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INTRODUCTION

During the last decades, heterogeneous photocatalytic oxi dation has raised a huge interest in the field of industrial wastewater treatment. 1 - 4 Its principle is based on the for mation of strong oxidant species, namely photoholes (h + ) and/or hydroxyl radicals ("OH) upon the irradiation of a semiconductor (SC) oxide (e.g., Ti0 2 , ZnO, Fe 2 0 3 , W0 3 , Zr0 2 , Sr0 2 , Ce0 2 ... ) with a photon source (hv) higher than the band gapenergy of SC oxide. 5 The generated reac tive entities are able to produce a complete mineralization of organic pollutants into C0 2 and H 2 0 3 . In this respect, Ti0 2 in the form of anatase was found to be one of the most photoactive SC oxide and hence the most used owing to its low cost, safety and chemical inertia. 3 Nevertheless, the use of Ti0 2 in the form of powder, especially in commercially available products as Degussa P25, arises drawbacks due to firstly the easy agglomera tion of fine particles inducing the reduction of photonic efficiency for most degradation processes to less than 10% and, on the other hand, the requirement for being recov ered from water decontaminated by Ti0 2 slurry to impie ment costly microfiltration processes. 3 • Author to whom correspondence should be addressed.

For overcoming these issues, several works were recently devoted to the irnmobilization of Ti0 2 on porous supports endowed of large surface area such as glass fibers, 6 silicon gels,7 zeolites, 8 activated carbons 3 • 9 and clay minerais. 1 0- 1 4 In this context, Bouna et al. 15 • 16 and Rhouta et al. 17 showed the beneficial effect of the use of clay minerais such as stevensite, palygorskite and bei dellite as porous supports on the achievement of on one doi:10.1166/jcsb.2016. 1150 hand, the monodisperse distribution of TiO 2 nanoparticles and, on the other hand, the remarkable stabilization of most photoactive metastable anatase phase allowing the huge improvement of photocatalytic degradation of dyes.

Nevertheless, the photocatalytic activity of TiO 2 could be further improved by doping the SC oxide with heteroatoms (C, N, S), [18][19][20][21][22][23][24] transition metals (V, Cr, Fe, Co, Ni) [START_REF] Anpo | Environmentally Benign Photocatalysts[END_REF] and recently by the formation of heterojunctions between anatase TiO 2 and a semiconductor oxide endowed of smaller band gap energy such as CdS, WO 3 , Fe 2 O 3 and CuO which plays the role of sensitizer. [START_REF] Serpone | [END_REF] Thus CuO is a p-type semiconductor with a direct band gap energy of 1.2 eV while TiO 2 anatase is an n-type semiconductor with a larger band gap energy of 3.2 eV. A mixture of such semiconductor oxides exhibits a good photocatalytic activity thanks to p-n heterojunctions that limit recombination of charge carriers. 27 For instance, Behnajady et al. 28 reported the elaboration of CuO/TiO 2 composites by chemical impregnation method of TiO 2 . Degussa P25 nanoparticles with Cu 2+ ions. The impregnation of TiO 2 Degussa P25 by 0.05 mol% of Cu 2+ yielded upon calcinations at 450 C for 3 h to a material more photoactive than pristine TiO 2 Degussa P25. In the same way, Fang et al. 29 achieved by means of hydrothermal method the functionalization of graphen oxide with NPs of CuO/TiO 2 composite within the Cu:Ti molar ratio of 0.33. The developed supported photocatalyst was found to be four times more active than Degussa P25, by removing after 8h almost 80% of methylene blue under as well as UV than visible light irradiations.

The present study reports the preparation in two steps of CuO-TiO 2 supported palygorskite composites. TiO 2 supported palygorskite was first developed by sol-gel according to the method reported by Bouna et al. 15 which was thereafter impregnated with Cu 2+ and afterwards air heattreated at 550 C for 5 h. The developed CuO-TiO 2 supported palygorskite was characterized by XRD, SEM and TEM equipped with EDS analysis. Afterwards, the catalytic activity of developed clay supported photocatalyst was assessed towards the removal of Orange G (OG) dye from aqueous solutions. 11 12 30 31 This anionic dye compound was selected as model pollutant because its adsorption onto clay minerals was negligible due to electrostatic repulsion between the negatively charged clay particles and the dye molecules. 32 

