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Introduction

Volatile organic compounds (VOC) are a group of chemical molecules mainly emitted from various industrial processes and transportation activities that feature high toxicity, volatility, and poor degradability [START_REF] Rochard | Recent advances in the catalytic treatment of volatile organic compounds: a review based on the mixture effect[END_REF]. Besides CO X , NO x, and SO 2 , VOCs are dominant air pollutants and some examples include benzene, toluene and o-xylene (BTX), formaldehyde, trichloromethane, ethyl acetate, ethyl alcohol, and propene. Long-term exposure to these compounds can cause diverse effects on human health (nausea, unconsciousness, lung damage, leukemia, cancer, and death) and the eco-environment (global warming and drinking water quality) [START_REF] Gan | Adsorption and membrane separation for removal and recovery of volatile organic compounds[END_REF]. Among the VOC abatement strategies e. g. membrane separation, adsorption, absorption, condensation, the catalytic oxidation using noble (Au, Pd, Pt) and non-noble (Ce, Ni, Ti, Cu, Cr, Vn, Co) metal based-catalysts is the most promising technology because it operates at lower temperatures than the thermal oxidation processes [START_REF] Kamal | Catalytic oxidation of volatile organic compounds (VOCs) -a review[END_REF]. Cerium-oxide-based catalysts have extensively been studied as catalysts for abatement of air pollutants due to their redox properties and oxygen vacancies that promote a high oxygen storage capacity [START_REF] Wang | Ceria and its related materials for VOC catalytic combustion: a review[END_REF][START_REF] Zhou | Effect of oxygen vacancies on improving NO oxidation over CeO 2 {111} and {100} facets for fast SCR reaction[END_REF].

Zeolites with MFI, FAU and BEA codes-supported metal catalysts are one of the most promising materials to achieve oxidation of air pollutants [START_REF] Zhu | Hydrophobic modification of ZSM-5-encapsulated uniform Pt nanoparticles for catalytic oxidation of volatile organic compounds[END_REF][START_REF] Chen | Effect of Mn and Ce oxides on low-temperature NH 3 -SCR performance over blast furnace slag-derived zeolite X supported catalysts[END_REF][START_REF] Chen | Low-cost CuX catalyst from blast furnace slag waste for low-temperature NH 3 -SCR: nature of Cu active sites and influence of SO 2 /H 2 O, ACS Sustain[END_REF][START_REF] Chen | Catalytic performance over Mn-Ce catalysts for NH 3 -SCR of NO at low temperature: different zeolite supports[END_REF]. These solids have well-established applications as supports and catalysts because of their beneficial properties including, a high specific surface that promotes the high dispersion of the active sites and well-defined pore structure with channels and cavities able to encapsulate nanoparticles (NPs) and reduce sintering effects, ion exchange ability, and thermal and hydrothermal stability [START_REF] Xue | Zeolite-based materials for the catalytic oxidation of VOCs: a mini review[END_REF]. Two-dimensional zeolites are a versatile class obtained through synthesis and post-synthesis modifications [START_REF] Zhou | Enhanced surface activity of MWW zeolite nanosheets prepared via a one-step synthesis[END_REF]. Among the layer-like zeolites, the framework topology with MWW code is the most famous after it was discovered that the three-dimensional MCM-22 had a layered intermediate known as MCM-22P [START_REF] Leonowicz | MCM-22: a molecular sieve with two independent multidimensional channel systems[END_REF]. These findings allowed to obtain MWW-type derivatives with enhanced accessibility by the exposure of zeolitic layers in different orientations, including pillared (MCM-36) [START_REF] Roth | MCM-36: the first pillared molecular sieve with zeolite properties[END_REF], delaminated (ITQ-2) [START_REF] Corma | Delaminated zeolite precursors as selective acidic catalysts[END_REF], disordered (MCM-56) [START_REF] Fung | Synthetic layered MCM-56, its synthesis and use[END_REF], expanded (IEZ-MWW) [START_REF] Wu | Methodology for synthesizing crystalline metallosilicates with expanded pore windows through molecular alkoxysilylation of zeolitic lamellar precursors[END_REF], and desilicated [START_REF] Ji | Mesoporus MCM-22 zeolites prepared through organic amine-assisted reversible structural change and protective desilication for catalysis of bulky molecules[END_REF] structures. As an acidic catalyst, ITQ-2 exhibited high activity and selectivity because of its higher external surface area and more accessible catalytic sites that enable the access to reactant molecules from fossil [START_REF] Ahmad | Synthesis, characterization and catalytic testing of MCM-22 derived catalysts for n-hexane cracking[END_REF] and biomass feedstocks [START_REF] Naqvi | Catalytic fast pyrolysis of rice husk: influence of commercial and synthesized microporous zeolites on deoxygenation of biomass pyrolysis vapors[END_REF][START_REF] Naqvi | In situ catalytic fast pyrolysis of paddy husk pyrolysis vapors over MCM-22 and ITQ-2 zeolites[END_REF].

