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Abstract 

The total oxidation of two representative VOCs, propane and toluene, has been studied using 

mesoporous -Fe2O3 catalysts. Different preparation methods have been followed leading to 

mesoporous materials with different characteristics. Whilst a mesoporous catalyst formed by 

aggregation of nanocrystals has been produced by soft chemistry using oxalic acid as 

precipitating agent, a mesoporous material with crystalline walls have been prepared by a 

nanocasting route using a hard template. These catalysts have been characterized by several 

physicochemical techniques: XRD, N2 adsorption, TPR, XPS, TEM, HR-TEM, SAED and 

EDX. Among the different Fe2O3 catalysts synthesized differences not only in the surface 

area and morphology have been observed but also in the lattice parameter, in the 

concentration of oxygen defects for VOCs adsorption and in the reducibility. In the case of 

the toluene oxidation it has been observed that the catalytic activity is highest for the catalysts 

prepared by a nanocasting route, which presents a very high surface area of 208 m2 g-1. 

Conversely, for propane oxidation the most active catalyst resulted to be the mesoporous 

nanocrystalline catalyst formed by aggregation. In this case, a direct relationship between 

reducibility and catalytic activity normalized per surface area has been observed. The 

differences between toluene and propane oxidation can be tentatively ascribed to different 

reaction mechanisms to be accounted for.  

 

 

 

Keywords: propane, toluene, catalytic total oxidation, mesoporous α-Fe2O3, Nanocasting.
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Introduction 

The emission of volatile organic compounds (VOCs) to the environment presents widespread 

environmental implications. Thus, pollution by VOCs has been related to the photochemical 

smog and to ozone depletion [1, 2]. Moreover, many VOCs are themselves toxic and/or 

carcinogenic [3]. Several methods have been developed, the heterogeneous catalytic oxidation 

being one of the best options, especially if the VOC concentration is low and the process is 

continuous [4, 5]. This presents several advantages over the typical thermal oxidation process 

due to the lower temperature required for the elimination of the VOC, such as a lower need 

for supplementary fuel (cheaper) and lower formation of undesirable by-products. 

VOCs involve a large amount of compounds with different chemical functionality which can 

be emitted from a range of sources. Among them, linear short chain alkanes are some of the 

most difficult to destroy [6] and aromatics some of the most toxic [7]. One representative 

hydrocarbon of each group has been selected for the present study, propane and toluene. 

Propane is emitted to the atmosphere from a variety of sources as LPG vehicles and stationary 

power sources. Toluene in spite of its toxicity is also abundantly emitted to the atmosphere as 

is a very common solvent and also as a reactant in industrial processes. 

Although platinum and palladium based catalysts are currently the most efficient for the total 

oxidation of hydrocarbons [8], the use of metal oxides of non-noble metal offer considerable 

economic advantages in terms of operating costs, and the level of environmental protection 

provided [9]. Cobalt oxide, manganese oxide but also iron oxide [10, 11, 12] constitute an 

alternative to platinum group metal based catalysts. Unfortunately, the activity of these 

catalysts is in most cases lower and the deactivation important. Although the iron oxide is less 

active than either cobalt or manganese oxide, it presents a high sintering temperature which 

can avoid deactivation. Iron oxide presents some additional advantages as it is readily 

available, environmentally friendly and very cheap.  
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Bulk iron oxide has been shown as an interesting option for total methane oxidation although 

it could deactivate due to sintering. The control of the iron oxide calcination temperature is of 

paramount importance as high calcination temperature usually leads to very poor catalytic 

performance in terms of both activity and stability. [13]. Thus working at 600ºC a remarkable 

drop in the hydrocarbon conversion with the time on line is reported. In terms of activity, it is 

reported that the reaction rate for methane oxidation linearly depends on the amount of iron, 

suggesting that different iron oxide species and iron oxides with distinct crystallite size 

presents a very similar intrinsic reactivity [14]. Similarly, the total oxidation of lower alkanes 

has also been studied using iron oxide catalysts [12, 15], showing that iron oxide was fairly 

active for the oxidation of propane and propene at low temperatures although less than 

manganese oxide [15, 16]. Propane presents the advantage over methane of being much more 

reactive and then the temperature required for activation is remarkably lower. This way, the 

deactivation by sintering is expected to be minimized. 

