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Effect of the iron amount on the physicochemical properties of Fe-ZrO2 aerogel catalysts for the total oxidation of Toluene in the presence of water vapor

Rimeh Ismail, Jihene Arfaoui, Zouhaier Ksibi, Abdelhamid Ghorbel,

The emissions of volatile organic compounds (VOCs), such as toluene, aldehydes, alcohols, ketones, ethers, halogenated and aromatic compounds, are considered as one of the main sources of air pollution 1 . These substances can be issued from petroleum refineries; automotive, textile manufacturers, transportation, chemical industries and solvents using processes 2 .Their high concentration in the air may cause a serious human health and environmental problems. Therefore, it is necessary to minimize their emissions. Catalytic oxidation is generally used in many industrial processes for the control of VOCs emissions through their selective destruction at low temperature. Two groups of catalytic materials are usually employed for VOCs oxidation: (i) supported or unsupported noble metal catalysts (mostly Pt and Pd), and (ii) transition metal oxide-based catalysts. Noting that the noble metals are characterized by a good stability and high activity at low temperatures 3. Nevertheless, their high cost has limited their investigation and they have been replaced by transition metal oxide-based catalysts, such as copper oxides 4 , cobalt oxides 5 , iron oxides 6 , manganese oxides 7 and cerium oxides 8 . These systems have been extensively explored during the past years as effective and more economic catalysts than noble metal ones for the total oxidation of VOCs 9 . Only a few papers have been reported in the literature concerning the total oxidation of toluene, particularly in the presence of water vapor, over iron-based catalysts. In this framework: P. Djinović et al. 10 have showed that the Fe quantity greatly influences the catalytic performances of bimetallic CuFe catalysts in the oxidation of toluene when the reaction was realized in the absence of H 2 O. On the other hand, X. Liang et al. 11 have studied the effect of Fe amount and the presence of vapor H 2 O on the catalytic performance of Fe-Ti-PILC in the total oxidation of toluene. Their results revealed that the catalytic activity of the samples enhanced with increasing Fe content up to a value of 3.75%. The authors have also concluded that the prepared Fe-Ti-PILC catalysts showed high stability and superior activity at 250 and 350 °C in the presence of 50,000 ppm water vapor. In this work, a new xFe-ZrO 2 aerogel catalyst was developed, via the one step sol-gel method associated to supercritical drying process, for the total oxidation of toluene in the presence of water vapor. The effect of Fe quantity (x = 0; 1,25; 2,5, 5 and 10 wt.%) in the physicochemical properties and catalytic performances in the C 6 H 5 -CH 3 oxidation of aerogel materials was investigated.

ZrO 2 and xFe-ZrO 2 aerogel samples were synthesized via the single step sol-gel method using a similar procedure to that reported in our previous work for TiO 2 12 as following: First, Zirconium (IV) butoxide (Zr(OC 4 H 9 ) 4 , Sigma-aldrich, 80 %) was mixed, under stirring at room temperature, with anhydrous ethanol (C 2 H 6 O, Aldrich, 99.8 %) and Ethyl acetoacetate (C 6 H 10 O 3 , Fluka, > 99.5%). Then, the hydrolysis is favoured by addition of a HNO 3 aqueous solution (0.1 M). Etacac /Zr and H 2 O/Zr molar ratios were fixed to 1 and 10, respectively. The prepared gel was dried in the autoclave (at T = 243 °C and P = 63 bar) to obtain ZrO 2 support. For the xFe-ZrO 2 solids, an appropriate amount of iron (III) nitrate (Fe(NO 3 ) 3 , 6H 2 O), Sigma-aldrich, ≥ 99.95 %) was introduced in the mixture before the hydrolysis step. The ZrO 2 and x Fe-ZrO 2 aerogel samples were finally calcined at 550 °C for 3 h under O 2 flow (30 cc/min).