MWW-type zeolites have been receiving increasing attention as catalysts and support for the oxidation of VOCs. Examples include cobalt oxide-supported MCM-22, MCM-36, and MCM-56 for total oxidation of toluene and propane [START_REF] Zhang | Total oxidation of toluene and propane over supported Co 3 O 4 catalysts: effect of structure/acidity of MWW zeolite and cobalt loading[END_REF], copper and iron-oxide supported MCM-22 for oxidation of toluene [START_REF] Nawab | Solvent-free selective oxidation of toluene over metal-doped MCM-22[END_REF], Ce-MCM-22-IEZ and Ce-MCM-56/49 for CO oxidation [START_REF] Roth | Activity enhancement of zeolite MCM-22 by interlayer expansion enabling higher Ce loading and room temperature CO oxidation[END_REF], and niobium-oxide supported MCM-22 and MCM-36 for total oxidation of BTX [START_REF] Schwanke | Structure and reactive properties of NB-impregnated two-dimensional pillared MWW zeolites for total oxidation of volatile organic compounds[END_REF]. The ITQ-2 delaminated material was used as a support for copper and iron catalysts for DENOx processes [START_REF] Rutkowska | Cu and Fe modified derivatives of 2D MWW-type zeolites (MCM-22, ITQ-2 and MCM-36) as new catalysts for DeNOx process[END_REF], but the literature is scarce about its role as support in VOC oxidation reactions.

There is a growing trend to obtain zeolites under environmentally friendly conditions using silicon and aluminum-based wastes i.e. rice husks, diatomites [START_REF] Monteiro | Waste to health: ag-LTA zeolites obtained by green synthesis from diatom and rice-based residues with antitumoral activity[END_REF], fly coal ashes [START_REF] Iqbal | Synthesis and characterization of pure phase zeolite 4A from coal fly ash[END_REF], red mud and steel slag [START_REF] Wu | Asphalt VOCs reduction of zeolite synthesized from solid wastes of red mud and steel slag[END_REF], and clay minerals [START_REF] He | Research progress on green synthesis of various highpurity zeolites from natural material-kaolin[END_REF]. Brazil is one of the world's rice producers and the largest in the American continent with an estimated production of 11,792 thousand tons of paddy rice between 2021 and 2022 [30]. Approximately 20% of this value corresponds to the rice husk generated after the beneficing stage, resulting in large waste production. Rice husk contains 6% of amorphous silica that is obtained after simple calcination at 600 • C. Recently, our group reported the synthesis of MWW-type derivatives (MCM-22P, MCM-22, MCM-36 and desilicated) from sustainable synthesis using silica from agro-industrial waste, rice husk ash [START_REF] Gomes | Sustainable synthesis of hierarchical MWW zeolites using silica from an agroindustrial waste, rice husk ash[END_REF]. However, the sustainable synthesis of the important ITQ-2 delaminated material had not been reported so far.

This work aimed to obtain an environmentally friendly catalyst for environmental catalysis because there are no studies reporting the sustainable synthesis of ITQ-2 and its influence as a support of cerium oxide catalysts for the total oxidation of volatile organic compounds. Our manuscript describes the environmental friendly synthesis, characterization, and application of cerium-oxide supported on delaminated (ITQ-2) and traditional (MCM-22) MWW-type zeolites from rice husk silica waste for the gas-phase total oxidation of benzene.

Experimental

The experimental procedures and sample nomenclatures are described below and summarized in Fig. 1.

Obtaining silica from rice husk

The rice husks (Fig. S1a) were kindly provided by rice producers of Pelotas, RS, Brazil. The raw material was calcined in a muffle furnace at 600 • C for 6 h (Fig. S1b). To reduce the particle size, the calcined product was mechanically macerated with a mortar and pestle for min (Fig. S1c). The solid was separated with a 40 mesh sieve. Chemical analysis reveals that sample exhibited high SiO 2 content (92.52%) and other oxides including K 2 O (1.95%), Al 2 O 3 (1.87%), MgO (1.70%), CaO (0.78%), SO 3 (0.58%), Fe 2 O 3 (0.22%), Cl (0.17%), MnO (0.12%), Cr 2 O (0.02%) and ZnO (0.02%). To maintain the sustainable aspects and evaluate its use in the purest form, no chemical treatments were done. The sample was named R and used for the synthesis of zeolites.

Synthesis of MCM-22P layered intermediate, MCM-22, and ITQ-2 zeolites

The MCM-22P layered intermediate was synthesized with silica R similar to our reported procedure [START_REF] Gomes | Sustainable synthesis of hierarchical MWW zeolites using silica from an agroindustrial waste, rice husk ash[END_REF]. The synthesis was performed with the Si/Al ratio = 22, hexamethyleneimine (HMI 99%, Sigma Aldrich) as the structure-directing agent (SDA) with autoclaves agitation system for 7 days at 135 • C. After filtering and washing to pH = 7, the R-MCM-22P layered intermediate was dried at 80 • C, calcined at 580 • C for 12 h and named R-MCM-22.