Additionally, mesoporous iron oxides have been also studied for the destruction of VOCs due 

to their unique physicochemical properties. Indeed, Xia et al [17] have demonstrated that 3D 

ordered and wormhole-like mesoporous iron oxide catalysts with a rhombohedral crystal 

structure have a remarkable activity for the removal of acetone and methanol. High surface 

area, low-temperature reducibility, high oxygen adspecies concentration and 3D mesoporous 

structure, are accounted for the good catalytic performance. While there is no doubt about the 

esthetical appeal of symmetry, it can be observed that periodic and ordered mesoporous 

catalysts are not offering specific advantages for VOCs total oxidation since the non-ordered 

mesoporous catalysts prepared by a modified citric acid-complexing method outperform to 

the ordered mesoporous iron oxides produced using the KIT-6-templating, in agreement with 

a higher surface area and a lower reducibility observed for the non-ordered catalysts. Against 

this background, it is worth commenting that the same trend observed for these two catalytic 
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systems in terms of surface area, catalyst reducibility and catalytic activity prevents a proper 

elucidation about the influence of each of these parameters on the catalyst performance. 

Herein, we demonstrate that the role of these parameters is strongly depending on the nature 

of the organic compound and different descriptors defining the catalytic combustion of 

dissimilar VOCs should be selected. For this aim, several bulk iron oxide catalysts have been 

prepared, including a nanocrystalline iron oxide, a mesoporous iron oxide formed by 

aggregation of nanocrystals and a mesoporous nanocasted material with crystalline walls. All 

these catalysts have been studied for the total oxidation of two different VOCs, propane and 

toluene. 

 

2. Experimental 

2.1. Preparation of bulk iron oxide catalysts 

The nomenclature and some characteristics of the catalysts are detailed in Table 1.  

Fe-0 is a commercial Fe2O3 supplied from Panreac and calcined at 500ºC for 4 h. 

Fe-A was synthesized by dissolving iron (II) nitrate (Fluka, purity > 98%) in deionised water. 

This solution was evaporated, dried overnight at 120ºC and finally calcined in static air at 

500ºC for 4 h.  

The mesoporous catalyst formed by aggregation of iron oxide nanocrystals, Fe-B, was 

prepared by mixing in water iron nitrate and oxalic acid (molar ratio= 1:5) and heating at 

80ºC until most of water has evaporated. The solid was dried overnight at 120ºC and calcined 

in static air in two steps, 2 h at 300ºC and 2h at 500ºC.  

Fe-C was prepared by a nanocasting route using mesoporous silica with a KIT-6 structure as a 

hard template.  KIT-6 was prepared according to [18, 19] using an autoclave heated at 80ºC. 

The iron oxide replica was prepared by dispersing the siliceous KIT-6 in ethanol with iron 

nitrate [20]. After 30 minutes of stirring, the ethanol was removed by evaporation through 



 6 

heating the mixture for 16 h at 120 ºC in an oven. The resulting powder was heated in a 

ceramic crucible in an oven at 350 ºC for 6 h to completely decompose the nitrate species. 

The impregnation step was repeated with a further 5.0 mL of the metal salt in ethanol solution 

in order to achieve higher iron loadings. After evaporation of the solvent, the resulting 

material was calcined at 500ºC for 6 h. Finally, the silica template was removed by treatment 

using 2 M NaOH aqueous solution at 80 °C. The NaOH etching of the silica template was 

repeated 3 times, each time a fresh 5 mL portion of NaOH solution was used for 2 h. The 

FeOx catalyst was recovered by centrifugation, washed with water and finally dried at 200 ºC.  

Finally, a mesoporous iron oxide catalyst with crystalline walls, Fe-D, was prepared similarly 

as in refs [21, 22]. Specifically it was synthesized as follows: 4.5 grams of iron (II) nitrate 

(Fluka, purity > 98%) were dissolved in 60 mL of ethanol and then it is added 3 gram of dry 

mesoporous silica KIT-6. The mixture was then stirred at room temperature until a fine and 

dry powder was obtained. This powder was calcined at 500ºC with a rate of 0.5ºC/min and 

kept at that temperature for 6 h. The calcined sample was treated with hot 2M NaOH to 

remove the silica KIT-6 and then it was centrifuged, washed with water-ethanol and finally 

dried in an oven at 100ºC. 

 

22. Characterization techniques 

Catalysts were characterized by N2 adsorption at -196 ºC, using a Micromeritics ASAP 2020 

apparatus. Samples were degassed at 150 ºC prior to analysis. From these data, the following 

textural parameters were calculated: multipoint Brunauer–Emmet–Teller (BET) surface area 

(SBET) was estimated from the relative pressure range from 0.05 to 0.25. Pore size distribution 

and mesopore volumes of these materials were analysed using the Barrett–Joyner–Halenda 

(BJH) method applied to the adsorption branch of the isotherm.  
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Powder X-ray diffraction was used to identify the crystalline phases present in the catalysts. 

An Enraf Nonius FR590 sealed tube diffractometer, with a monochromatic CuKα1 source 

operated at 40 kV and 30 mA was used. XRD patterns were calibrated against a silicon 

standard and phases were identified by matching experimental patterns to the JCPDS powder 

diffraction file. 