EXPERIMENTAL DETAILS

Materials

It was reported to be made up of about 30% of carbonates in the forms of calcite and ankerite, 5% of quartz and 65% of fine clay fraction (<2 m). Upon purification and Na + saturation, the isolated <2 m Na + -homoionic fraction was found to be exclusively fibrous since it is predominated by around 95% of palygorskite along with almost 5% of sepiolite so that it was labeled Pal. [START_REF] Anpo | Environmentally Benign Photocatalysts[END_REF] It was first purified and homoionized with Na + ions according to the procedure described in details elsewhere. 33 The derivative Na + -exchanged palygorskite (designed Na + -Pal) was thoroughly characterized to have cationic exchange capacity (CEC), BET surface area and total porous volume of 21.2 meq.100 g -1 , 116 m 2 g -1 and 0.458 cm 3 g -1 respectively. 33 The composition of this palygorskite was found on the basis of 26 oxygen atoms to be (Si 7 97 Al 0 03 ) (Mg 2 17 Al 1 46 Fe 0 40 Ti 0 05 ) (Ca 0 03 Na 0 07 K 0 03 ) O 20 18 (OH) 1 94 (H 2 O) 3 88 2.43H 2 O. 33 

CuO-TiO 2 /Palygorskite Composites Preparation

As beforehand mentioned, the preparation of CuO-TiO 2 supported palygorskite was achieved into two steps involving first the synthesis of TiO 2 /Palygorskite composite which is afterwards impregnated with Cu 2+ ions according to an adapted chemical method described elsewhere. 34 TiO 2 supported palygorskite composite material (labeled TiO 2 /Pal) was prepared starting from Na + -exchanged purified palygorskite (Na + -Pal) according to the colloidal solgel procedure in two steps described in details elsewhere. 15 Briefly, the synthesis route first involved the preparation of organo-palygorskite (CTA + -Pal) by ion exchange of Na + -Pal aqueous dispersion (1 wt.%) with 0.2 g of CTAB. Afterwards, 5 cm 3 of TTIP in isopropanol were added to 1 g of CTA + -Pal dispersed in 7 cm 3 of isopropanol and it was hydrolyzed and condensed by adding some water droplets to give rise to the gel precursor CTA + -Pal-Ti. Thereafter, the annealing in air at 600 C for 1 h converted CTA + -Pal-Ti into TiO 2 /Palygorskite nanocomposite (designated TiO 2 -Pal). Assuming that 100% of TTIP is converted in to titania the concentration of TiO 2 into the composite TiO 2 /Pal is 16.9 mmol for 1 g of palygorskite.

For preparing CuO-TiO 2 /Pal nanocomposites, 1 g of TiO 2 /Pal composite was first dispersed under stirring in 40 mL of an aqueous solutions of different masses of Cu(NO 3 ) 2 , 3H 2 O (0.25, 0.5 and 0.75 g) in the ambient atmosphere during 48 h in order to allow Cu 2+ ions to penetrate inside the bulk of the TiO 2 /Pal material. Afterwards, supernatant was evaporated during 12 h at 80 C in an oven. The obtained compounds precursors were thereafter heat-treated in air at 550 C for 5 h to obtain mixed CuO-TiO 2 /Pal composite materials with three different CuO content defined by the mole ratio CuO/(CuO + TiO 2 as 13, 23 and 30 mol.% and labeled 13% CuO-TiO 2 /Pal, 23% CuO-TiO 2 /Pal and 30% CuO-TiO 2 /Pal, respectively. Titanium tetra-isopropoxide (TTIP) of 99.999% purity, isopropanol, hexadecyltrimethyl ammonium bromide (CTAB), trihydrated copper nitrate (Cu(NO 3 ) 2 ,3H 2 O) and anionic dye orange G (OG) chemicals were purchased from Aldrich and used without further purification. Natural raw clay was sampled from Marrakech High-Atlas region.

Characterization Techniques

Structural properties of different elaborated TiO 2 and Cu0-TiO 2 supported palygorskite nanocomposites were characterized by X ray diffraction (XRD) at room tem perature in the same 28 angular range [3 °�0 °] by using a Bruker D8 diffractometer equipped with a LynxEye detector (Bragg-Brentano configuration; Ni filtered Cu Ka radiation).

A Jeol JSM 6400 scanning electron microscope (SEM) equipped with an Oxford energy dispersive spectrometer, EDS (Si-Li detector; MK program) and a JEOL JEM 2100F transmission electron microscopy (TEM) equipped with a Bruker AXS Quantax EDS analyzer were used for characterizing clay particles and perforrning local elemen tal analysis.