The ITQ-2 zeolite was synthesized using the R-MCM-22P layered intermediate following the standard procedure [START_REF] Corma | Delaminated zeolite precursors as selective acidic catalysts[END_REF]. The R-MCM-22P was swollen with a mixture of hexadecyltrimethylammonium bromide (C 16 TABr ≥ 98%, Sigma Aldrich) and a tetrapropylammonium hydroxide solution (TPAOH 40%, Sigma Aldrich) at 80 • C for 16 h under reflux system. The material was centrifuged and washed successively until reaching pH = 9. The swollen material was dispersed in water and Fig. 1. Proposed methodology and sample nomenclatures. treated in ultrasound for 1 h. Then, drops of concentrated hydrochloric acid (HCl 37% P.A., Synth) were added until pH = 2. The material was filtered, dried at 80 • C for 12 h and calcined at 540 • C for 8 h. It was named R-ITQ-2.

The protonic form (H) of the R-MCM-22 and R-ITQ-2 zeolites was obtained by ion exchanging with an aqueous solution of 1.0 mol L -1 NH 4 NO 3 (Sigma Aldrich) for 1 h at 25 • C with a mass ratio solid/liquid = 0.02. The procedure was repeated three times. After drying at 80 • C, the materials were calcined at 500 • C (heating rate 0.08 • C s -1 ) for 2 h. The acidic materials were named R-HMCM-22 and R-HITQ-2.

Cerium impregnation

The R, R-HMCM-22 and R-HITQ-2 materials were impregnated with 5 and 10 wt% of cerium. Aqueous solutions of 0.1 L containing the desired mass of the cerium (III) nitrate hexahydrate (Ce(NO 3 ) 3 6H 2 O, Dynamic) salt were prepared, and then 1 g of each material was added.

After stirring for 1 h, the mixture was transferred into a round-bottomed flask and rotary evaporated at 80 • C for 2 h. The solid was collected and calcined at 550 • C (heating rate 0.03 • C s -1 ) for 4 h. The materials impregnated with 5% and 10% of cerium were prefixed as Ce 0.05 / and Ce 0.1 /, respectively.

Catalytic tests

The catalytic tests were conducted in a fixed-bed tubular quartz reactor under atmospheric pressure. The following conditions were used: 0.100 g catalyst and benzene (1.3 ppm) added to air, the gas flow rate of 20 cm 3 min -1 , the residence time of 0.3 s, the space velocity of 12,000 mL.g -1 h -1 , and temperature range of 50-300 • C. The reaction products were determined by gas chromatography-mass spectrometry (GC-MS). The reactant and product mixtures were analyzed using two online gas chromatographs equipped with flame ionization and thermal conductivity detectors (FID and TCD, respectively). The catalytic activity was expressed as the degree of conversion of the benzene. The complete conversion of benzene was calculated according to the following equation: Benzene (%) = [(benzene) in -(benzene) out ] × 100/ (benzene) in , where (benzene) in and (benzene) out were the input and output quantities, respectively.

Characterization

The crystalline structure was characterized by X-ray powder diffraction (XRD) on an Empyrean (PANalytical) equipment using Cu-Kα radiation (1.54059 Å), for 2 theta ranging from 5 • to 50 • and a step size of 0.03. The chemical analysis of calcined rice husks was done with a S2 Ranger (Bruker). The porosity was measured from the N 2 adsorption and desorption isotherms collected after the degassing of the calcined samples at 300 • C for 12 h on a TriFlex (Micromeritics). The specific surface (S BET ), microporous volume (V micro ) and pore size distribution (PSD) were obtained by Brunauer-Emmett-Teller (BET) [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF], t-plot [START_REF] Lippens | Studies on pore systems in catalysts: V. The t method[END_REF], and non-localized density functional theory (NLDFT) methods, respectively. The 27 Al (MAS NMR) and 29 Si (CP/MAS NMR) nuclear magnetic resonances were performed on a DD2 instrument (Agilent) operating at 500 MHz. The morphology and dispersion of metal oxide were analyzed by a CM 120 (Philips) high-resolution transmission electron microscopy (HRTEM) equipped with LaB 6 filament. UV-Vis Diffuse reflectance spectra (DRS UV-Vis) were collected from 200 to 800 nm using a UV-Visible-PIR Cary 5000 Varian -Agilent with BaSO 4 as a reference. The amount of Brønsted and Lewis acid sites were determined by pyridine chemisorption followed by FTIR. Experiments were carried out in a quartz IR cell equipped with CaF 2 windows, connected to vacuum and atmospheric systems, as well as in a temperature-controlled oven. Prior to analysis, each catalyst was pressed into a self-supported wafer 2 cm 2 (0.5 ton) that weighed between 10 and 30 mg. The acidity was determined by pyridine adsorption at 150 • C. After establishing a pressure of 1 Torr at equilibrium, the cell was evacuated at 150 • C to remove all physisorbed species. The IR spectra were recorded at room temperature after the activation period and after pyridine thermodesorption in vacuum (10 -3 Pa) at various temperatures: 150, 250, 350, and 450 • C. The amount of pyridine adsorbed on Brønsted (BAS) and Lewis (LAS) sites was determined from the integration of bands at 1545 and 1454 cm -1 . All spectra were taken in the range of 1000-4000 cm -1 on a Nicolet 5700 apparatus (resolution: 2 cm -1 , 64 analyzes per spectrum). XPS spectra were recorded using an Omicron instrument employing an Al K-alpha source (1486.69 eV) and a SPHERA hemispherical analyzer. Samples were fixed using double-sided tape. Experiments were performed while operating the X-ray source with a power of 225 W (15 kV and 15 mA), with a base pressure of 10 -8 mbar during analysis.