Temperature programmed reduction was performed using a micromeritics Autochem 2910 

apparatus with a TCD detector. The reducing gas used was 10 % H2 in argon with a total flow 

rate of 50 ml min-1 (GHSV ca. 8000 h-1). The temperature range explored was from room 

temperature to 900 oC with a heating rate of 10 oC min-1.  

Morphological and structural characterization of the samples was performed by Transmission 

Electron Microscopy (TEM), high resolution TEM (HRTEM) and selected Area electron 

diffraction (SAED) by using a FEI Field Emission Gun (FEG) TECNAI G2 F20 S-TWIN 

microscope operated at 200 kV. Energy Dispersive x-rays Spectroscopy (EDS) in TEM 

nanoproble mode was achieved to prove the purity of the synthetized iron oxide nanoparticles. 

The synthesized iron oxide powder samples were treated by sonicating in absolute ethanol for 

few minutes, and a drop of the resulting suspension were deposited onto a holey-carbon film 

supported on a copper grid, which was subsequently dried. 

The XPS data were collected using a Physical Electronics PHI 5700 spectrometer with non-

monochromatic Mg-Kα radiation (300 W, 15 kV, 1253.6 eV) for the analysis of the core level 

signals of the elements and with a multichannel detector. Spectra of powdered samples were 

recorded with the constant pass energy values at 29.35 eV, using a 720 μm diameter analysis 

area. Under these conditions, the Au 4f7/2 line was recorded with 1.16 eV FWHM at a 

binding energy of 84.0 eV. The spectrometer energy scale was calibrated using Cu 2p3/2, Ag 

3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.3, and 84.0 eV, respectively. The PHI 

ACCESS ESCA-V6.F software package was used for acquisition and data analysis. The 
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recorded spectra were always fitted using Gauss–Lorentz curves, in order to determine the 

binding energy of the different elements core levels more accurately. 

 

2.4. Catalyst activity determination 

Catalytic activity was measured using a fixed bed laboratory micro-reactor. In the propane 

oxidation experiments, 250 mg of powdered catalyst was placed in a 1/2” o.d. quartz reactor 

tube. The reactor feed contained 8000 vppm propane in air with a gas hourly space velocity 

(GHSV) of 20000 h-1. In the case of toluene oxidation experiments 1000 vppm of toluene in 

air with a GHSV = 30000 h-1 was employed. For both oxidations the reactants and products 

were analysed by an online gas chromatograph with a thermal conductivity and a flame 

ionisation detector. Two chromatographic columns were employed: i) Porapak Q (for CO2 

and hydrocarbons) and ii) Molecular Sieve 5A (to separate O2 and N2). The temperature range 

100-500 oC was explored and the reaction temperature was measured by a thermocouple 

placed in the catalyst bed. The differences between the inlet and outlet concentrations were 

used to calculate conversion data. In order to corroborate this data the chromatographic area 

of CO2 was used as the comparative reference. These two procedures lead us to adjust the 

carbon balance with an accuracy of ±2% for propane oxidation and ±4% for toluene 

oxidation. Analyses were made at each temperature until steady state activity was attained (ca. 

30 minutes before the first analysis) and the results were averaged. Blank experiments were 

conducted in an empty reactor until 500ºC, showing negligible conversion. 

 

3. Results  

3.1. Characterization of catalysts 

Figure 1 shows the adsorption isotherms for the different iron oxide catalysts. Fe-A 

adsorption isotherm is typical of nanocrystalline materials. The isotherms of Fe-B, Fe-C and 
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Fe-D catalysts are intermediate between type II and type IV, with different balance 

contributions between inter- and intra-particle mesoporosity. Indeed, a marginal amount of 

mesoporosity is observed for the Fe-C sample. A poor replication process is achieved for the 

Fe-B sample, where the formation of iron oxide nanoparticles seems to be more relevant, as 

shown later. For Fe-B and Fe-D, the increase in slope at ca. 0.4 correspond to capillary 

condensation, typical of mesoporous materials with intra-particle pore systems, while the 

further increase at higher relative pressures indicates substantial inter-particle porosity. Intra-

particle porosity is more noticeable for the Fe-D sample. Accordingly, the pore size 

distribution of Fe-B and Fe-D samples shows different profiles. A broader pore size 

distribution between 4 and 50 nm centrered about 17 nm is observed for the mesoporous 

sample formed by aggregation of nanoparticles (Fe-B), whilst the nanocasted sample (Fe-D) 

shows the presence of a narrower BJH pore diameter distribution between 4-15 nm 

(supplementary information, Figure S-1). For this sample, the maximum adsorption appears 

around 10 nm. Therefore, the inverse replication process has led to mean pore sizes 2-3 times 

higher than that expected for a KIT-6 replica, which can be linked to the fact that the 

formation of crystalline bridges between particles is not completely accomplished. This 

arrangement could explain the absence of long-range mesostructure ordering observed by 

low-angle powder X-ray diffraction data for Fe-D sample, see Figure 2.  