Toluene oxidation was carried out at atmospheric pressure in a fixed bed reactor using 0.02 g of catalyst, previously pretreated in situ (under air) at 200 °C for 1 h. The toluene concentration was adjusted by passing an appropriate He flow through a saturator, kept at 0.7 °C, containing toluene. The reaction was performed using a mixture of gas (total flow rate = 50 cm 3 /min) containing 0.01 vol % toluene (> 99.7 %), 3.4 vol % H 2 O (> 99.5 %), 8 vol. % O 2 ( > 99.9 %) and balance with He (> 99.9%) using a second gas line. The equivalent gas hourly space velocity (GHSV) obtained was of 60,000 h -1 . The catalytic activity was evaluated in terms of toluene conversion to CO 2 , in the 200-550 °C temperature range, with a ramp of 6 °C/min. The composition of the effluents was monitored continuously by sampling on line to a quadrupole mass spectrometer Pfeiffer Vacuum equipped with Faraday and SEM detectors (0-200 amu).

The toluene conversion (%) is expressed as:

X tol (%) =
Where [Toluene] in and [Toluene] out are the inlet and outlet concentrations of toluene, respectively.
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The concentration of CO 2 (ppm) was calculated as given below:

[CO 2 ] (ppm) =
Where [I] 0 , [I] 7000 and [I] t are the intensity of CO 2 signals at inlet, outlet and at any reaction temperature (t), respectively. 7000 ppm is the inlet concentration of CO 2 .

Textural properties of samples were examined by N 2physisorption, at 77 K, using a Micromeritics ASAP 2000. The samples were degassed at 250 °C before analysis. XRD patterns of solids were recorded from 2θ = 10 ° to 80 ° (with a step size of 0.02°) using a Brüker AXS D8 diffractometer with CuKα radiation (λ = 1.5406 Ǻ). UV-vis spectra were collected, in the 200-800 nm wavelength range, using a spectrometer Lambda 40 Perkin Elmer. Temperature programmed reduction was realized, in the 50-550 °C temperature range, using an AUTOCHEM 2920 (Micromeritics), with a mixture containing 5 vol. % H 2 in Ar (30 mL/min) and a heating rate of 10 °C/min. Prior to H 2 -TPR analysis, the catalyst (0.08 g) was pre-treated under 5 vol. % O 2 in He (flow rate = 30 mL/min) at 550 °C (ramp 10 °C/min) for 30 min, then cooled down to 50 °C. Acidity of catalysts was studied by NH 3 -TPD using an AUTOCHEM 2910 (Micromeritics). First, the solid was pre-treated at 550 °C (ramp 10 °C/min), during 2 h, under air flow (30 cm 3 /min). After, it was exposed to 5 vol. % NH 3 in He (flow rate = 30 cm 3 /min) for 30 min and then flushed with He (30 cm 3 /min) during 30 min in order to remove the physisorbed ammonia. Finally, The NH 3 desorption was done in helium flow (30 cm 3 /min) from 100 to 550 °C with a heating rate of 10 °C/min.

The C 6 H 5 -CH 3 conversion and CO 2 concentration as function of the reaction temperature over xFe-ZrO 2 aerogel catalysts are displayed in Figure . 1A and 1B, respectively.