Evaluation of Photocatalytic Activity

The photocatalytic activity of different samples was eval uated by measuring the decomposition rate of 25 mL of OG aqueous solutions (10-5 M) containing a dispersion of 25 mg of photocatalyst in a batch reactor under UV radi ations by using an HPLN Philips 125 W lamp emitting at 365 nm. The degradation reaction was carried out in a quartz vesse! (40 x 20 x 36 mm 3 ) transparent to wave lengths > 290 nm which was placed in a thermostated chamber (25 °C). The reactor was irradiated with a pho ton flux of 1 m W • cm-2 by adjusting the distance to the lamp to simulate the UV intensity of solar spectrum on the earth. 35 To deterrnine the dye concentration, aliquots were taken from the mixture at regular time intervals and cen trifuged at 12500 rpm for 5 min. The OG concentra tion in the supernatant was deterrnined by measuring the absorbance at 480 nm using a UV-VIS-NIR spectropho tometer (Perking Elmer lambda 19).

RESULTS AND DISCUSSION

Phases Identification

For comparison purpose, Figure 1 depicts the superposi tion of XRD diagrams of starting Na + -exchanged paly gorskite (Na + -Pal), pure CuO compound, TiO 2 supported palygorskite (TiO i fPal) and Cu0-TiO 2 supported paly gorskite composites differing in CuO content. In agree ment with Bouna et al. 15 and Rhouta et al., 33 ,_,,. l_l l_)C_u __, 0 '----------- The average crystallite sizes of TiO 2 anatase and CuO were deterrnined from the full width at half maximum (FWHM) of the corresponding (101) TiO 2 and (111) CuO XRD peaks in CuO-TiO 2 /Pal composites according to Scherrer's equation. The data are gathered in Table 1. The average crystallite size of TiO 2 is slightly larger in TiO/Pal (8.4 nm) than in the mixed CuO-TiO/Pal nanocomposite materials (5.1-7.1 nm). Furthermore, in the CuO-TiO 2 /Pal nanocomposite, it appears that anatase crys tallite sizes sensibly decrease by increasing the CuO con tent above 23%. This gives evidence for steric effects and growth competition between the two oxides: the presence of CuO NPs likely hinder the growth of TiO 2 crystallites.

By contrast, the CuO crystallite sizeis constant in Cu0-TiO 2 /Pal composites regardless of the content of CuO. Consequently the increase of CuO XRD peaks is essen tially due to an increase of the number of CuO NPs rather than an increase of their average crystallite size. This is important because the probability to form interfaces or Table I. Photocatalytic data deduced from Figure 4. The oxide content in the 25 mg of composite used in photocatalytic test is also given as well as the average crystallite size of TiO 2 anatase and CuO assessed from the FWHM of the corresponding (101) and (111) XRD peaks, respectively. The CuO content in the composite correspond to the mole ratio CuO/(CuO + TiO 2 ). grain boundaries is largerwith small particles than with large ones. As a result, this significantly increases the probability to form heterojunctions between the two semiconductor materials.

Oxide content in

Microstructural Characterizations

An overview of Na + -Pal morphology was afforded by SEM observations. Figure 2(a) shows fibers bundles confirming the fibrous character of the palygorskite clay mineral. As described elsewhere by Rhouta et al., 33 the fibers appear either as well separated individual fibers or as bundles of several fibers having an average length of ca. 1 m and a diameter ranging from 10 to 50 nm. These fibers are also observed in the mixed 30% CuO-TiO 2 /Pal composite ranging from 6 to 20 nm without distinguishing CuO and TiO 2 (Fig. 3(b)). Oxide NPs have grown directly on the surface of palygorskite fibers to form conformai coatings and by homogeneous nucleation in the free spaces to form aggregates. The presence of these oxide nanoparticles both as aggregates and in the form of conformai coating on palygorskite fibers is likely the main reason to explain the disappearance of palygorskite reflections in XRD patterns of CuO-TiO i Pal composites (Fig. 1) due to their screen ing as previously suggested by Bouna et al. 15 Another reason could be the shorter size of the fibers aforemen tioned (Fig. 2(b)) with a loss of long-range crystallo graphic order. The nanoparticles forming agglomerates in vicinity of palygorskite fibers appear bigger with a larger size distribution in comparison with those directly sup ported on fibrous clay minerai. This observation once more confirms the result reported by Bouna et al. 15 in the case of TiO 2 -Pal nanocomposite material regarding the beneficial effect of palygorskite fibers. Heterogeneous nucleation and growth of anatase Ti0 2 NPs on the surface of fibers lim its significantly their size and prevents their transformation into less photoactive rutile TiO 2 phase.