Table 1 shows the physicochemical characteristics of bulk iron oxide catalysts. Depending on 

the preparation method, the surface areas of the bulk catalysts vary from 26 m2 g-1 to 208 m2 

g-1, in spite of the fact that they have been heat treated at the same temperature. The 

nanoparticulated catalyst, Fe-A, presents a surface area of 26 m2 g-1 whereas the catalysts 

prepared using oxalic acid as a swelling agent, Fe-B, shows a notable surface area of 71 m2 g-1 

consistent with the presence of mesopores formed by aggregation of iron oxide nanocrystals. 

The Fe-C catalyst prepared using a nanocasting route has a surface area of 53 m2 g-1. This low 
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value is again pointing out a partial replication process for this sample. Finally, the Fe-D 

catalyst presents a remarkable high surface area of 208 m2 g-1, which is one of the largest 

values ever reported for mesoporous Fe2O3 materials prepared by nanocasting [23]. Mesopore 

volumes are also reported in Table 1. As expected, Fe-D is the sample with the highest 

mesopore volume, whilst Fe-B sample shows an intermediate value between those samples 

produced by nanocasting.  

Figures 2 show the wide angle-XRD patterns of the catalysts synthesized. The only iron phase 

identified in all cases was rhombohedral hematite, -Fe2O3 (JCPDS: 33-0664). No diffraction 

peaks related to another Fe-containing phase were detected.  

Fig 3 shows the TPR profiles for bulk iron oxide catalysts. As it can be seen the shape of the 

profiles is similar for all of them but reductions take place at different temperatures. Similar 

total hydrogen consumption values are observed, which are close to the theoretical values 

(18.9 mmol/g). A first band of medium intensity has been observed with the maximum at 

300-370 ºC and a second intense band at 400-600ºC which presents two maxima. These 

profiles have been related to the following transitions: 3Fe2O3 + H2→2Fe3O4 + H2O, Fe3O4 + 

H2→3FeO + H2O and FeO + H2→Fe0 + H2O [24, 25]. In the iron oxide prepared with oxalic 

acid (Fe-B) and the nanoparticulated iron oxide (Fe-A) the reductions occur at lower 

temperature whereas in those prepared by nanocasting, reductions shift to higher values, in 

agreement with the lower distortion of the unit cell observed by TEM as shown later. Thus, 

the maximum of the first band for Fe-A and Fe-B occurs at about 300ºC whereas for the 

nanocasted catalysts appear at approximately 370ºC. As can be observed there is not a 

relationship between surface area of the catalyst and reducibility. Therefore, the role of each 

of these parameters on the catalyst performance can be separately identified. On the other 

hand, previous published works have reported that the reduction temperature of the first band 

(from -Fe2O3 to Fe3O4) is strongly influenced by the surface area of the catalyst. Increasing 
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values of surface area leads to lower reduction temperature [26]. However, a different trend is 

observed in this work. Remarkably, it is observed that the formation of nanocrystalline 

bridges between the iron oxide nanoparticles, as those formed in the Fe-D sample, negatively 

influences the reducibility of the iron species, although a remarkably increase in the surface 

area is attained.  

XPS analyses have been conducted on the iron oxide catalysts (Table 2). It must be indicated 

that the peaks position of Fe 2p1/2 and Fe 2p3/2 and their satellite peaks, are very sensitive to 

the oxidation states of the iron. For these samples, Fe 2p photoelectron peaks appeared around 

710.8 eV and 724.4 eV with a shake-up satellite peak at 718.8 eV, 8 eV above the Fe2p3/2. 

Separation of the 2p doublet is 13.6 eV, see Figure 4A. All these features are characteristics 

of Fe3+ in Fe2O3 [27, 28].  

On the other hand, the O1s peak needs to be deconvoluted into two peaks at binding energies 

of 529.6 and 531.5 eV (Table 2, figure 4B) because of its asymmetry, indicating the presence 

of oxygen with at least two different chemical environments. Unfortunately, the assignment of 

these oxygen species is complex. The binding energy of 529–530 eV, denoted as Oα, is 

characteristic of the lattice oxygen (O2−), and the binding energy in the region of 531–533 eV, 

denoted as Oβ, may be assigned to defect oxide or to surface oxygen ions with low 

coordination. There may be a contribution to the 531–533 eV peak from either surface 

hydroxyl or carbonate species [29, 30]. Catalysts comprised of nanoparticles or prepared by 

soft chemistry present a higher proportion of lattice Oα species (87%) than those prepared by 

using a silica hard template (75-78%), where the relative amount of oxygen defects for VOCs 

adsorption is higher.  

