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A B S T R A C T   

Iron-containing alumina materials were prepared by the non-hydrolytic sol-gel method in the presence of sur
factants and their use as catalysts in the oxidation of hydrocarbons was studied. The solids were mesoporous, 
with large specific surface areas, > 250 m2/g for the solids treated at 500 ◦C, depending on the surfactant used 
(cetyltrimethylammonium bromide, sodium dodecyl sulfate or hexadecylamine), and the calcination treatment 
applied (500 or 1000 ◦C). Iron was well distributed on the alumina surface, as confirmed by the EPR signals at 
4.3 and 2.0 G and SEM imaging. The catalytic activity in the oxidation of cyclooctene, cyclohexane, and n-hexane 
was evaluated. After reaction for 48 h, the solid prepared with cetyltrimethylammonium bromide and calcined at 
1000 ◦C showed a 25% conversion of cyclohexane with 51% selectivity to cyclohexanone. These were promising 
results, considering the mild reaction conditions, using a non-polluting oxidant at room temperature or 50–55 ◦C.   

1. Introduction 

Sustainable development addresses the urgent need to preserve the 
environment without leaving progress aside. As emphasized by Centi 
and Perathoner [1], for sustainable development to be achieved, sus
tainability must drive innovation. This requires an adaptation of the 
society, so that innovation capacity can be established as the basis of the 
competitiveness and the economy. The chemical industry being one of 
the areas that deserve attention for sustainable development to be 
attained, transition to a more sustainable chemistry demands that the 
chemical industry and its products are reconceptualized. Thus, sus
tainable development and green chemistry should serve as the basis 
during the search for alternative industrial processes that require milder 
conditions and generate the desired product selectively, while sharply 
decreasing waste production; if any waste is produced, it cannot be 
harmful and must be applicable in some other processes [2,3]. 

Selective oxidation of alkanes, alkenes, and aromatic hydrocarbons 

is one of the most important technologies to convert petroleum fractions 
into useful, better quality chemicals with a great commercial value [1,2, 
4,5]. The classical homogeneous catalysis for these reactions uses 
metallic salts, with low selectivity, requiring high temperature, energy, 
and pressure, and generating high amounts of hazardous waste. This 
scenario has aroused the interest of both academic and non-academic 
professionals in searching for efficient and environmentally friendly 
oxidation procedures that can be applied to develop sustainable pro
cesses for many kinds of oxidation reactions. Logically, the use of het
erogeneous catalysts and green chemistry oxidizing hydrogen peroxide, 
with higher activity and selectivity, may be a great advantage compared 
to the classical procedure [1–7]. Recently, the design of new heteroge
neous catalysts for selective oxidation under environmentally friendly 
conditions has attracted researchers’ attention, and the sol–gel process 
has proven to be a powerful tool to prepare these catalysts [8–10]. 

Debecker et al. have published relevant reviews on the use of the 
non-hydrolytic sol–gel (NHSG) process to prepare heterogeneous 
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catalysts [8,11–13]. This process offers several versatile routes that have 
already proven to be particularly useful for the preparation of various 
heterogeneous catalysts including TiO2 [14], SiO2–TiO2 [15], 
V2O5–TiO2 [16], MoO3–SiO2–Al2O3 [17], and Al2O3–SiO2 [18], among 
others. Concerning the synthesis of alumina, the NHSG method has 
already proven to be efficient [19,20], especially when transition metal 
complexes are immobilized on the prepared supports [8,18–20]. By 
following the NHSG route and using ether or alcohol as oxygen donors, 
our research group has successfully obtained efficient catalysts; in 
particular, we have reported alumina matrixes with Fe(III) and Mn(III) 
porphyrins [21,22], Mn-salen [23], and Ni(II)-tetraaza [24] complexes. 
Compared to the hydrolytic route, the NHSG route has proven to be 
crucial to obtain efficient, stable, selective catalysts, mainly in the case 
of Fe(III) porphyrins [22]. The selected route influenced the final 
characteristics of the materials; and the structure, texture, and catalytic 
performance of all these catalysts heavily depended on the calcination 
temperature. 

The NHSG route also proved to be quite interesting to construct 
isolated sites that mimic the active sites of biological enzymes. For 
instance, interesting biomimetic catalysts have been built by incorpo
ration of iron onto alumina matrixes [25] and their catalytic applica
tions have been also studied. Our aim was to develop a simple iron-based 
heterogeneous catalyst that would be as active as Fe(III) porphyrins, but 
avoiding the use of synthetic Fe(III) porphyrins themselves, which are 
obtained via complex, economically unviable syntheses. The synthesis of 
such Fe(III)–containing alumina catalysts was based on alkyl halide 
elimination via etherolysis/condensation between AlCl3 and 
di-isopropyl ether in the presence of FeCl3, followed by treatment of the 
obtained xerogel at different temperatures [21,22,25]. 

