dried and then calcined in the microwave at an average power of 800W for 15min.The obtained material was named Mont-(TiO2-Pd)46.
· The methylene blue photosensitized TiO2 pillared clay was prepared by dissolving a quantity of methylene blue (10-3M) in a mixture of 2ml of methanol and 100 ml of 5% formic acid. To this solution was added 1g of Mont-TiO2, the suspension obtained is stirred for 24h away from light, before being centrifuged and washed several times and dried at a temperature of 80°C47. The sample was named (Mont-TiO2)-BM.
The different routes followed to prepare the catalysts are represented in the figure 2.


Figure 2: Diagram of the preparation of photocatalysts


Characterization methods
· X-ray diffraction (XRD) patterns of the resulting materials were performed on a PANalytical XPERT-PRO diffractometer using CuKα source operated at 45kV and 40mA. The samples were measured at room temperature in the range from 2ϴ = 2° to 70°. The scanning rate was 2° degrees per minute. 
· Fourier transformed infrared (FT-IR) spectra were recorded in the range of 4000 to 400 cm-1 on a FT-IRBRUKER, type TENSOR 27 spectrophotometer. The acquisition consisted in accumulating 64 scans with a spectral resolution of 4 cm-1. 
· Scanning electron microscopy (SEM) PHILIPS ESEM XL 30 with a tungsten filament was used to examine the morphology of the investigated samples using conductive carbon paint.
· Elemental analysis of the samples was conducted by micro X-ray fluorescence (µXF) on a HORIBA XGT-5000 spectrophotometer. The fluorescence spectra were recorded in the region extending from 0 to 40 keV.
· Nitrogen adsorption-desorption isotherms of the prepared materials were obtained at 77K by Micromeritics Tristar 3000 after proper degassing. BET surface area and total pore volume were calculated from the adsorption isotherm. 
· Thermogravimetry and Differential thermal analysis (TG-DTA) were performed on a Simultaneous Thermal Analyzer type STA 409 PC LUXX (NETZSCH) on masses of approximately 40mg of the different clay samples prepared at a heat rate of 10°C/min from room temperature to a maximum temperature of 900°C under air atmosphere.

Photocatalytic activity tests
Preparation of initial synthetic waste-water: The phenylurea herbicide (Linuron) was used as target pollutant in the experiments. Initial solution was prepared in deionized water at a concentration of 10mg/l. As the dissolution of this herbicide in water is very difficult, the initial solution of herbicide was protected from light and left for one hour under stirring until full solubilization was reached as checked by the fact that the obtained solution was totally transparent.

Photocatalytic degradation of Linuron: The photodegradation tests were carried out in a photoreactor using UV lamp (Philips HPK brand lamp) with 125W power, the theoretical energy of the lamp being 47W/m2. 

Calibration curve: The UV spectrum of the Linuron is given at figure 3 which it is obtained by analysis of the 10mg/l stock solution with the UV-Vis spectrophotometer. This figure shows that Linuron does not absorb above 300 nm. The spectrum mainly showed a peak at a wavelength of 246 nm at which our next analyses were achieved to follow the catalytic degradation of the pollutant. The Linuron calibration curve using the absorption at 246 nm is shown at figure 4.

Photolysis of Linuron: Before starting the photocatalytic reactions, photolysis of the herbicide was carried out by putting 80ml of the polluted solution of 4.01.10-2 mM at pH = 5.50 under ultraviolet (UV) radiation in the absence of any catalyst; the degradation kinetics was followed for 3h and a sample was taken after each 15 minutes during the first hour and after every 30 minutes in the last two hours.

Photocatalysis of Linuron in the presence of different photocatalysts: A volume of 80ml of the Linuron solution (4.01.10-2mM) at a pH of about 5.83 is contacted with our three different catalysts: Mont-TiO2, Mont-(TiO2-Pd), (Mont-TiO2) –BM with magnetic stirring and a reaction time of 3h after 30 minutes of adsorption. The sampling takes place each 15 minutes interval during the first hour and after every 30 minutes in the last two hours. The filtered samples are analyzed by UV-Vis spectrophotometry in order to determine the concentration of the degraded pollutant.