Figure 5 shows representative TEM conventional micrographs of the synthesized iron oxide 

catalysts. As we can observe in TEM images, the sample Fe-A (Fig. 5 pictures a and e) 

consists of nanoparticles (NPs) without a well-defined shape and with size ranging from 20 to 
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50 nm. Sample Fe-B (Figure 5, pictures b and f) presents a completely different aspect as it is 

formed by the alignment of aggregates of iron oxide nanoparticles; in this case the size of the 

interconnected nanoparticles is lower. In fact, the analysis of more than 200 NPs showed that 

the size varies between 20 and 35 nm in diameter; it is also of interest to emphasize that some 

areas on the material consist of domains of 200x500 nm2. The Fe-C catalyst shows a 

significant change in size and morphology of the iron oxide (Fig. 5, pictures c and g), in 

which two types of structures are observed: i) a partially ordered mesoporous framework 

composes of small NPs with about 6-8 nm in diameter; the surface of the continued ordered 

mesostructure area is about 100x100 nm2, and ii) compact agglomerations composes of 

randomly distributed NPs with larger size ranging from 20 to 55 nm.  

Finally, Fe-D catalyst (Fig.5, pictures d and h) shows an ordered mesoporous structure 

composes of uniform nanoparticles linked by nanocrystalline bridges. Accordingly, the 

surface area observed is remarkably larger than that found in sample Fe-C. The average 

particle size of Fe-D sample (from counting more than 200 particles) is about 7 ± 1 nm, which 

is similar to that of the smaller NPs synthesized in sample Fe-C. Similarly, the mesopore 

structure observed in Fe-D is similar to that observed for Fe-C, but in the case of Fe-D there 

are not apparent agglomerations of nanoparticles as it happens in Fe-C. HRTEM images 

shows that the ordered Fe2O3 nanoparticles with size about 6 nm in diameter are connected 

with smaller dots as a nanobridge with size about 2-3 nm length. 

Both the high-resolution TEM (HRTEM) and the selected area electron diffraction pattern are 

used to obtain structure information of the synthesized iron oxide nanoparticles. In fact, 

SAED inserted in Fig. 5a of Fe-A sample shows a characteristic polycrystalline diffraction 

pattern of particles with well-defined spots distributed in at least seven diffraction rings. The 

measured interplanar distance determined from electron diffraction pattern from the center to 

the outer ring are as follow: 3.665, 2.670, 2.535, 2.230, 2.08, 1.71 and 1.471 Å, corresponding 
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to the planes (110), (120), (-110), (220), (020), (132) and (130), respectively, which are 

indexed with Fe2O3 structure (JCPDS: 85-0599) with space group R-3c: and are in good 

agreement with the XRD measurements. The same trend has been observed for the other iron 

oxide catalysts studied.  

The single crystalline structure of nanoparticles is also confirmed by the high-resolution TEM 

image, as shown in Fig. 6 for Fe-C and Fe-D catalysts, suggesting the nanoparticles are single 

crystals as indicated clearly by atomic lattice fringes. Direct measurement of spacing in 

between the crystal fringes visualizes in the HRTEM micrograph is 3.73 Å (Fig.6a) and 

corresponding to the (210) lattice spacing of -Fe2O3, another lattice spacing of 2.53 Å (Fig. 

6b) between adjacent lattice planes corresponds to the (311) planes of -Fe2O3. Local EDX 

analysis in nanoprobe mode (spot size of the beam < 5 nm) confirms the composition nature 

of NP and is composed of O and Fe; and reveals the presence of a small quantity of Si in Fe-C 

and Fe-D, due to the incomplete silica removal during the preparation method. 

The measured a-lattice parameter from HRTEM images and SAED patterns shows a lower 

value in those catalysts prepared using a hard template and it can be related to the observed 

decrease in grain size. Fe-D sample consisted of nanoparticles with size about 5-7 nm having 

a mean lattice parameter of 5.361 Å whereas for Fe-C sample is 5.388 Å. On the other hand 

samples Fe-A and Fe-B consisting of bigger grains with size ranging from 20 to 50 nm 

present lattice parameter of 5.406 and 5.414 Å, respectively. 