As underlined by Yang et al. [26], hierarchically porous structures 
that are found in living organisms like diatoms, leafs, and butterflies are 
key to inspiring the development of novel materials with optimal 
properties and performance, allowing its adaptation to constant envi
ronmental changes through long-term evolution, selectivity, activity, 
and resistance, as required by heterogeneous catalysts. Their excep
tional properties are assigned to a functional adaptation of the structure 
at all hierarchy levels. 

This methodology often leads to materials with low specific surface 
areas, which is disadvantageous for catalytic applications (only Vioux 
et al. [27] reported on materials with a specific surface area as large as 
1043 m2/g). A promising alternative looking for larger values of specific 
surface area is the use of surfactants during the synthesis of the mate
rials; this will not only increase the surface area, but will also provide 
materials with ordered structures and well-defined active sites, essential 
characteristics for highly selective heterogeneous catalysts. The 
morphology of the catalyst can influence the distribution of the active 
sites. The presence of mesoporosity can enhance the selectivity and 
sometimes promote the re-oxidation; for instance, in cyclohexane 
oxidation by ironporphyrin immobilized on the interlayer space of 
kaolinite. The presence of active sites in confined spaces promotes the 
isolated site principle, as occurs in cytochrome P450 [28,29]. In this 
context, the use of cationic, anionic, or neutral surfactants to prepare 
hierarchical porous structures is a very interesting strategy to control the 
shape selectivity required for numerous industrial oxidation catalysts. 
Each sort of surfactant affords materials with different characteristics 
[30,31]. Thus, long-chain cationic n–alkyltrimethylammonium species 
(such as cetyltrimethylammonium, CTA) yields thermally stable porous 
phases, neutral n–alkylamines (like hexadecylamine, HDA) favor the 
synthesis of materials based on lamellar mesostructures or hexagonal 
micropores, and anionic dodecylsulfate (DS) leads to formation of 
mesoporous phases [30–32]. In all cases, the collapse of the ordered 
structure of the materials upon calcination to remove the surfactant is a 
key preparation step [31,33]. 

This work aims to prepare iron-containing alumina by the NHSG 
process in the presence of different surfactants. The solids will be fully 
characterized and later applied in the oxidation of hydrocarbons, such as 

cyclooctene, cyclohexane, and n-hexane. 

2. Experimental 

Analytical grade reagents purchased from Merck, Aldrich, Acros, or 
Mallinckrodt were used. The hydrogen peroxide solutions were from 
Peroxidos do Brasil Ltda. (70 wt% solution) or Chemical Base (50 wt% 
solution). Except for hydrogen peroxide, the solvents and reagents used 
in the oxidation reactions were purified on basic alumina (Merck, par
ticle size 50–200 μm) columns. 

2.1. Preparation of the catalysts 

The preparation was carried out adapting the method described by 
Vioux’s group [19,33], under conditions previously established by our 
research group [21–25]. The surfactants cetyltrimethylammonium 
bromide (CTAB), sodium dodecyl sulfate (SDS), and hexadecylamine 
(HDA) (see their structures and formulas in Fig. S1) were used for the 
first time in aprotic condensation routes. 

Anhydrous aluminum chloride (AlCl3, 3.0 g, 2.25 × 10− 2 mol) and 
anhydrous iron (III) chloride (FeCl3, 0.235 g, 1.449 × 10− 3 mol) were 
dissolved in this order in anhydrous ethanol (10 mL). In a separate flask, 
a selected amount of surfactant was dissolved in 40 mL of anhydrous 
ethanol under magnetic stirring. The solutions were mixed with a Fe3+/ 
Surfactant/Al3+ molar ratio of 1:7.5:15. The resulting solution was then 
placed in a two-neck flask, and heated under reflux for 4h at 110 ◦C, 
under argon atmosphere and with magnetic stirring (the condenser was 
set up in an ultrathermostatic bath at –9 ◦C). The resulting gel was aged 
in the mother liquor under argon atmosphere at room temperature for 
24 h. The solvent was then removed by drying at 100 ◦C, and portions of 
the solid were calcined in air at 500 or 1000 ◦C (temperatures selected 
from the thermogravimetric analysis) at a heating rate of 8 ◦C/min, and 
maintained 8 h at the final temperature. It was assumed that the entire 
amount of starting iron was incorporated into the final materials. The 
resulting solids were designated as FeAlO–S-T, where S stands for the 
surfactant used and T for the drying or calcination temperature (in ◦C). 

2.2. Characterization and techniques 

The thermal analyses were carried out up to 900 ◦C on a TA In
struments SDT Q600 Simultaneous TGA-DTA-DSC apparatus, at a 
heating rate of 10 ◦C/min under an O2 flow of 100 mL/min. 