Results and discussion

Structural and chemical characterization of catalysts

The XRD results are shown in Fig. 2. Regarding the non-impregnated materials, rice husk silica (R) presented a background elevation at 2θ = 15-30 • indicating its amorphous nature. The R-MCM-22P layered intermediate exhibited the reflections associated with the (002), ( 100), ( 101), ( 102), (220), and (310) planes, which are typical of MWWlayered precursors [START_REF] Zhou | Enhanced surface activity of MWW zeolite nanosheets prepared via a one-step synthesis[END_REF]. The same reflections were observed in the R-HMCM-22 diffractogram, with the exception of the interlayer reflection (002) peak, which is shifted to higher angles and overlapped with the (100) reflection after calcination. These shifts result from the approximation of neighboring layers and the formation of interlayer covalent bonds (Si-O-Si) by the condensation of Si-OH groups on the surface of the layered intermediate precursor [START_REF] Fabbiani | On the chemical condensation of the layers of zeolite precursor MCM-22(P)[END_REF].

The diffractogram of R-HITQ-2 presented the intralayer (hk0) planes preserved and the coalescence of reflections ( 101) and (102) in a broadband, which is associated with the loss of layer stacking order and typical for delaminated MWW materials [START_REF] Roth | Expanded view of zeolite structures and their variability based on layered nature of 3-D frameworks[END_REF]. The low peak intensities and the background elevation between 2θ = 15-30 • were associated with inherent layer fragmentation and partial silica dissolution caused by the swelling procedure at elevated temperature and pH [START_REF] Frontera | Transformation of MCM-22(P) into ITQ-2: the role of framework aluminium[END_REF].

The Ce 0.1 /R-HMCM-22, Ce 0.1 /R-HITQ-2, related to the higher metal content. The broadening of these reflections infers the presence of small crystallites. The average particle size determined by the Scherrer equation is shown in Table 1.

The Ce 0.05 /R, Ce 0.05 /R-HMCM-22, Ce 0.1 /R-HMCM-22, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 materials exhibited particle sizes of 9.6 nm, 8.6 nm, 10.0 nm, 7.5 nm, and 8.0 nm, respectively, revealing a decrease of crystallite size with increasing porosity of support. Moreover, a higher metal content was observed for materials featuring larger crystallites. Ce 0.05 /R and Ce 0.1 /R-HITQ-2 exhibited a peak at 2θ = 20.8 • and the material Ce 0.05 /R-HMCM-22 presented a peak at 2θ = 26.7 • , which was associated to the quartz phase (ICCD code 00-001-0649), probably formed during calcination at 550 • C after the Ce impregnation.

The delamination and Ce impregnation induced a change in the chemical environment of the Al and Si species, as shown in the NMR spectra in Fig. 3. The major signal at 60 ppm in the 27 Al MAS NMR spectra of both traditional and delaminated zeolites reveals that most Al species occupy framework positions (FAL). However, the signal at 5 ppm indicates that R-HMCM-22 present 12% of extra-framework aluminum (EFAL) species, which increased 33% and 26% in Ce 0.05 /R-HMCM-22, Ce 0.1 /R-HMCM-22 materials, respectively. R-HITQ-2 zeolite exhibited more EFAL (20%) than the R-HMCM-22 zeolite probably resulted from the swelling and delamination procedure. Ce 0.05 /R-HITQ-2 and Ce 0.1 /R-HITQ-2 materials also exhibited more the EFAL species after Ce impregnation with 34% and 33%, respectively.

The chemical shift to the higher values in 29 Si CP/MAS NMR spectra of delaminated zeolites ITQ-2 compared to the traditional MCM-22 zeolites results from the increase of silanol defects in the MWW layers after the swelling and delamination procedures. Specifically, the lack of signal at -119 ppm in the spectra of the delaminated materials indicates a decrease of Si-O-Si linkages between the MWW layers, which is typical of delaminated zeolites [START_REF] Corma | Delaminated zeolite precursors as selective acidic catalysts[END_REF]. Moreover, the delaminated zeolites presents two broad signals at -98 ppm and -92 ppm. The first one is assigned to the T1 groups and the Q 3 

Textural and morphological characterization of catalysts

Fig. 4a shows the N 2 adsorption-desorption isotherms at 77 K of the synthesized materials, and the values of the textural properties are reported in Table 1. For the non-impregnated materials, the amount of adsorbed N 2 increases in the order R < R-HMCM-22 < R-HITQ-2, indicating that the conversion of rice husk silica into zeolites and its delaminated derivative led to an increase in porosity. The cerium oxide impregnation resulted in a decrease in porosity for all materials. Both R and Ce 0.05 /R exhibited a type IV isotherms characteristic of mesoporous solids, according to the IUPAC classification [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC technical report)[END_REF]. The PSD in Fig 4c allows to conclude that the R sample exhibited a broad distribution of mesopores between 4 and 14 nm that decreased after the impregnation of cerium oxide (Ce 0.05 /R), suggesting the cerium oxide deposition within mesopores.