Results and Discussion
Characterization of the photocatalysts
XRD analysis: Figure 5 shows the X-ray diffraction patterns of the pristine sodic montmorillonite, the TiO2 pillared one undoped, the TiO2 pillared and palladium doped one before and after calcinations and the methylene blue photosensitized TiO2 pillared one.
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Figure 3: UV-Vis spectrum of Linuron showing its maximum absorption wavelength


Figure 4: Linuron calibration curve by UV-Vis.
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Figure 5: XRD patterns of Mont-Na and the modified montmorillonite


As for the pristine sodic material, the characteristic peak corresponding to the (001) reflection of 2:1 phyllosilicate clays is observed for the TiO2 pillared one undoped before and after calcination and the TiO2 pillared and palladium doped one before calcination which indicate that the laminar structure of the clay is preserved even after modification for the calcined TiO2 pillared clay. For the purified clay, the peak at 2ϴ = 6.8° corresponds to a basal distance d001 of 13 Å in agreement with what is well established for sodic montmorillonite5,45. This result indicates the presence of a single water layer in the interlayer space of montmorillonite6,48. 

The diffraction pattern of titanium pillared clay (Mont-TiO2) non calcined shows a diffraction line d001 at 2ϴ = 5.8° indicating the formation of titanium pillars as corresponding to an increase of the basal distance to 16 Å. After calcination, the sample exhibits a slight decrease of the d001 (15Å) as compared to the non-calcined sample. This shift is likely due to a dehydration undergone by the pillars during the calcination step. Still the basal distance for the material after calcination is larger than for the pristine material revealing that the expansion of the clay interlayer distance during the pillaring process is thermally stable.

A diffraction peak corresponding to the (101) reticular plane of the anatase form of TiO2 was detected at 25.5°25. A bulk anatase phase TiO2 generates other peaks at 2ϴ angles of 37.9, 47.9, 53.8, 62.7 and 68.8°. For our samples, these peaks are really faint and for most of them cannot be distinguished from the clay pattern. This suggests that the presence of bulk anatase crystallites having grown independently of the clay is unlikely and that the pillars successfully intercalated into the clay are made of anatase TiO2 developed as column built along the (101) direction25,49-51.

The XRD pattern of the palladium doped pillared clay (Mont-(TiO2-Pd) almost coincides with that of TiO2 pillared clay. In particular, no diffraction peak due to any palladium containing phase was observed suggesting that no independent Pd-containing bulk phase was formed and that Pd ions are uniformly incorporated and dispersed into the lattice of the TiO2 pillars46,52,53. Moreover, the d001 distance of Mont-(TiO2-Pd) was 15 Å before calcination, but after the calcination, we observe a collapse of this peak. This is probably due to the migration of some ions palladium (Pd2+) into the octahedral sheets of the clay.

For the methylene blue sensitized sample, the d001 distance was 14 Å, namely more than the pristine material but less than the pillared samples. The (101) peak of anatase is still there, but less intense. This suggests that the incorporation of BM is somehow detrimental for the pillars, not affecting their structure but likely shortening them. The reason for this is unknown at this stage, but the fact that the pillars are affected by BM is an indication that BM indeed interacts with the pillars and penetrates in the interlayer space of the clay.

FT-IR analysis: The structural evolution of the aluminosilicate was characterized by FT-IR spectroscopy. The IR spectra of the sodic montmorillonite (Na-Mont) and the three modified systems are given in figure 6.

The FT-IR spectra of Mont–Na, Mont-TiO2, Mont-(TiO2-Pd) and (Mont-TiO2)-BM showed bands at 3631, 3627, 3625 and 3623 cm-1 respectively corresponding to the stretching vibration of the hydroxyl group Al-OH and Si-OH species and the interlayer water molecules45,54. The introduction of titanium in the sodic montmorillonite by the pillaring process led to broader bands due to the presence of additional new types of –OH groups brought by the pillars. The absorption band observed for the Mont-Na got weakened and shifted to lower wave number (3627 cm-1) for the Mont-TiO2 sample; this fact indicated that the overall H2O content is reduced by dehydroxylation and the replacement of the hydrated pristine cation by TiO2 pillars. 

Besides, the OH bending peak corresponding to the bound water is detected between 1600 and 1652cm-1 for the prepared materials and the one at around 1030 cm-1 is attributed to the asymmetric stretching vibration of SiO2 in tetrahedral form25,55. The band in the range of 500 and 1000 cm-1 corresponds to the Ti–O stretching vibration of TiO2 phase suggesting the existence of both Ti–O–Ti and Ti–O–Si bonds in the modified montmorillonite49,56-58 further suggesting that anatase clusters are strongly bonded to the silicate through a chemical bond30.

A new strong band at 3000 cm−1 can be observed in (Mont-TiO2)-BM sample corresponding to symmetric and asymmetric stretchings of CH2 in the dye structure. Additionally, this sample exhibits a peak at 1396 cm-1 related to the stretching vibration of C-C59. This fact shows that methylene blue was indeed introduced at the surface or in the interlayer space of the montmorillonite.