The Fourier-Transform infrared (FT-IR) absorption spectra were 
recorded in a Bomem Michelson MB-100 spectrometer. The materials 
were analyzed from 4000 to 400 cm− 1, in the form of KBr pellets. 

The powder X-ray diffraction (PXRD) analysis was accomplished on a 
Rigaku, model MiniFlex II diffractometer, operating at 40 kV and 30 mA 
(1200 W), using filtered Cu Kα radiation (0.15418 nm), from 2 to 65◦

(2θ), and at a scan speed of 2◦(2θ)/min. 
The N2 adsorption-desorption isotherms (− 196 ◦C) were recorded on 

a Micromeritics ASAP 2020 apparatus. Before analysis, the samples were 
degassed at 40 mmHg and 100 ◦C. The specific surface areas were 
determined by the BET method, and the total pore volume was obtained 
from the amount of N2 adsorbed at a relative pressure of 0.95 [34]. The 
calculations for the pore size distribution were made by using the 
Barrett-Joyner-Halenda (BJH) method, which is the most efficient one 
for mesoporous materials [34]. 

The Transmission Electron Microscopy (TEM) analyses were per
formed using a Tecnai Spirit Twin in a Transmission Electron Micro
scope operating at 120 kV, at the Nucleus Research Platform, University 
of Salamanca, Spain. The Scanning Electron Microscopy (SEM) micro
graphs were recorded on a Zeiss microscope, model EVO 50. The mi
croscope was coupled to an energy dispersive X-ray spectrometer (EDS) 
brand IXRF Systems, model 500 Digital Processing. 

The electron paramagnetic resonance (EPR) spectra were obtained 
on a Bruker EMX Plus device, X-band (approximately 9.5 GHz). The 
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analyses were performed with powdered solid samples (0.040–0.070 g 
of dry material), at 25 ◦C. 

The UV–Vis absorption spectra (solid state) were obtained on a 
Shimadzu spectrophotometer, model UV-2450, using BaSO4 as a refer
ence. When necessary, the spectra were deconvoluted by using the 
Origin® program (adjustment of multiple peaks by Gaussian or Lor
entzian functions). 

The Brønsted acid sites were quantified by thermal desorption of 
cyclohexylamine, as described by Breen et al. [35–37]. This method 
allows an easy estimation of the acidity of the samples and has given 
good results for clay materials. The solids were first equilibrated with 
cyclohexylamine vapor by locating 50 mL of this substance in a desic
cator. Subsequently, 10 mg of each material were also introduced into 
the desiccator, which was closed and its internal pressure reduced with a 
vacuum pump, to facilitate cyclohexylamine evaporation. After 48 h, the 
samples were analyzed by TGA; cyclohexylamine removal between 240 
and 420 ◦C is related to its desorption from Brønsted acid sites. Because 
this interval also involves the loss of other molecules, the mass referring 
to only cyclohexylamine was calculated by comparing the TG curves of 
the materials before and after steam-treatment of the material with this 
substance. 

2.3. Standardization of hydrogen peroxide and preparation of anhydrous 
hydrogen peroxide 

In some catalytic tests, anhydrous hydrogen peroxide (H2O2 in ethyl 
acetate) was used as oxidant. This solution was prepared by azeotropic 
distillation: 28 mL of 50 wt% H2O2 in water and 140 mL of ethyl acetate 
were added to a 250-mL round-bottom flask coupled to a “Dean-Stark” 
system bearing a tap in the collection tube. The flask was kept under 
agitation and heated in a silicone oil bath at 90 ◦C. The distilled liquid 
was collected. As water and ethyl acetate form an azeotropic mixture, 
the distillate consisted of these two solvents [38]. The residue, which 
consisted of a solution of H2O2 in ethyl acetate, was standardized by 
permanganometric titration, which revealed a concentration of 42 wt%. 

Aqueous H2O2 solutions (50 and 70 wt%) were also standardized by 
permanganometric titration before use. 

2.4. Catalytic tests 

Cyclooctene, cyclohexane and n-hexane were used as substrates in 
the catalytic hydrocarbon oxidation tests. The tests were performed in 2- 
mL glass reactors containing screw caps and Teflon septa, under mag
netic stirring; H2O2 was used as the oxidant. 

The amount of Fe3+ ions in the catalysts was used to calculate the 
amounts of substrate and H2O2 that should be added to the reactors. The 
catalyst mass was 10 mg, which corresponded to 3.5 10− 6 mol of Fe3+. 