Based on the Mars-Van Krevelen (MVK) mechanism, which has been widely used for describing the catalytic oxidation of VOC over metal oxides, [13][14] the reaction procedure includes two independent reactions steps: the oxidation of VOC molecules to CO 2 and H 2 O by surface oxygen species on catalyst (surface lattice oxygen and surface absorbed oxygen), and the reaction between the reduced sites and oxygen from gas phase to form surface oxygen species. Therefore, the surface oxygen species and the reducibility of catalyst (that is related to the release of surface oxygen species) are the key factors which govern its reactivity in the total oxidation of COVs. The surface acidity of catalysts is known to play also an important role in this reaction, as the presence of acid sites could facilitate both the sorption of COV at the catalyst surface and the breaking of carbon-carbon bonds which promotes the CO 2 production 11,15 As it can be seen in Fig 1A and1B, ZrO 2 support exhibits low C 6 H 5 -CH 3 conversion to CO 2 (50 % at 550 °C) which can be related to the low reactivity of its acidic sites in this reaction. When Fe species are introduced on the catalyst, the toluene conversion to CO 2 increases with both the reaction temperature and Fe content (until 5 % wt. Fe). This underlines the key role of iron species in the total oxidation of toluene. In fact, these species contribute to the growing of surface oxygen species and lead to the creation of new acidic and redox sites at Fe-ZrO 2 surface. This promotes the adsorption of toluene molecule and increases the active site amount. Similar results have been already reported by X. Liang et al. 11 who have demonstrated that the activity of Fe-Ti-PILCs solids, in the total oxidation of toluene (tested in the 250-350 °C temperature range), was initially enhanced with increasing Fe content up to a value of 3.75 %. Interestingly, a maximum of 96 % C 6 H 5 -CH 3 conversion at 550 °C was obtained over the novel 5Fe-ZrO 2 aerogel catalyst demonstrating its good stability and superior activity at high temperature (>450 °C) in the presence of 3.4 % water vapor. In general, the increase of specific surface area results in the enhancement of catalytic activity. Textural properties of solids are given in table 1. As it can be seen, all the samples calcined at 550 °C exhibit high specific area (³ 93 m 2 /g) and large pore volume (³ 0.26 cm 3 /g), indicating of their developed texture and good thermal stability. It should be that the surface area of xFe-ZrO 2 catalysts slightly decreases with the increase of iron content, but remains above 90 m 2 /g. The loss of the surface area can be explained by the blocking of some pores of the zirconia support by the iron oxide crystallites as explained earlier 16 .

Based on the N 2 adsorption-desorption isotherms at 77 K and pore size distribution curves of xFe-ZrO 2 aerogel catalysts, presented in Figures 2 and3, respectively, it can be concluded that all the samples, which are characterized by a type IV isotherms according to IUPAC classification and a hysteresis loops type H1, are mesoporous materials with a monomodal (case of ZrO 2 , 1,25Fe-ZrO 2 , 2,5Fe-ZrO 2 and 10 Fe-ZrO 2 ) or bimodal (for 5Fe-ZrO 2 ) pore size distributions. It is worthy to note that the pores of solids become larger by increasing the Fe loading (Figure . 3). This result can be explained by the existence of strong interactions between zirconia and iron which affect the porosity of catalysts 12 . of zirconia. It should be also mentioned that the XRD analysis did not reveal the presence of characteristic peaks of metallic Fe or its oxides, which is in good agreement with a previous study 17 and indicates the high dispersion of iron species at zirconia surface. DR UV-vis spectroscopy (Figure 5) is used to examine the nature and environment of Zr and Fe species. The ZrO 2 shows a typical absorption band in 200-250 nm range, which is attributed to O 2-→Zr 4+ charge transfer transition in zirconia 18 . The new bands observed at higher wavelengths in the UV-vis spectra of xFe-ZrO 2 solids correspond to iron species. Hence, the bands situated at λ< 300 nm can be attributed to Fe species in tetrahedral and octahedral coordinations 19 . Fe x O y aggregates or clusters display an absorption band at 300 <λ<400 nm 2 , whereas, the band located at λ> 400 nm indicates the presence of aggregates of aFe 2 O 3 iron oxide 2 .

It should be noted that the aFe 2 O 3 aggregates are obtained only in the case of 10Fe-ZrO 2 catalyst which demonstrates that the increase of the iron amount influences the nature of Fe species and consequently affects the catalytic performances of xFe-ZrO 2 in the total oxidation of toluene as confirmed by the catalytic test results. It is well established that the catalytic activity of metal oxide catalysts strongly depends on their acidic and redox properties [20][21] . Therefore, the reducibility and surface acidity of xFe-ZrO 2 were studied using H 2 -TPR and NH 3 -TPD techniques. The results are illustrated in Fig. 6 and Fig. 7, respectively.