SEM images: The SEM photographs of the prepared samples (Mont-Na, Mont-TiO2, Mont-(TiO2-Pd) and (Mont-TiO2)-BM) are given in figure 7. The Mont-Na micrograph shows large particle aggregates. This microstructure of the clay was retained in the Mont-TiO2 after microwave calcination; the same observations have been made by other authors researchers45,46. After doping with palladium into TiO2 and add this mixture to the montmorillonite, the morphology changed remarkably. The SEM image of Mont-(TiO2-Pd) shows even larger particle aggregates with smoother surfaces. Beside this difference, the SEM pictures show that doping the pillared clay with transition metal does not affect its external structure. A similar observation was made for the photosensitized pillared clay (Mont-TiO2)-BM showing larger platelets.

Nitrogen adsorption/desorption isotherms: Figure 8 shows adsorption/desorption isotherms of nitrogen for the pristine sodic and modified montmorillonite (Mont-Na, Mont-TiO2 and Mont-(TiO2-Pd)).

Besides the uptake at very low pressure, the adsorption isotherm of sodic clay (Mont-Na) is rather of type III in the Brunauer, Deming, Deming and Teller (BDDT) classification60. In particular it does not show sudden increase in the nitrogen uptake at intermediate pressure which is characteristic of samples not undergoing a capillary condensation. Such absence of condensation is typical of non-mesoporous samples, but it is also typical for slit-shaped porous samples. The occurrence of a capillary decondensation along the desorption isotherm confirms this latter hypothesis and it is thus totally in line with the fact that montmorillonites are layered materials. 

The hysteresis loop formed by the isotherms is clearly of type H3 in the International Union of Pure and Applied Chemists (IUPAC) classification attributed to slit-shaped pores in layered materials2,61-64. One should note that the significant nitrogen uptake at very low partial pressure might correspond a small population of micropores likely present inside the clay sheets.



Figure 6: FT-IR spectra of the pristine and modified montmorillonite
Mont-Na


Mont-TiO2

Mont-(TiO2-Pd)

(Mont-TiO2)-BM

Fig. 7: SEM micrographs of the prepared photocatalysts


Figure 8: Nitrogen adsorption/desorption isotherms of the prepared materials

The adsorption isotherms of the Mont-TiO2 and Mont-(TiO2-Pd) samples present higher nitrogen uptake at low pressure, meaning the presence of more micropores. Besides, the adsorption isotherms are more of type II than the pristine clay, but still do not present an obvious capillary condensation. The desorption isotherms present a capillary decondensation; the combination of type II at the adsorption and type IV at the desorption is in line with slit-shaped pores and reflects that the pillaring process has not affected the textural morphology of the layered material. 

Still, the higher amplitude of the hysteresis for the pillared undoped and Pd-doped materials indicates the volume of pores in these two samples which is bigger than in the pristine one. This is consistent with the expected effect of the pillaring process, increasing the space between the stacked sheets.

Table 2 presents the values of BET specific surface area and total volume of pores extracted from nitrogen adsorption/desorption isotherms. The incorporation of TiO2 pillars between the clay layers considerably increases the surface area; the BET surface area of pillared montmorillonite sample (Mont-TiO2) is indeed much bigger (224 m2/g) than that of the pristine montmorillonite (63 m2/g), suggesting that the pillaring process leads to a dramatic increase in porosity of layer clays. 

After doping with palladium, the BET specific surface area of the calcined photocatalyst is further higher (242 m2/g) than that of the calcined support (Mont-TiO2). It is suggested that a better distribution of pillars in the interlayer spaces may be responsible for the improved textural properties of Mont-(TiO2-Pd). 

The growth of Pd particles seems to create new pores in the TiO2 network through destruction of parts of the channel walls. Such creation of new pores is well-known, for example, from the growth of Pt particles in zeolites65. Overall, the total pore volume increases from 0.082 cm3/g for the purified clay to 0.18 cm3/g for the pillared clay samples.
Table 2
Textural properties of the prepared materials

	Sample
	Surface area (m2/g)
	Total pores volume(cm3/g)

	Mont-Na
	62
	0.082

	Mont-TiO2
	224
	0.188

	Mont-(TiO2-Pd)
	241
	0.186



Elemental analysis: The chemical composition of the prepared materials was determined by µXRF (X-ray fluorescence microanalysis), focusing on the metal contents. The results are shown in table 3 and figure 9. For Mont-TiO2, the presence of an intense peak around 4.50 keV is assigned to titanium. The amount of titanium increases with a corresponding decrease in the amount of exchangeable cations detectable in XRF. This points to the replacement of interlamellar cations with stable titanium oxide pillars. Na being the most abundant cation in the pristine clay is not detectable by XRF and the evolution of its concentration can thus not be compared before and after the pillaring process. For Mont-(TiO2-Pd), the peak of Pd is not distinct at 3 keV likely because of the low nominal content of Pd (0.5%w/w) which is incorporated into the TiO2 pillars.