For the catalytic tests, the Fe3+/substrate/H2O2 molar ratios were 
1:100:200 or 1:100:500. The reactions were conducted at 50–55 ◦C. 
Briefly, the cyclohexane oxidation tests involved 10 mg of catalyst, 5 μL 
of internal standard (n-butyl ether), 443 μL of solvent (1:1 dichloro
ethane/acetonitrile (v/v)), 40 μL of cyclohexane or 50 μL of n-hexane, 
and 160 μL of anhydrous (42 wt%) or aqueous (70 wt%) H2O2. 

The results of the catalytic tests are given in terms of conversion: 
concentration (mol/L) of product(s)/initial concentration (mol/L) of 
substrate; the values are expressed in %. 

2.5. Catalyst recycling 

Three recycling cycles were carried out for the catalytic materials; 
each of them lasted 24 h. After each cycle was completed, the catalyst 
was recovered from the reaction medium by centrifugation, regenerated 
by drying in an oven at 100 ◦C for at least 6 h, and used in a new cycle. 

2.6. Assessment of hydrogen peroxide deactivation 

Non-productive decomposition of H2O2 was evaluated by perman
ganometric titration of the reaction medium after 24 h reaction. Given 
that gas chromatographic analysis allows substrate conversion to be 
quantified (it is believed [25] that the substrate:oxidant stoichiometry is 
1:1), the amount of deactivated H2O2 can be calculated as the difference 
between the initial H2O2 concentration added to the reaction medium 
and the H2O2 concentration involved in substrate conversion. 

2.7. Evaluation of the reaction mechanism 

To assess the existence of a radical mechanism during the catalytic 
reactions, a test involving cyclooctene epoxidation was performed with 
sample FeAlO-CTAB-1000 in the presence of hydroquinone, a known 
radical scavenger [39,40]. 

To analyze the possible presence of cyclohexylhydroperoxide among 
the cyclohexane oxidation products, triphenylphosphine, a strong 
reducing agent, was added to the catalytic reaction after 48 h. In this 
way, any existing cyclohexylhydroperoxide would be reduced to 
cyclohexanol, as discussed by Shulpin et al. [41,42]. 

Products from the catalytic oxidation reactions were identified using 
a HP 6890 Series GC System gas chromatograph, with a flame ionization 
detector, equipped with a capillary column HPINNOWax-19091N-133 
(polyethylene glycol, length 30 m, internal diameter 0.25 μm). The 
products were quantified using a calibration curve obtained with a 
standard solution, and the conversion was based on substrate (technical 
error: about ±1%). 

3. Results and discussion 

3.1. Characterization of the catalysts 

Fig. 1 shows the powder X-ray diffractograms of the solids prepared 
from each surfactant, dried or calcined. The diffractogram of sample 
FeAlO-CTAB-100 corresponds to a mostly amorphous phase, but with 
small, sharp peaks at 2.27, 4.74, 7.19, 9.32, and 11.77◦ (2θ), which 
probably correspond to stacking of CTAB molecules. Upon calcination, 
these peaks disappeared, suggesting that the surfactant was removed. 
The solid obtained at 500 ◦C was amorphous, whereas the solid obtained 
at 1000 ◦C displayed sharp, intense peaks characteristic of a highly 
crystalline material, identified as the α-Al2O3 phase (JCPDS-71-1683 
file). 

When SDS was used as surfactant, the diagram of the dried solid 
showed two extremely weak peaks at low angle, suggesting that the 
surfactant molecules were stacked; the weak peaks between 20 and 30◦

(2θ) were also due to SDS. SDS was also removed under calcination, 
leading to an amorphous phase at 500 ◦C and to crystalline α-Al2O3 at 
1000 ◦C. From the sharpness of the peaks, it can be concluded that 
FeAlO-SDS-1000 was roughly more crystalline than FeAlO-CTAB-1000, 
confirming that cationic and anionic surfactants played a fundamental 
role on alumina crystallization. The anionic surfactant might interact 
with Al3+ and Fe3+ ions via ionic bonds, resulting in smaller clusters 
than in the case of Fe–AlO-CTAB-1000. As previously observed by Vural 
and Sari [43], the DS species could strongly interact with the positive 
charges of the alumina surface, the surfactant head groups remaining in 
the structure at high temperatures. 

Weak peaks at 31.68, 45.4 and 56.44◦ (2θ) observed for the Fe–AlO- 
HDA-100 sample seemed to be due to the surfactant. The solid calcined 
at 500 ◦C, Fe–AlO-HDA-500, was essentially amorphous, but extremely 
weak peaks emerged at 22.56, 23.56, 24.80, 25.52, 31.76, and 34.04 
(2θ), which can be assigned to magnetite (Fe3O4), suggesting the 
beginning of the formation of a crystalline phase. Fe2+ ions might have 
been formed because of the reductive conditions originated during 
decomposition of the organic precursor. Concerning sample Fe–AlO- 
HDA-1000, the sharp peaks due to the α-Al2O3 phase were observed, 
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with typical reflections at 25.64, 35.2, 37.76, 43.36, 52.56, and 57.4 
(2θ), but they were less intense than for the samples prepared with the 
other surfactants and calcined at 1000 ◦C, suggesting a lower crystal
linity. This could be attributed to the fact that the neutral surfactant 
contained amine groups that could interact more effectively with Fe3+

ions, resulting in Fe3O4 clusters and inducing the presence of iron 
outside the alumina framework. The weaker peaks at 32.04, 34.08, 
37.76, and 45.96◦ (2θ) were tentatively assigned to a mixture of 
magnetite and maghemite phases. 