As shown in the H 2 -TPR profiles of samples (Figure . 6), no H 2 consumption peaks are detected for ZrO 2 support since Zr 4+ is a non-reducible cation 22 . However, for the xFe-ZrO 2 solids, new peaks are appeared at different temperatures and are attributed to the reduction of various iron species. Therefore, the peaks at low temperatures (between 90 and 450 °C) can be ascribed to the reduction of Fe 2 O 3 to Fe 3 O 4 and the peaks at higher temperatures (> 450 °C) can be attributed to Fe 3 O 4 → FeO→ Fe 0 transformations 23 . This demonstrates that the addition of Fe contributes to the creation of redox sites at xFe-ZrO 2 surface. These sites were found active in the total oxidation of toluene and their nature and reactivity seem to be are affected by the amount of Fe. It can be also suggested, in line with the UV-vis results, and, that the amount of iron influences the nature, the dispersion and/or the oxidation state of iron species seeing that the position, the number and the intensity of H 2 consumption peaks change with increasing the iron quantity. In Fig. 7., ZrO 2 and xFe-ZrO 2 samples show a broad NH 3 desorption peak between 100 and 450 °C which can be attributed to NH 3 desorbed from weak (at T ≈ 200 ° C ) and medium ( at T ≈ 300-400 ° C) acid sites 24 . It should be underlined that the intensity of this peak is higher in case of the samples containing iron indicating the creation of new acidic sites at ZrO 2 surface by the Fe addition. It is known that acid sites provide protons or accepting electron pairs from the toluene molecule which is crucial for its further oxidation. In this work, new well-structured xFe-ZrO 2 aerogel catalysts with high surface area, large porosity and good thermal stability were successfully synthesized by the one step sol-gel method and tested in the total oxidation of toluene in the presence of H 2 O. It was found that the addition of iron affects the structural and textural properties of xFe-ZrO 2 catalysts, contributing to the creation of actives acidic and redox sites at their surfaces. This addition consequently enhances the activity of the total oxidation of toluene. Interestingly, high conversion of C 6 H 5 -CH 3 to CO 2 (96 % at 550 °C), in the presence of water vapor, was obtained over the novel 5Fe-ZrO 2 aerogel catalyst.
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 1 Figure 1. (A) Toluene conversion and (B) CO2 concentration (ppm) as function of temperature reaction over the samples.

Figure 2 .

 2 Figure 2. N2 adsorption-desorption isotherms of samples.

Figure 3 .

 3 Figure 3. BJH pore size distribution curves of samples. The XRD analysis (Figure 4) reveals that both the diffraction peaks related to monoclinic and tetragonal phases of ZrO 2 (m-ZrO 2 and t-ZrO 2 ) are detected at 2θ = 24,38° (110), 28,26° (-111), 31,56° (111) , 41,07° (102) , 45,21° (-202), 54,09° (300), 55,60 (130), 65,68° (320) [PDF 89-9066] and 2θ = 30,33° (101) , 34,67° (002) , 50,37° (112), 60,09° (211), 62,57° (202) [PDF 79-1769], respectively, in the X-ray diffraction patterns of ZrO 2 . However, only the typical peaks of the t-ZrO 2 phase are observed in the case of xFe-ZrO 2 aerogel catalysts. This result, demonstrating a stabilization of ZrO 2 tetragonal phase, known by its metastability at low temperature, could indicate the existence of strong interactions between Fe and ZrO 2 which modify the structure
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 4 Figure 4. XRD patterns of samples.
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 5 Figure 5. DRUV-Vis spectra of samples.
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 6 Figure 6. H2-TPR profiles of samples.
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 7 Figure 7. NH3-TPD profiles of samples.
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 1 Textural properties of the samples