Thermal analysis (DTA/TGA): Thermal analysis was performed in order to check the influence of applied modifications on the thermal stability of the pillared, doped and sensitized clays. Coupled diagrams of differential thermal analysis (DTA) and thermogravimetric analysis (TG) of the pristine montmorillonite (Mont-Na), TiO2 pillared montmorillonite (Mont- TiO2), palladium-doped pillared montmorillonite (Mont–(TiO2-Pd)) and methylene blue photosensitized pillared montmorillonite (Mont-TiO2)-BM are presented in figure 10.

TG-DTA profiles (Figure 10) show that the pillared systems are thermally stable until 500°C. Thermograms of all the samples show an initial endothermic peak within 25 to 130°C corresponding to the loss of physisorbed water, this event being accompanied by a mass loss of about 10%, 14%, 13%, 10% for Mont-Na, Mont-TiO2, Mont-(TiO2-Pd) and (Mont–TiO2)–BM respectively. The weight loss above 200°C in sodium montmorillonite results from the removal of water initially present between the layers and to dehydroxylation of the layers. This collapse slowly continued up to 800°C.

The gradual weight loss to about 500°C observed for the pillared clays (Mont-TiO2, Mont–(TiO2-Pd) and (Mont–TiO2)–BM) is attributed to the dehydroxylation of OH groups associated with the interlayer polycations due to the pillaring process22,66. The only exothermic peak observed at 632°C for the sample (Mont-TiO2)-BM is probably due to the combustion of methylene blue fixed on the pillars and on the sheets clay.

Photocatalytic activity: To examine the photocatalytic activity of the prepared photocatalysts (Mont-TiO2, Mont–(TiO2-Pd) and (Mont–TiO2)–BM), the photodegradation of Linuron was used as a probe photoreaction. Figure 11 illustrates the decrease in the concentration of Linuron with reaction time photocatalyzed in the presence of Mont-TiO2, Mont–(TiO2-Pd) and (Mont–TiO2)–BM under UV light irradiation.

Prior to the evaluation of the photocatalytic activity of the prepared catalysts, the degradation of the phenylurea herbicide (Linuron) in the absence of catalyst under UV illumination was tested. The herbicide degraded very slowly compared with the reaction rates obtained using photocatalysts. The comparison between the different photodegradation curves of the Linuron (Figure 11) shows that the rate of the degradation depends on the quality of the photocatalyst used. 



Table 3
XRF microanalysis results*

	
	13Al(%wt)
	14Si(%wt)
	19K(%wt)
	22Ti(%wt)
	26Fe(%wt)

	Mont-Na
	15
	74
	3
	0
	7

	Mont-TiO2
	10
	43
	1
	40
	5

	Mont-(TiO2-Pd)
	8
	37
	2
	51
	3

	(Mont-TiO2)-BM
	11
	46
	1
	37
	5


* Ca and Na were not detectable with the XRF machine we used; this means that Si, Al and Fe contents are overestimated for Mont-Na. Thus, when Ti is introduced, the Si, Al and Fe contents decrease should not be interpreted as due to a disappearance of them. Indeed, Ti has taken the place of Ca and Na (and also of K, which underwent a real decrease of content along the pillarization) and is detectable, so inducing the apparent decreasing contents of Si, Al and Fe. Si, Al and Fe are likely in unmodified absolutely contents as in Mont-Na, but actually as Ti which is detectable by XRD replaced Ca and Na which are not detectable, Si, Al and Fe undergo a decrease of the fraction of the detectable elements in the samples
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Figure 9: XRF microanalysis of the purified and modified montmorillonite


For (Mont-TiO2)-BM the radiation excites an electron from the dye and then it is injected to the conduction band of the semiconductor oxide; the photosensitization process by MB can be described in the case of a semiconductor oxide (TiO2) as follows67,68:

TiO2   +   hѵ(λ<382 nm)       h+(VB) + e-(CB)                          (1)
e– + O2        O2 .–                                                                                                         (2)
h+(VB) + OH-              •OH                                                         (3)                                                                          
MB(ads)  +  hѵ       MB* (ads)                                                     (4)
MB* (ads) + TiO2         MB(ads) + h+(VB) + e-(CB)        (5)
MB*(ads) + O2                  MB(ads) + O2.-                                                           (6)
LIN + O2•-              Photoproducts                                       (7)
TiO2(e-CB) + O2•- + H+                HO2- + TiO2                                       (8)
HO2- + H+               H2O2                                                                        (9)
H2O2 + e-                        •OH + OH-                                                   (10)
LIN + •OH             Photoproducts                                         (11) 