The influence of the surfactant was analyzed by comparing the solids 
calcined at the same temperature (Fig. S2). As indicated, the samples 
calcined at 500 ◦C were mainly amorphous, but the development of very 
small peaks in the PXRD diagrams can be clearly observed for the solid 
obtained from HAD, denoting the starting steps of the formation of 
crystalline phases. In the case of the solids calcined at 1000 ◦C, α-Al2O3 
was observed in all cases, with the only difference that peaks were more 
intense in the solid obtained from SDS. In addition, the low intense peaks 
due to the phases involving iron were clearly observed for the HAD- 
derived solid. 

The thermal curves showed progressive mass losses for all the solids 
(Fig. 2), but with significant differences depending on the surfactant 
used during the synthesis. The first mass loss (~15%) for sample FeAlO- 
CTAB-100 occurred from room temperature to ca. 200 ◦C, and it was 
assigned to removal of water and (if any) solvent molecules. Although 
the solids had been previously dried at 100 ◦C, mass loss from room 
temperature was probably due to removal of water adsorbed during 
handling; indeed, this sample was hygroscopic. During the storage and 
handling of the as-prepared solid (dried at 100 ◦C), it acquired moist 
characteristics, which indicated a strong hydrophilicity, in agreement 
with the reported thermal effect and with FTIR results (vide infra). This 

behavior has been reported in the literature for samples similar to those 
here studied; for instance, by the presence of water molecules weakly 
adsorbed on the surface of CoAl-silicate materials [18], and describing a 
hygroscopic surface for iron-alumina solids [25]. Two further mass 
losses were recorded from 200 ◦C upwards, one up to ca. 250 ◦C and the 
second up to 550 ◦C. In both cases, strong, broad, exothermic effects 
were recorded, suggesting combustion of the organic components of the 
solid [19]; indeed, CTAB can be easily removed by combustion [44]. 
Mass loss was complete at ca. 650 ◦C. This might correspond to removal 
of more strongly retained surfactant molecules, and pyrolysis and 
removal of residual groups, but endothermic dehydroxylation due to 
condensation of residual hydroxyl groups may also happen. The hy
droxyl groups may have been formed by hydrolysis of residual alkoxide 
groups with water molecules adsorbed after the synthesis of the solids or 
by non-hydrolytic hydroxylation reactions, catalyzed by the presence of 
HCl as a byproduct (and in the present case, also by the presence of HBr). 
This has been previously observed by Mutin and Vioux [33] and suggests 
a complex reaction mechanism. No further changes were observed 
above 600 ◦C. The mass of the final residue was only ca. 22% of the 
initial mass, confirming the high content of surfactant and water 
(~78%) in the synthesized solid. 

When SDS was used as a surfactant, the first mass loss step was weak, 
less than 10% of the initial mass sample, indicating that this solid 
adsorbed a smaller amount of water than the previous sample (visually, 
this solid was less hygroscopic than FeAlO-CTAB-100). Again two 
consecutive mass losses in approximately the same temperature ranges 
(from 200 to 250 and from 250 to 550 ◦C) were observed. The 
exothermic effect corresponding to the first mass loss was rather sharp in 
this case, noticeably sharper than for the former sample, while the 
second exothermic peak was somewhat broader, but markedly weaker. 

Fig. 1. PXRD diffractograms of the dried and calcined solids obtained from each of the surfactants.  
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The total water and surfactant content was again around 78% of the 
initial mass of the solid. In other words, these two samples behave in a 
similar way, except for the lower hygroscopic character of the SDS 
sample and the lower intensity of the second exothermic effect. 

Finally, sample FeAlO-HDA-100 showed a different behavior. First, 
the total mass loss was only ca. 35% of the initial mass, although the 
mass lost above ca. 500 ◦C was very small (in agreement with the results 
observed for the other two samples). Secondly, the mass loss took place 
in a continuous way, making impossible to define consecutive inde
pendent steps. The DTA curve showed a weak endothermic effect at low 
temperature, probably due to removal of externally adsorbed water 
molecules, and a single exothermic effect around 260 ◦C, i. e., in the 
same temperature range where the first strong exothermic effect was 
recorded for the former two sample, suggesting a similar origin for the 
first peak in the three samples. 