The R-HMCM-22, Ce 0.05 /R-HMCM-22, and Ce 0.1 /R-HMCM-22 exhibited type I isotherms at p/p 0 < 0.4 pressures, typical of microporous materials and the H3-type hysteresis loop indicated a slit-like interparticle porosity according to IUPAC [START_REF] Fabbiani | On the chemical condensation of the layers of zeolite precursor MCM-22(P)[END_REF]. All zeolitic materials exhibited a narrow PSD in the micropore region (<2 nm). Both R-HMCM-22 and Ce 0.05 /R-HMCM-22 presented similar V micro (0.10 cm g -1 ), which indicates the deposition cerium on the external surface of the MWW layers. The increase in the Ce content (Ce 0.1 /R-HMCM-22) resulted in a decrease in the V micro (0.09 cm 3 g -1 ), suggesting a partial deposition of small cerium oxide-like clusters or Ce 3+ ions in the micropores.

The R-HITQ-2, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 delaminated zeolites exhibited a combination of type I and IV isotherms, which is typical of micro-mesoporous materials. The H3-type hysteresis loops are related to the slit-type pore geometry. The high amount of adsorbed N at low pressures (p/p 0 < 0.12) suggests a strong adsorbent-adsorbate interaction and/or micropore filling. The increase in adsorbed N 2 at pressures p/p 0 > 0.2 indicates capillary condensation in the mesopores, which is a result of the delamination phenomena. The R-HITQ-2 exhibits a higher S BET than R-HMCM-22 because of its more open pore structure. On the other hand, the decrease of V micro occurred due to the increase in the contribution of mesopores between the neighboring layers and the damaging of the micropores or even the blockage resulting from the partial dissolution of the zeolitic layers after the swelling procedure. Unlike the synthesized MCM-22 materials, the decrease of V micro was observed at a low metal content (Ce 0.05 /R-HITQ-2), inferring that the remaining micropores were readily accessible due to the structural layer defects. The PSD of the delaminated zeolites exhibited a micro and mesoporous region. A narrow region of micropores was associated with the individual MWW layers and a new region of mesopores between and 6 nm resulted from the regions between the neighboring layers.

Microscopic analyzes were performed to evaluate the morphology of the obtained materials and the dispersion of cerium oxide. According to the HRTEM image in Fig. 5a, the R silica indicates an amorphous structure, confirming the results obtained by XRD. The bright regions with a less incoherent scattering in Fig. 5b was evidence of the presence of shallow mesopores of different sizes, corroborating the PSD from the N 2 adsorption-desorption isotherms. The absence of diffraction spots in the Fast Fourier Transform (FFT) image in Fig. 5c confirms the lack of periodicity of the R sample. The HRTEM image of the Ce 0.05 /R sample (Fig. 5d) reveals that cerium oxide NPs were distributed on the amorphous silica surface. At higher magnifications (Fig. 5e), the agglomeration of NPs can be observed. The diffraction spots observed in FFT image in Fig. 5f are obtained from the inset in Fig. 5g and reveal the lattice fringes of the selected cerium oxide NP. The distance of 0.31 nm (see intensity profile in Fig. S2a) was similar to the interplanar distance of the cerium oxide phase obtained from the XRD diffraction peak at 2θ = 28.5 • and associated with the (111) diffraction plane with D-spacing of 0.31 nm. The size distribution of cerium oxide NPs was 7.3 nm, which is slightly smaller than that estimated from the Scherrer equation.

The morphology of zeolite R-HMCM-22 is shown in Fig. 6a. The zeolite presented hexagonal stacked plate-like crystallites, which are typical of MWW-type materials [START_REF] Sachse | Impact of hierarchization on the textural properties of MCM-22 based zeolites[END_REF]. The diffraction spots in the FFT image (Fig. 6b) and the resolved lattice fringes in Fig. 6c (see intensity profiles in Fig. S2b) with distances of 1.14 nm are associated with the (100) plane, which matches well with the XRD peak at 2θ = 7.23 • with d 100 = 1.22 nm. The microporous structure along the ab plane is clearly visible in Fig. 6d.

The Ce 0.05 /R-HMCM-22 zeolite (Fig. 6e) presented a homogeneous distribution of cerium oxide NPs on the surface of the zeolite crystallites. The FFT image in Fig. 6g and the lattice fringes of 1.17 nm in Fig. 6h (see intensity profile in Fig. 2S.c) are associated to the (100) diffraction plane of the zeolitic structure (d 100 = 1.22 nm). Fig. 6f reveals that Ce 0.05 /R-HMCM-22 zeolite features smaller (6.5 nm) and more isolated cerium oxide NPs when compared to the Ce 0.05 /R sample, which suggests that the 12-ring hemi-cages on the surface of MWW layers may prevent the excessive aggregation of NPs. The HRTEM images of Ce 0.1 /R-HMCM-22 are shown in Fig. 6i andj and they exhibited a maximal distribution of NPs centered at 8.3 nm, revealing that an increase in metal content leads to higher NPs aggregation. The inset in Fig. 6j reveals that the lattice fringes of 0.30 nm (see intensity profile in Fig. S2d) correspond to the (111) plane of the cerium oxide phase (d 111 = 0.31 nm).