Here, the photocatalyst (Mont-TiO2)-BM has a low degradation rate whereas the use of the Mont-TiO2 matrix increases the photocatalytic activity. This phenomenon can be explained by the fact that photosensitization by methylene blue would not have influenced the band gap of the TiO2 semiconductor supported on the clay, this is probably due to the too low concentration of the dye (10-3M).
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Figure 10: TGA/DTA diagram of the purified and modified montmorillonite


Figure 11: Photocatalytic performance of Mont-TiO2, Mont-(TiO2-Pd) and (Mont –TiO2)-BM) 
under UV light irradiation


During heterogeneous photocatalysis, an electron is transferred from the valence band to the conducting band of the semiconductors in Mont-TiO2, after which the electron may react with O2 on the surface of the semiconductor particles to yield . Alternatively, if an organic compound is adsorbed on the surface of the photocatalyst, one-electron reduction process may also take place.

Most transition metals have multiple potential oxidation states. Relying on this property, transition metals can greatly reduce the electron and hole recombination by efficiently serving as charge carrier trapping centers. In general, compared to alkali or alkaline earth metals, the atomic radii of transition metals are similar to that of TiO2, making them more technically accessible into the crystal lattice of TiO269. It is clearly seen that Mont-TiO2 exhibited a slight enhancement in photocatalytic activity compared to the Pd doped TiO2 pillared clay (Fig. 11). Therefore, it was probably attributed to the fact that in the presence of Pd, only a few electrons can be excited from the VB to the CB of TiO2 which leads to a low degradation efficiency. 

Therefore, to increase the photocatalytic activity of TiO2 doped with metal ions, it is necessary to widen the range of absorption towards the visible light. It has been shown that doping by different transition metals allows a shift of the absorption band of theTiO2 towards the visible field70. The degradation mechanism by electron transfer is explained in fig. 12, when Mont-(TiO2-Pd) is exposed to UV light, the electrons excited below the Fermi level of the Pd in the VB are transferred into the CB leaving behind positive charges (h+) in the VB. 

As the CB of TiO2 is an electron acceptor, it readily accepts the electrons that are transferred from the Pd to form superoxide anion radicals (•O2−). This is followed by protonation that yields •HO2 radicals. These instable •HO2 radicals further form H2O2 and lead to the formation of hydroxyl radicals (•OH), an active species that is responsible for the degradation of LIN.


Figure 12: Schematic diagram of electron transfer in degradation of LIN

The •OH radical generation takes place through the oxidation of surface bound. OH- ions or water molecules adsorbed on the material, being the primary step eventually leading to the total mineralization of the pollutants, so it is concluded that •OH radicals made major contributions for the photocatalytic degradation of  LIN while h+ has only a minor contribution71.

Conclusion
The aim of this work was the preparation and physical-chemical characterization of a specific type of modified clay materials, namely TiO2 pillared montmorillonite, Pd doped TiO2 pillared montmorillonite and methylene blue photosensitized TiO2 pillared montmorillonite. TiO2-pillared montmorillonite has been successfully synthesized by using microwave calcination for 15 min. The expansion of the interlayer space of the clay upon pillaring and its subsequent retention in the modified pillaring clay is elucidated from XRD study, the results reveal that the pillared clay sample has well ordered layers with insertion of titania pillars which caused an increase of the basal spacing in the clay. 

The intercalation process was also confirmed by the results of FTIR. The IR study indicated the structural integrity of the clay lattice in the pillared and the modified pillared systems. The materials obtained after pillaring showed micro and mesoporosities and are thermally stable, have high surface areas with large internal pore systems open to penetration by gaseous or liquid reagents. The specific surface areas of all the prepared materials exceed 230m2/g. Also TGA /DTG thermograms showed that the modification of montmorillonite by doping or photosensitization increases their thermal stability. The transition metal ions introduced by the described method are located into the pillars.

The effect of the dopant (palladium) and the photosensitizer (methylene blue) on the photocatalytic efficiency was investigated by performing the photodegradation of Linuron under radiation of UV light. Results showed that the efficiency of photocatalyst varied in the following order: Mont-TiO2› Mont–(TiO2-Pd) › (Mont–TiO2)–BM). We understood that to improve the photocatalytic activity of TiO2-pillared clay by the addition of transition metal, we have to work in the visible field.
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