The solids had similar FT-IR spectra (Fig. S3). Bands around 3400 
and 1600 cm− 1 in the spectra of the samples calcined at 100 ◦C are 
characteristic of O–H bond stretching and deformation of water mole
cules modes, respectively [45], reinforcing the assumption that the 
solids contained hydroxyl groups, as suggested by the thermal analyses. 
The three solids dried at 100 ◦C also showed bands from 2950 to 2850 
cm− 1 and around 1470 cm− 1, due to stretching and bending vibrations 
of the C–H bonds [31] of the surfactants. They were clearly less intense 
in the case of FeAlO-HDA-100, in agreement with its lower content of 
organic matter (despite the molar Fe:Al:surfactant was the same for all 
the samples, these differences were due to their different chemical for
mula). After treatment at 500 or 1000 ◦C, these bands disappeared, 
indicating that the heat-treatment removed the surfactants. However, 
some not very intense disturbances were detected in the region of 1470 
cm− 1, which was compatible with the presence of residual carbon [46]. 

The presence of weak bands in these same wavenumber ranges (3400 

and 1600 cm− 1) in the spectra of the solids heated at 500 ◦C was not 
surprising, because hydroxyl groups can withstand temperatures of up 
to ~ 600 ◦C. In addition, water molecules adsorbed during handling of 
the solids may have contributed to these bands. In the case of sample 
FeAlO-HDA-100, the intense band around 3400 cm− 1 could also be 
attributed to the N–H bond stretching mode [28], because HDA is a 
primary long-chain amine. 

The bands around 3400 and 1600 cm− 1 were no longer recorded in 
the FT-IR spectra of the solids treated at 1000 ◦C, which exhibited 
essentially identical FT-IR spectra for all samples, with only bands due to 
M − O vibrational modes below 1000 cm− 1. The intense split absorption 
band centered between 720 and 570 cm− 1 referred to Al–O vibrations in 
an octahedral [AlO6] environment; no bands due to Al–O vibrations in 
tetrahedral environment [AlO4] were detected. α-Al2O3 consists of Al3+

ions in an octahedral environment, so this absorption band suggested 
that this phase was formed, confirming that the NHSG method with 
molecular precursors allowed crystallization of this phase at low tem
perature [47,48]. The intense band at ca. 430 cm− 1 was also due to 
[AlO6] groups (Al–O–Al vibrations), although some authors have 
ascribed bands between 500 and 400 cm− 1 to Fe–O related stretching 
modes [49]. For the solids treated below 1000 ◦C, typical bands of 
[AlO4] groups in amorphous systems were also noted [47,48]. 

The N2 adsorption-desorption isotherms, recorded at – 196 ◦C, of all 
the solids calcined at 500 ◦C (Fig. S4, left) can be included in type IV of 
the IUPAC classification [50], which is typical of mesoporous materials. 
The curve for sample FeAlO-CTAB-500 showed a type H2 hysteresis loop 
due to wedged shaped pores, while the curves obtained for samples 
FeAlO-SDS-500 and FeAlO-HDA-500 were type H3, related to the 
presence of slit-shaped pores [50]. Hysteresis indicated an homogeneous 
distribution of the pore diameters, as confirmed by the distribution 
charts of the average pore diameter (Fig. S5). 

Fig. 2. TG and DTA curves of the solids dried at 100 ◦C from the three series considered.  
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These curves indicate the mesoporous character of the solids, with 
high homogeneity of the pore diameter of the three materials, as the 
maxima in these curves, Fig. S5 (left), are not excessively broad. The 
average pore diameters of solids FeAlO-CTAB-500, FeAlO-SDS-500, and 
FeAlO-HDA-500 were 90, 50, and 82 Å, respectively, all of them in the 
mesoporous range [44]. After the heating treatment at 1000 ◦C the 
changes in the values of pore size diameter to 205, 213 and 202–373 Å 
were ascribed to the collapse of the pores, and to crystallization. As it 
will be shown below, the catalytic activity and specially the selectivity 
were drastically influenced by the pore size distribution and the specific 
surface area. 

As expected, the use of surfactants during the syntheses yielded 
materials with relatively large specific surface areas, Table 1. The 
smallest values were measured for the sample prepared using HDA, 
probably because it bears the least bulky functional group and is neutral. 
However, it is important to remember that the PXRD studies confirmed 
the presence of iron-containing clusters in sample Fe–AlO-HDA-500. 