EDS analysis locally performed on spherical nanopar ticles (spectra not reported) confirmed the presence of Ti and Cu. Likewise, selective area electron diffrac tion (patterns not reported) carried out on spherical NPs show ring patterns which could be indexed on the basis of anatase TiO 2 or CuO structures. These results fur thersupport that nanoparticles supported on palygorskite fibers could be ascribed to anatase TiO 2 along with CuO. Furthermore, High resolution transmission electron microscopy (HRTEM) confirms the quasi spherical shape and the nanometric size of TiO 2 anatase and CuO crystal lites as evidenced by Figures 3(c) and (d). In particular, Figure 3(d) shows crystallites of both phases with reticu lar distances of ca. 0.35 and 0.27 nm corresponding to the {101} reflection of anatase and {110} or {11-1} of CuO respectively. In agglomerates, several particles of the two oxide phases are in contact and consequently they form heterojunctions between the two oxide semiconductors.

Photocatalytic Activity

The degradation kinetics of OG dyeunder UV radiation in aqueous solution has been investigated in presence of pris tine fibrous clay (Na + -PaJ), TiOiPa! composite and mixed CuO-Ti O i f Pal nanocomposites materials differing in the content of CuO (Fig. 4). As expected, the Na + -Pal clay minerai does not exhibit any activity to reduce the OG concentration since there is no component in this material known to exhibit photocatalytic properties. Furthennore, the fact that OG concentration is constant during the test means that the adsorption of this model pollutantis negli gible on this Na + -Palclay sample in good agreement with Bouna et al. 32 By contrast, the photocatalytic activity of TiO i fPal com posite is evidenced by the rapid decrease of OG concen tration since it is completely degraded after only 150 min. For instance the degradation rate at the origin is approxi mately 0. time increases. The first characteristic of their photocatalytic behavior is that they are less active than TiO 2 /Pal composite. The second is that the degradation curves of OG tend towards a plateau and do not reach 100% degradation even after 4 h of UV irradiation. The 3rd comment about these degradation curves is that there is no clear and simple correlation with a specific characteristic of these mixed nanocomposite photocatalysts such as their composition or microstructure. We grouped in Table I data describing the photocatalytic efficiency as the degradation rate at the origin and the proportion of OG abatement after 120 and 240 min. Also included in this Table I are the mass of each oxide component in the 25 mg of the composite sample used in each photocatalytic test, as well as microstructural features as the average crystallite size determined by XRD.

Figure 4 and data in Table I confirm that the photocatalytic activity of the mixed nanocomposites is not readily correlated with only one of their main features. Although CuO is a semiconductor known to exhibit photocatalytic activity 36 it is possible that the quality of CuO NPs formed by our synthesis process are not active because of poor crystallinity or uncontrolled contamination. So assuming that CuO has no intrinsic activity means that the observed global photocatalytic behavior is induced only by the TiO 2 particles and therefore we should see an improvement in activity by increasing the content of TiO 2 . Considering that the TiO 2 content changes significantly in the series, it is not what we observe since for instance the richest TiO 2 composite sample is the less active. In fact the TiO 2 content does not change significantly in this series, this assumption does not hold, and this cannot be a key feature to explain the different behaviors, especially because the differences in photocatalytic efficiency are significant.

Among the 3 mixed nanocomposites, the most active from 7.1 to 5.0 nm. When semiconductor crystallites are smaller than a critical value their crystallographic structure is more strongly influenced by the surface structure with an increasing disorder induced by surface reconstruction and defects, which favors recombination of charge carriers and deteriorates the photo-induced properties. The fact that there is an optimal composition of both TiO 2 and CuO oxides in the mixed supported nanocomposites demonstrates they interact and both oxides contribute to the photocatalysis, probably through heterojunctions, in agreement with TEM observations (Fig. 3). This mechanism generates synergies as this has already been mentioned in the literature. 28 Other studies are in progress to confirm the results and to better explain the behavior of these composite photocatalysts.

CONCLUSION

Several supported photocatalysts based on CuO-TiO 2 /Pal differing in CuO content (13%, 23% and 30%) were synthesized as evidenced by XRD, SEM, TEM and EDS analyses. Spherical nanoparticles of CuO and anatase TiO 2 , with crystallite sizes ranging from 6 to 20 nm (TEM and XRD data), were found to be successfully immobilized on palygorskite fibers by forming heterojunctions. The CuO-TiO 2 /Pal supported photocatalyst containing 23% of CuO was found to be the most photoactive material towards the degradation of OG dye. Nevertheless, its photoactivity remained lower than that of pure TiO 2 supported on palygorskite from which it originated by impregnation with Cu 2+ ions.