The R-HITQ-2 zeolite shown in Fig. 7a andb exhibited thin layers in random orientation resulting in a house-of-cards structure, typical of delaminated zeolites. The FFT image (Fig. 7c) was obtained from the inset region in Fig. 7d, where the resolved lattice fringes of 1.08 nm (see intensity profile in Fig. S3a) matches well with the (100) diffraction plane of the zeolitic structure. Small-layered particles and regions with a lack of periodicity were also observed and they originated from the layer fractures and partial amorphization during the swelling procedure.

The Ce 0.05 /R-HITQ-2 structure along to the ab plane was shown in Fig. 6f and the surface defects from the partial layer dissolution were clearly visible by the bright regions when compared to the Ce 0.05 /R-HMCM-22 shown in Fig. 6f. The lattice fringes of 1.09 nm exhibited in Fig. 7h (see intensity profile in Fig. S3b) are associated with the (100) crystallographic plane of the zeolite structure. The size distribution of cerium oxide NPs was centered at 5.7 nm. The Ce 0.1 /R-HITQ-2 (Fig. 7i andj) presented a broad size distribution of cerium oxide NPs and a maximum centered at 7.5 nm. These results suggest that a more open structure and the presence of surface defects of the delaminated zeolites promoted the higher dispersion of the cerium oxide NPs than the traditional zeolite.

The oxidation state of cerium oxide species

The oxidation state of the impregnated-cerium species was analyzed by DRS UV-Vis and is shown in Fig. 8a. All spectra presented a broad absorption band at 300 nm and a shoulder at 250 nm, which were attributed to the Ce 4+ and Ce 3+ species, respectively [START_REF] Roth | Framework-substituted cerium MCM-22 zeolite and its interlayer expanded derivative MWW-IEZ[END_REF].

The XPS survey scans were shown in Fig. 8b. The Ce 0.05 /R-HMCM-22, Ce 0.1 /R-HMCM-22, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 samples presented a similar surface composition. All spectra presented signals of Si, Al, C and O. No other contaminants were identified, evidencing the efficiency of the ion-exchanging procedure because the signals of sodium as compensating cations at binding energies at 1075 and 504 eV [START_REF] Petkowicz | Zeolite NaA from Brazilian chrysotile and rice husk[END_REF] were not observed. The Ce 3d regions of the XPS spectra were shown in Fig. 6c. Ce 3d5/2 signals around 882 and 890 eV (gray color) evidence the existence of Ce 3+ , whereas the signals around 884 and 890 eV (blue color) reveal the existence of Ce 4+ species [START_REF] Othman | Recyclable adsorbents based on ceria nanostructures on mesoporous silica beads for the removal and recovery of phosphate from eutrophic waters[END_REF][START_REF] Baer | Surface characterization of nanomaterials and nanoparticles: important needs and challenging opportunities[END_REF]. 

Acidic measurements by pyridine adsorption

The quantification of acidic sites of the cerium-oxide impregnated zeolites was done as Brönsted (BAS) and Lewis (LAS) acidic sites can act as adsorption sites for benzene oxidation [START_REF] He | Recent advances in the catalytic oxidation of volatile organic compounds: a review based on pollutant sorts and sources[END_REF]. As shown in Table S1, Ce 0.05 /R-HITQ-2 exhibited less BAS compared to Ce 0.05 /R-HMCM-22, which infers that the delamination induces structural damage to the zeolitic structure. The LAS was higher in Ce 0.05 /R-HITQ-2 than Ce 0.05 /R-HMCM-22, which also suggests the migration of FAL to EFAL positions after the delamination. Indeed, 27 Al NMR results discussed in Fig. 3a support this hypothesis. The increase in the cerium content increases the number and strength of LAS for both Ce 0.1 /R-HMCM-22 and Ce 0.1 /R-HITQ-2 zeolites.

Catalytic benzene oxidation

Fig. 9 shows the benzene conversion as a function of temperature for all materials. The catalysts were active in the studied reaction and showed a similar tendency; the benzene conversion increased as a function of the reaction temperature. As expected, benzene conversion was higher for materials with higher cerium oxide content. The only detectable reaction products in the experiments were water and carbon dioxide.

The best performances were observed for the Ce 0.05 /R-HITQ-2 and Ce 0.1 /R-HITQ-2 zeolites, reaching benzene conversions of 58% and 66% at 250 • C, and 84% and 91% at 350 • C, respectively. Ce 0.05 /R-HMCM-22 and Ce 0.1 /R-HMCM-22 presented benzene conversions at 250 • C of 47% and 54%, and at 350 • C, 70% and 79%, respectively. The materials Ce 0.05 /R and R-HMCM-22 (blank) did not show significant catalytic performance, which suggests that the catalytic efficiency was a result of the synergy between the zeolite structure, the supported-cerium oxide NPs, and the synthesis process.