On calcination at 1000 ◦C the specific surface areas of the samples 
prepared with CTAB and SDS were drastically reduced to 6 and 5%, 
respectively, of the values measured for the samples calcined at 500 ◦C. 
Such a decrease was much less evident (only 8%) for the sample pre
pared using HAD. This decrease was undoubtedly related to crystalli
zation of alumina, as concluded from the PXRD analysis of the samples 
calcined at 1000 ◦C, yielding to sharp, intense peaks (indicating large 
crystallites) for the first two samples, while for the HDA-derived sample 
the peaks remain markedly less intense. Such a crystallization process 
produced a sintering of the samples, a decrease of the specific surface 
area and a marked increase in the pore diameter (Fig. S5). Heat- 
treatment at 1000 ◦C also gave rise to a much broader pore diameter 
distribution for all the materials. 

In any case, it was rather surprising that, despite the small decrease 
in its specific surface area upon calcination at 1000 ◦C, the pore volume 
of the HDA-derived sample was twice for the sample calcined at 1000 ◦C 
than for that calcined at 500 ◦C. We can tentatively assume that this 
sample, even after calcination at 500 ◦C, had retained a significant 
amount of surfactant within its pores, making them unavailable to the 
N2 molecules during the adsorption process, thus accounting for its 
specific surface area being much lower than those for the other two 
samples. Upon calcination at 1000 ◦C these molecules were removed 
(the TG curve for this sample showed a significant mass loss above 
500 ◦C) and the pores were made available to the N2 molecules. 

Considering the surfactants as the agents that will originate the 
porous structure in alumina, no large differences should be expected in 
the pore size when comparing the CTAB and HAD-derived solids, since 
these surfactants have the same carbon chain length differing only by 
the polar part, while SDS, slightly smaller in size, should originate 
smaller pores. This prevision agreed with the experimental data. When 
comparing the materials treated at 500 and 1000 ◦C, both the surface 

area and the pore size changed, since at 1000 ◦C the solid structure 
organized itself generating the crystalline structure observed in the 
PXRD and the elimination of the surfactants that generated an increase 
in the pore diameter. As highlighted before, the material prepared from 
HDA had different behavior than those from SDS and CTAB when 
increasing the calcination temperature from 500 to 1000 ◦C, mainly by 
its less intense crystalline character observed by PXRD and the lower 
collapse suggested by the TEM study (see below), which caused a 
different behavior of the textural properties. Thus, the pore size of the 
solids calcined at 500 ◦C matched with the size of the surfactants, while 
the pore size at 1000 ◦C seemed to be independent of the surfactant 
nature, being a characteristic of the alumina itself. The ratio between the 
specific surface area and the pore volume was similar for the three solids 
calcined at 1000 ◦C, suggesting similar materials in terms of textural 
properties. 

It should be remarked here that a reference solid was prepared under 
the same conditions, but without using any surfactant, in order to use it 
as blank for the catalytic tests. However, this solid showed a practically 
negligible specific surface area and its use was ruled out. On the other 
hand, alumina prepared by NHSG showed a specific surface area of 309 
m2/g [22]. Vural and Sari [43] used the surfactant strategy for gener
ation of mesoporosity in the alumina matrix, and the values of specific 
surface area of the heat-treated solids ranged between 5.8 and 11.6 
m2/g. These authors showed that the incomplete removal of the sur
factants could induce the decrease of the specific surface area, due to the 
collapse of the alumina framework. 

The transmission electron micrographs of sample FeAlO-CTAB-100 
(Fig. 3), which contained stacked surfactant molecules as suggested by 
the PXRD results, indicated a sort of wormhole-like mesoporous struc
ture (Fig. 3b and c) [51]. Aguado et al. [52] reported this type of 
structure when they characterized different γ-alumina samples prepared 
by the traditional (hydrolytic) sol–gel method in the presence of CTAB; 
the difference in our case was that such a structure was obtained after 
controlled heat-treatment of the prepared solid. An interesting structure 
was observed for sample FeAlO-CTAB-500 (Fig. 3d and e), which con
sisted of “fibers”, or nanowires, entangled on the surface of bulky par
ticle clusters. This could explain the relatively large specific surface area 
of this material, 284 m2/g. It is noteworthy that heat-treatment at 
1000 ◦C caused the fibrous structure to arrange into bulky and dense 
agglomerates, which would effectively account for the sharp decrease in 
the specific surface area. 

The micrographs for the other samples are included in the Supple
mentary Material section. The micrographs for sample FeAlO-SDS-100 
(Figs. S6a and S6b) showed “dark” agglomerates on its surface, which 
seemed to be rough/porous; however, its structure was not organized, 
which confirmed the PXRD results. After heat-treatment at 500 ◦C, DS 
was removed (FeAlO-SDS-500, Figs. S6c and S6d). This was consistent 
with the textural properties, as FeAlO-SDS-500 had a relatively large 
specific surface area and average pore diameter (151 m2/g and 50 Å, 
respectively). Furthermore, heat-treatment at 1000 ◦C (Figs. S6e and 
S6f) afforded a solid whose micrograph profile resembled that of FeAlO- 
CTAB-1000; that is, the particles were aggregated, forming dense clus
ters, a conclusion in agreement with the textural parameters measured 
for the 1000 ◦C calcined sample. 