This preliminary study will be carried on by optimizing synthesis conditions, especially CuO content in CuO-TiO 2 /Pal nanocompositesto optimize the crystallite size, their distribution and heterojunctions in order to improve their photocatalytic activity, especially under irradiation in the visible range.

is the one that has the mass content of TiO 2 and CuO intermediary. For this composite photocatalyst the degradation rate at the origin (0.009 min -1 is close to that reported for pure CuO (0.016 min -1 for the decomposition of the same pollutant. 36 This gives evidences that CuO plays a role in the photocatalytic properties of these composite materials. By increasing the CuO content from 13% to 23% the photocatalytic activity is maximized, e.g., the proportion of OG abatement increases from 28% to 59% after 120 min, while the TiO 2 content is almost the same (13.2 and 12.2 mg) and the average crystallite size of TiO 2 (7 0 ± 0 1nm)and CuO (104 ± 0 3nm)have not changed (Table I). A further increase in the CuO content from 23% to 30% does not improve the activity but rather it deteriorates since for instance the OG abatement decreases from 59% to 44% after 120 min. In that case, the amount of TiO 2 was almost the same for each test (12.2 and 11.4 mg) and the average crystallite size of CuO was also the same (10.7 nm). The main effect of this further increase of CuO was to deteriorate the crystallinity of TiO 2 NPs since their average crystallite size decreased
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1 Fig. 1 .

 11 Fig. 1. Superposition XRD diagrams (from the bottom to the top) of Palygorskite (Na + -Pal), TiO 2 /Pal composite, CuO-TiO/Pal mixed nanocomposites with increasing content of Cuo (13%, 23% and 30%) and pure CUO.

Fig. 2 .

 2 Fig. 2. SEM micrographs of (a) Palygorskite (Na + -Pal), (b) 30% CuO-TiO 2 /Pal nanocomposite and (c) EDS spectrum recorded on the 30% CuO-TiO 2 /Pal nanocomposite (the Ag peak is due to metallization of the sample).

(Fig. 2 (

 2 b)) but with irregular shape and reduced length as a result likely of stirring and centrifugation underwent by the sample during preparation procedure. The palygorskite fibers appear embedded in nodular aggregates with an average size in the range 0.5 to 3 m (Fig.2(b)). EDS analysis (Fig.2(c)) reveals the detection of hetero-elements (Si, Al, Mg, Fe, Ca) pertaining to palygorskite in addition to Ti and Cu. This result confirms the coexistence of palygorskite, TiO 2 and CuO particles in mixed CuO-TiO 2 /Pal composites.TEM micrographs show that palygorskite fibers appear bare in the pristine palygorskite Na + -Pal (Fig.3(a)). However, in CuO-TiO 2 /Pal composite, the fibers are wrapped and embedded with nodular NPs exhibiting average size

Fig. 3 .

 3 Fig. 3. TEM micrographs of (a) Palygorskite (Na + -Pal) and (b) 30% CuO-TiO2'Pal nanocomposite and HRTEM micrographs of 30% CUO TiO 2 /Pal nanocomposite showing heterojunctions between the two oxide semiconductors ( c and d).

Fig. 4 .

 4 Fig. 4. Change in 0G concentration (where Co and C are the OG con centrations, respectively, at the initial lime t = 0, and after an elapsed lime t of the photocatalytic reaction) versus UV irradiation lime of Na + -Pal, TiO 2 /Pal composite and CUO-TiO 2 /Pal mixed nanocomposites dif fering in CUO content.

  the XRD peaks observed in Na + -Pal at 8.36 ° (10.56 Â), 13.54 ° (6.51 Â), 16.30 ° (5,42 Â), 19.76 ° (4.47 Â), 20.80 ° (4.27 Â), 21.30 ° (4.20 Â) and 27.53 ° (3.23 Â) are charac teristic of palygorskite clay minerai whose basal distance is about 10.56 Â. The peak at 26.6 ° (3.34 Â) is ascribed to remaining traces of accessory quartz SiO 2 (JCPDS file: 03-065-0466). It should be noted that among all these paly gorskite peaks, only some harmonies at 19.76 ° (4.47 Â) and 27.53 ° (3.23 Â) are hardly observed in XRD pat terns of both TiO i fPal composite and Cu0-TiO 2 sup ported palygorskite mixed nanocomposites. For the sample
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