According to the literature, zeolite-based materials with high specific surface and more open structure improves the dispersion of the active components and their access to the benzene molecules, and also reduces the sintering effects in VOC oxidation [START_REF] Xue | Zeolite-based materials for the catalytic oxidation of VOCs: a mini review[END_REF]. The same behavior occurred in our experiments, that is, the materials with higher specific surface area and more accessible pore structure (Ce 0.05 /R-HITQ-2 > Ce 0. 05/R-HMCM-22 > Ce 0.05 /R) led to high benzene oxidation. Moreover, the 29 Si CP/MAS NMR and HRTEM analyzes of delaminated confirmed the presence of silanol and structural defects on the zeolite surface, which allowed for the formation of small and highly dispersed cerium-oxide NPs in ITQ-2 delaminated zeolites compared to the traditional MCM-22 zeolite, and being more available for the oxidation reaction, as summarized in Fig. 10. Moreover, the decrease of cerium-oxide NPs size in delaminated zeolites could also infer the increase in the structural defect and the Ce 3+ concentration and resulted of oxygen vacancies, which is beneficial for the activation of oxygen molecules to active oxygen species [START_REF] Taniguchi | Tuning growth modes of ceria-based nanocubes by a hydrothermal method[END_REF][START_REF] Li | Morphology-dependent nanocatalysts: rod-shaped oxides[END_REF][START_REF] Mehmood | Engineering oxygen vacancies through construction of morphology maps for bio-responsive nanoceria for osteosarcoma therapy[END_REF].

The catalytic behavior can also be attributed to the result of interactions between cerium species and the zeolite structure. The DRS UV-Vis and XPS results confirm that all zeolites presented the Ce 4+ and Ce 3+ species. The presence of Ce 4+ and Ce 3+ species can promote the reduction of Ce 4+ /Ce 3+ , which is favorable to the oxidation of hydrocarbons [START_REF] Kamal | Catalytic oxidation of volatile organic compounds (VOCs) -a review[END_REF]. The reduction of cerium oxide (Ce 4+ /Ce 3+ ) is not due to the direct release of oxygen in the gas-phase, but the interaction between the surface of the zeolite-cerium oxide material and benzene. A proposed mechanism for the complete catalytic oxidation reaction of benzene promoted by cerium oxide materials can be explained by the Mars-van Krevelen model (MvK) [START_REF] Huang | Low temperature catalytic oxidation of volatile organic compounds: a review[END_REF], and summarized in Fig. 10 (step a, b andc). This model assumes that the reaction will not be triggered until the benzene molecules interact with the oxygen-rich parts on the NPs of cerium oxide regenerated from the molecular oxygen of the feed (step a, Fig. 10). Thus, the adsorbed benzene molecules are oxidized by the surface oxygen species generating CO 2 and H 2 O (step b), forming oxygen vacancies and inducing the reduction of cerium oxide (step c, Fig. 10). The catalytic cycle was repeated with the reoxidation of cerium oxide occurs by the oxygen of the gas-phase of the feed (step a, Fig. 10), which is the rate-determining step of the reaction [START_REF] Li | Morphology-dependent nanocatalysts: rod-shaped oxides[END_REF].

The storage oxygen capacity in the crystal lattice of cerium oxide NPs may be associated with this Ce 4+ /Ce 3+ redox process, which is a very fast process, resulting in more oxygen being available for the oxidation process. Another factor was the materials with high LAS (Table S1) exhibited high catalytic efficiency. The presence of Lewis acid sites on the surface of materials can be attributed to EFAL species in the zeolitic structure but also to oxygen vacancies on the cerium-oxide NPs. According to the MvK mechanism, the oxidation process that occurs on the surface of materials involves the consumption and supplementation of the active oxygen species. In the initial step of the reaction, the rate of consumption of active oxygen species can be greater than the rate of oxygen supply by the gas-phase, which leads to the generation of oxygen vacancies on the surface. This can be attributed to the fact that the LAS on the surface of materials act as redox-active sites. Thus, it can be seen that an increase in LAS on the surface of materials can favor catalytic performance in benzene oxidation reactions [START_REF] Lv | Tuning the degradation activity and pathways of chlorinated organic pollutants over CeO 2 catalyst with acid sites: synergistic effect of Lewis and Brønsted acid sites[END_REF].

The catalytic stability of the Ce 0.1 /R-HITQ-2 and Ce 0.1 /R-HMCM-22 zeolites was investigated as a function of time. The benzene oxidation at 350 • C for 16 h did not demonstrate any reduction in catalytic activity, which is evidence that the materials of this work can represent efficient candidates for catalytic applications in the gas-phase.

Conclusions

The delaminated ITQ-2 was successfully obtained from a sustainable synthesis using rice husk silica for the first time. The sustainable ITQ-2 and MCM-22 zeolites and silica from rice husks were incorporated with cerium oxide via the impregnation procedure. The more open structure and surface defects of ITQ-2 delaminated zeolite resulted in cerium-oxide NPs with smaller sizes (5.7 nm) than the traditional MCM-22 zeolite (6.5 nm) containing 5% of Ce; and of 7. financial support from the European Union (ERDF) and the "Région Nouvelle Aquitaine".