The catalysts have been tested for the oxidation of propane and toluene (Table 3). For all the 

catalysts the main reaction product is CO2. In some cases in the propane oxidation low 

selectivities to propylene are observed which decreased when the conversion increases. We 

want to note that yields to propylene never exceeded 1%. The existence of traces of carbon 

monoxide cannot be ruled out.   
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Figure 7 shows the variation of the propane (Fig. 7a) and toluene (Fig. 7b) conversion with 

the reaction temperature. A different trend is observed for both hydrocarbons. Thus the 

mesoporous catalyst with nanocrystalline walls (Fe-D) and the mesopore catalyst formed by 

aggregation of nanocrystals (Fe-B) are the most active catalyst for the catalytic combustion of 

toluene and propane, respectively. Sample Fe-C has the lowest activity among the catalysts 

synthesized; only being better than the commercial iron oxide. The order of activity per gram 

of catalyst, for toluene oxidation, follows the sequence: Fe-D > Fe-B > Fe-A > Fe-C, whereas 

for propane oxidation the sequence is Fe-B > Fe-D > Fe-A > Fe-C. Thus, for toluene 

oxidation, 50% conversion is obtained at 185ºC (on the more ordered catalyst) or at 230ºC (on 

Fe-C catalyst). Similarly, for propane oxidation, 50% conversion is obtained at 305ºC (on Fe-

B catalyst) or at 370ºC (on Fe-C catalyst).  

If the activity is normalized per surface area the trend varies depending on the hydrocarbon 

fed (Table 3). Thus, for propane oxidation the catalysts prepared by nanocasting presented the 

lowest specific activity and the sequence was: Fe-B ≥ Fe-A > Fe-C ≈ Fe-D. However in the 

toluene oxidation the activity normalized per surface area unit is not very different among the 

catalysts, although Fe-D, results to be the most active and the sequence is: Fe-D > Fe-B, Fe-A 

> Fe-C. 

 

4. Discussion 

 

In the present paper mesoporous Fe2O3 catalysts have been synthesized. Whilst a 

mesoporous catalyst formed by aggregation of nanocrystals has been produced using oxalic 

acid as precipitating agent by a soft chemistry route, a mesoporous material with crystalline 

walls have been prepared by a nanocasting method.  In both cases an activity remarkably 

higher than either a commercial or nanoparticles of iron oxide has been observed. In fact, the 
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reaction temperature to obtain a given conversion has decreased in the best cases 125-150ºC 

compared to the commercial catalyst. The most active catalyst for toluene oxidation has 

resulted to be the mesoporous Fe2O3 prepared by a nanocasting route (Fe-D), whereas the 

most active catalyst for propane oxidation has been the mesoporous catalyst formed by 

aggregation of nanocrystals (Fe-B). 

The different catalytic activity for VOC oxidation can be explained on the basis of several 

parameters. It is observed that whilst surface area seems to be a key parameter for the 

catalytic combustion of toluene, this parameter is not a proper descriptor for the total 

oxidation of propane. Indeed, Fe-B shows catalytic activity in propane oxidation ca. 10 times 

higher than the nanocast Fe-C catalyst, which presents a comparable surface area. Even more, 

Fe-B is more active than nanocast Fe-D catalyst, which has a three-fold surface area. As 

observed by TPR, the mesoporous catalyst with crystalline walls presents the lowest 

reducibility. Therefore, it can be assumed that the presence of intracrystalline bridges between 

the iron oxides nanoparticles, as observed by TEM, could stabilize the catalyst surface, 

leading to the formation of hardly reducible iron species. The specific nature of the active 

sites responsible for total oxidation of propane in metal oxides is not completely understood; 

however, the catalytic activity during the deep oxidation of light paraffins, such as propane, is 

tightly related to the reduction and reoxidation of the active sites of the catalyst. Hence, 

several authors [31-34] have demonstrated that alkane oxidation on metal oxides takes place 

via a Mars Van-Krevelen mechanism involving lattice oxygen through a redox cycle. 

Accordingly, in this work a clear correlation can be established in the total oxidation of 

propane between reducibility (quantified as the temperature of the maximum of the first 

reduction band) and catalytic activity normalized per surface area (Fig. 8a), suggesting that 

the limiting step in the propane oxidation on iron oxides is the reduction step and probing that 

this reaction proceeds via a lattice oxygen Mars-Van Krevelen mechanism. In fact it is widely 
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known that for the oxidation of short chain alkanes on metal oxides at temperatures over 

250ºC once the adsorption of the hydrocarbon and the reduction of the metal oxide takes 

place, the subsequent oxidation is usually considerably faster [35].  

In the case of toluene oxidation the highest catalytic activity per gram of catalyst has been 

achieved by the most ordered catalyst, Fe-D, indicating that a different catalytic combustion 

mechanism can be accounted for this compound. Thus, Fig 8b presents the variation of the 

activity normalized per surface area and the reducibility of the catalyst, where a lack of 

correlation is evident. Some minor differences have been appreciated among the distinct 

catalysts, being the Fe-D catalyst that with the highest reaction rate per surface area unit. This 

fact could be related to a higher relative amount of oxygen defects for VOCs adsorption as 

seen by XPS analysis. In agreement with this, Duran et al. [16] proposed that the oxidation of 

toluene on iron oxide and manganese oxide proceeds via a Rideal-Eley mechanism, in which 

an adsorbed compound reacts with another reactant which has not been adsorbed on the 

surface of the catalyst. Therefore, in this case, the importance on catalytic activity of both the 

surface area and the relative amount of oxygen defects for VOCs adsorption would be high as 

more adsorption sites would be available whereas the reducibility would not contribute so 

much. In line with this, Fe-A and Fe-B samples exert lower reaction rate values per surface 

area unit than Fe-D catalyst since the former samples show lower relative amount of oxygen 

surface defects than the latter. A comparable relative amount of surface oxygen defects for 

Fe-A and Fe-B samples could explain their comparable specific activity despite of their 

different surface areas. A further mechanistic study including the use of transient reactors 

would be highly interesting as it could corroborate what it is proposed in the present article. 

Finally, it is worth commenting that according to TEM data, Fe-C sample exhibits a non-

homogeneous morphology where bulk iron oxide nanoparticles together with mesoporous 

ordered nanocrystals are observed. The presence of these nanoparticles could block the 
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accessibility of the toluene molecules to the adsorption sites, leading to conversion rates lower 

than those expected theoretically. It cannot completely ruled out that the presence of 

amorphous silica is also blocking the accessibility to the adsorption sites. 

The stability of the most representative catalysts in reaction conditions was studied in propane 

oxidation. Stability tests were conducted on the most active catalyst synthesized, bulk Fe-B. 

Figure 9a shows three cycles and apparently no differences could be observed among the 

results of any of the three cycles, showing an excellent stability. Moreover at a reaction 

temperature of 275ºC, the catalyst is left for 24 h in the usual reaction conditions for propane 

oxidation. No fall of activity was observed; likely due to the low reaction temperature used, 

much lower than that the catalyst had been previously activated. This contrasts with the 

results reported for methane oxidation [13] where an important deactivation is described. 

Similarly, the stability of Fe-D catalyst is also demonstrated after 3 cycles in toluene 

oxidation (Fig. 9b).  

We want to remark that during the synthesis procedure of bulk ordered catalysts by 

nanocasting, sodium, which in many reactions is a poison, has been employed. However we 

do not think the presence of sodium in the catalysts is the responsible for the low activity as in 

the preparation method the catalyst was thoroughly washed to remove the possible remaining 

sodium. In the Fe-D catalyst the absence of sodium has been confirmed by EDX and XPS 

analysis.  

The influence of the preparation method has been shown to be of outstanding importance for 

the synthesis of catalysts composed only of Fe2O3. Thus, not only the morphology of the 

catalyst varies depending on the method employed but also the relative amount of oxygen 

defects for VOC adsorption and the reducibility of the catalysts for redox reactions. Thus, the 

catalysts with certain extent of order prepared by a nanocasting route present a low 

reducibility and consequently low specific activity for propane oxidation. In the case of 
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toluene oxidation it seems that both a high surface area and a higher relative amount of 

oxygen defects are the determining parameters.   

Overall, a high surface area iron oxide prepared by nanocasting presents a remarkably high 

catalytic activity in the oxidation of two representative VOCs: propane and toluene. In the 

case of propane oxidation the nanocasting catalysts present a lower specific and intrinsic rate 

than a mesoporous iron oxide formed by aggregation of nanocrystals, which must be related 

to a lower reducibility of iron sites in mesoporous iron oxides with crystalline walls. For the 

optimization of the catalytic activity an increase in the surface area of the catalyst would be 

meaningful, although other factors should be also controlled in order to improve the intrinsic 

activity, such as the reducibility of the iron sites. 

 

Conclusions 

A mesoporous iron oxide with crystalline walls has been prepared by nanocasting leading to a 

remarkable high surface area (208 m2 g-1) that positively affects the catalytic activity in the 

total oxidation of two representative VOCs: propane (as a model of short chain alkane) and 

toluene (as a model for an aromatic compound). This catalyst reduces the light off in ca. 

150ºC compared to a commercial iron oxide.  

Different preparation methods have been followed to synthesize Fe2O3 catalysts and 

differences not only in the surface area and morphology have been observed but also in the 

lattice parameter, in the relative concentration of oxygen defects for VOCs adsorption and in 

the reducibility. Thus, mesoporous iron oxide with crystalline walls prepared by nanocasting 

shows a lower lattice parameter, a higher relative concentration of oxygen defects (by XPS) 

and a lower reducibility that a mesoporous catalyst prepared by aggregation of iron oxide 

nanocrystallites using the principles of the soft chemistry. 
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Interestingly, the catalytic activity of the catalysts depends on the hydrocarbon used. Thus, in 

the case of the toluene oxidation the highest catalytic activity was obtained with the high 

surface area catalyst prepared by nanocasting, the catalytic activity being roughly proportional 

to the surface area of the catalysts. Conversely, for propane combustion, this nanocasted 

catalyst presents high activity but lower than that obtained by a mesoporous iron oxide 

formed by aggregated nanocrystals and this is related to the different reducibility. In fact, in 

propane oxidation, a direct relationship between reducibility and catalytic activity normalized 

per surface area has been observed. The differences between toluene and propane oxidation 

have been tentatively ascribed to different reaction mechanisms taking place.  
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Caption to figures. 
 