  Fig. 2. X-ray diffractograms of R, Ce 0.05 /R, R-MCM-22P, R-HMCM-22, Ce 0.05 / R-HMCM-22, Ce 0.1 /R-HMCM-22, R-HITQ-2, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 samples. The quartz and CeO 2 were used as a reference.

  sites referring to the silanol defects [Si(OH)(OSi) 3 or Si(OH)(OAl)(OSi) 2 ]. The signal at -92 ppm is the characteristic of Q 2 sites and is also attributed to the silanol defects [Si (OH) 2 (OSi) 2 and Si-(OH) 2 (OAl)(OSi)] [37].

Fig. 3 .

 3 Fig. 3. The 27 Al MAS NMR (a) and 29 Si CP/MAS NMR (b) spectra of R-HMCM-22, Ce 0.05 /R-HMCM-22, Ce 0.1 /R-HMCM-22, R-HITQ-2, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 samples.

Fig. 4 .

 4 Fig. 4. N 2 adsorption-desorption isotherms (a), logarithmic plot of N 2 adsorption and desorption isotherms (b), and pore size distribution (c) of R, Ce 0.05 /R, R-HMCM-22, Ce 0.05 /R-HMCM-22, Ce 0.1 /R-HMCM-22, R-HITQ-2, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 samples.

Fig. 5 .

 5 Fig. 5. HRTEM images of R (a, b) and the FFT (c). The HRTEM images of Ce 0.05 /R (d, e), the FFT (f) and lattice fringes of cerium oxide NPs (g).

Fig. 6 .

 6 Fig. 6. HRTEM images of R-HMCM-22 (a, d), FFT (b) and lattice fringes (c). HRTEM images of Ce 0.05 /R-HMCM-22 (e, f), lattice fringes (g) and FFT image (h). HRTEM images of Ce 0.1 /R-HMCM-22 (i, j) and lattice fringes of cerium oxide NPs (l).

  5 nm and 8.3 nm containing 10% of Ce, respectively. The DRS UV-Vis and XPS confirmed that the Ce 4+ and Ce 3+ species were present in all cerium-oxide impregnated MWW zeolites. The increase of Ce content generated new Lewis acid sites in both MCM-22 and ITQ-2 zeolites. The best catalytic performance was achieved with the ITQ-2 delaminated zeolites containing 5 and 10% of cerium oxide, with benzene conversions at 350 • C of 84% and 91% as result of their more open structure and high dispersed cerium oxide NPs. The ITQ-2 and MCM-22 zeolites containing

Fig. 7 .

 7 Fig. 7. HRTEM images of R-HITQ-2 (a, b), FFT (c) and lattice fringes (d). HRTEM images of Ce 0.05 /R-HITQ-2 (e, f), FFT (g) and lattice fringes (h). HRTEM images of Ce 0.1 /R-HITQ-2 (i, j), FFT (k) and lattice fringes (l).

Fig. 8 .

 8 Fig. 8. DR. UV-Vis spectra (a). Survey (b), and Ce 3d region (c) of XPS spectra of Ce 0.05 /R, Ce 0.05 /R-HMCM-22, Ce 0.1 /R-HMCM-22, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 samples.

Fig. 9 .

 9 Fig. 9. Total oxidation of benzene as a function of temperature over R-HMCM-22, Ce 0.05 /R, Ce 0.05 /R-HMCM-22, Ce 0.1 /R-HMCM-22, Ce 0.05 /R-HITQ-2, and Ce 0.1 /R-HITQ-2 samples.

Fig. 10 .

 10 Fig. 10. Scheme of Ce 0.1 /R-HMCM-22 and Ce 0.1 /R-HMCM-22 zeolites and the proposed steps of reactions on cerium-oxide NPs based on MvK mechanism representing the redox dynamics. The gas-phase molecular oxygen from the feed regenerates the oxygen vacancy (a) and benzene interacts with lattice oxygen on the catalyst surface (b) and was oxidized resulting in CO 2 and H 2 O and inducing an oxygen vacancy (c).

  

Table 1

 1 Textural and physicochemical properties of samples.

	Sample	S BET (m 2 g -1 )	V micro (cm 3 g -1 )	P Scherrer (nm) a	P HRTEM (nm) b
	R	105	0	-	-
	Ce 0.05 /R	46	0	9.6	7.3
	HMCM-22	361	0.10	-	-
	Ce 0.05 /R-HMCM-	341	0.10	8.6	6.5
	22				
	Ce 0.1 /R-HMCM-	319	0.09	10.0	8.3
	22				
	R-HITQ-2	591	0.06	-	-
	Ce 0.05 /R-HITQ-2	475	0.05	7.5	5.7
	Ce 0.1 /R-HITQ-2	422	0.04	8.0	7.5

a based on the FWHM of the (111), (

100

) and (220) planes;. b based on the maxima distribution from the HRTEM histograms.
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