 
Figure 1. Isotherm linear plot for iron oxide catalysts prepared by different methods.  

Figure 2. XRD patterns for iron oxides catalysts.  The XRD patterns low angle measured for 

Fe-D has been also included. 

Figure 3. Temperature programmed reduction profile of the differently prepared iron oxide 

catalysts. 

Figure 4. Fe 2p XPS spectra for the iron oxide catalysts synthesized (A) and deconvolution of 

the O1s signal (B). 

Figure 5. Typical low magnification of TEM images of. (a,e) Fe-A, (b,f). Fe-B, (c,g) Fe-C 

and (d,h) Fe-D. The inset figure in figure (5a) is the corresponding SAED patterns of FeOx. 

Figure 6. High resolution images of α-Fe2O3 particles, (a) Fe-C, (b) Fe-D. The inserted 

figure in (b) is the corresponding EDX spectrum of the selected area. 

Figure 7. Variation of the propane (a) and toluene (b) conversion with the reaction 

temperature for the differently prepared iron oxide catalysts. Symbols: (x) Fe-0, ( ) Fe-A, 

( ) Fe-B, Fe-C ( ), Fe-D ( ). Note: reaction conditions shown in text. 

Figure 8. Variation of the specific activity for propane oxidation (determined at 250ºC) or 

toluene oxidation (determined at 175ºC) with the temperature of the maximum of the first 

peak in the TPR profiles. Note: Note: (catalytic activity normalized per surface area) is 

expressed as 105 ghydrocarbon m-2 h-1.  

Figure 9. Stability tests: a) Variation of Propane conversion with the reaction temperature for 

Fe-B catalyst; and b) Variation of Toluene conversion with the reaction temperature for Fe-D 

catalyst. Symbols: ( , ) 1st cycle, ( , ) 2nd cycle, ( , ■) 3rd cycle. Note: Reaction 

conditions in text. 

 



 25 

Table 1. Physico-chemical characteristics of iron containing catalysts. 

Catalyst  Si/Fea SBET VMESO Fe2O3 (nm)b TPR results 

  wt. (m2/g) (cm3/g)  H2-uptake(mmol/g) T1st max /TMCc 

Fe-0 Commercial <0.001 3.3 0.01 61.1 19.07 377/618 

Fe-A Nanoparticles <0.001 26 0.05 28.6 19.61 315/504 

Fe-B Non ordered <0.001 71 0.20 11.1 19.02 298/470 

Fe-C Nanocasting low area 0.036 53 0.10 19.5 19.44 370/662 

Fe-D Nanocasting high area <0.01 208 0.38 Very low 18.61 376/649 
a Si/Fe ratio in weight due to the non removed silica ; b estimated through the XRD patterns by the Scherrer equation;  c T1stmax stands for the 

temperature of the 1st maximum and TMC the temperature at which the maximum hydrogen consumption is achieved. 
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Table 2. XPS analysis of bulk iron oxides. 

Sample Oxygen signals detected O1s  Iron signals detected (eV) 

 Oα (eV) Oβ (eV) O /O (%)  2p3/2  satellite 

Fe-A 529.6 531.5 13  710.6  718.5 

Fe-B 529.8 531.9 13  710.6  718.8 

Fe-C 529.6 531.6 22  710.6  718.7 

Fe-D 529.8 531.7 25  710.7  719.0 
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Table 3. Catalytic properties of iron oxide catalysts. 

Sample Toluene oxidationa   Propane oxidationa 

 T10 

/ ºC 

T50 

/ ºC 

Catalytic 

activityb 

Specific 

activityc 

 T10 

/ ºC 

T50 

/ ºC 

T90 

/ ºC 

Catalytic 

activityb 

Specific 

activityc 

Fe-0 255 305 - -  375 > 425 >>425 - - 

Fe-A 190 215 0.96 3.71  275 330 380 2.58 9.92 

Fe-B 180 210 2.70 3.80  255 305 350 7.61 10.91 

Fe-C 200 230 1.18 2.22  305 370 405 0.86 2.60 

Fe-D 155 185 11.46 5.51  265 315 370 5.06 2.43 
a Reaction conditions detailed in the experimental part. Catalytic activity and specific activity determined at 175ºC for toluene  

oxidation and at 250ºC for propane oxidation; b In ghydrocarbon kgcat
-1 h-1; c specific activity (catalytic activity normalized  

per surface area) expressed as 105 ghydrocarbon m-2 h-1. 
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