Sample FeAlO-HDA-100 contained mainly agglomerates in the form 
of rods, as well as some (not perfect) spherical particles (Figs. S7a and 
S7b). Lighter regions – surfaces of the agglomerates – were also detected, 
which pointed to the porous character of the material. The presence of 
rod-shaped agglomerates was even more noticeable for sample FeAlO- 
HDA-500 (Fig. S7c). Interestingly, Figs. S7d and S7e suggested that 
the rods probably originated from the combination of several nanorods 
or “nanowires”. Thus, HDA removal by treatment at 500 ◦C did not cause 
the structure to collapse, and a relative organization was retained after 
this heat-treatment. Concerning sample FeAlO-HDA-1000 (Figs. S7f and 
S7g), the images revealed a very different profile as compared to the 
other samples calcined at 1000 ◦C, FeAlO-CTAB-1000 and FeAlO-SDS- 

Table 1 
Textural properties of iron aluminates.  

Sample Specific surface 
area (m2/g) 

Pore volume 
(cm3/g) 

Average pore 
diameter (Å) 

Reference 

Al2O3 309 – – [22] 
α–alumina 5.8–11.6 – – [43] 
FeAlO-CTAB- 

500 
284 0.77 90 This work 

FeAlO-SDS- 
500 

151 0.31 50 This work 

FeAlO-HDA- 
500 

65 0.19 82 This work 

FeAlO-CTAB- 
1000 

17 0.09 205 This work 

FeAlO-SDS- 
1000 

7 0.04 213 This work 

FeAlO-HDA- 
1000 

60 0.39 202–373 This work  
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1000. Some of the rods in sample FeAlO-HDA-1000 collapsed, but some 
of them were still observable after heat-treatment. High temperature 
heat-treatment is known to favor particle aggregation, generating dense 
agglomerates [53]. 

Remarkably, the structure of sample FeAlO-HDA changed only 
slightly when the material was heated at 1000 ◦C (if compared to that of 
the material calcined at 500 ◦C), which was in line with the small 

decrease in the specific surface area measured for this solid with respect 
to that of sample FeAlO-HDA-500 (60 and 65 m2/g, respectively). This 
characteristic could account for sample FeAlO-HDA-1000 showing 
different catalytic properties than samples FeAlO-CTAB-1000 and 
FeAlO-SDS-1000. 

The SEM micrographs (Figs. S8–S10) indicated that the type of sur
factant and the heat-treatment temperature did not markedly influence 

Fig. 3. TEM images of samples FeAlO-CTAB-100 (a, b, and c), FeAlO-CTAB-500 (d and e), and FeAlO-CTAB-1000 (f and g).  

Fig. 4. EPR spectra of the different samples. In each case, a: solid dried at 100 ◦C, b: solid calcined at 500 ◦C, and c: solid calcined at 1000 ◦C.  
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the surface morphology of the solids at the micrometric level. Likewise, 
Rinaldi and Schuchardt [54] did not observe any effect of the 
heat-treatment temperature when they prepared aluminas by the hy
drolytic sol–gel method. In our case, the SEM images showed particles 
with relatively porous/rough surfaces even for the solids heated at 
1000 ◦C. 

The main expected elements —iron, aluminum, and oxygen— were 
present on the surface of all the solids (Figs. S8–S10). Iron mapping 
indicated that the iron surface concentration increased with the calci
nation temperature, and that iron was homogeneously distributed on the 
surface of the solids. Such an increase may have simply resulted from the 
removal of organic species and residual groups, thereby increasing the 
relative concentration of permanent, not removable, inorganic ele
ments; or even from the decrease in the specific surface area. Alterna
tively, iron ions in the matrix structure may have migrated to the surface 
upon increasing calcination temperature, forming iron oxide clusters 
[20]. If this was the case, iron oxide clusters were very small and could 
not be detected by PXRD, except in sample Fe–AlO-HDA-1000, see 
Fig. 1. 

The homogeneous distribution of the elements on the surface of the 
solids is worth highlighting. Although sol–gel processes (hydrolytic and 
non-hydrolytic routes) frequently favor formation of homogeneous 
materials [11,55], the surfactants could chelate Fe3+ or Al3+ ions 
(mainly DS, which is anionic, and HDA, neutral, but bearing an amine 
group), resulting in phase segregation. The absence of this phenomenon 
proved the successful use of surfactants in the NHSG process. 

Fig. 4 includes the EPR spectra of the solids from the three series of 
samples. All the spectra displayed signals at g = 4.3 and g = 2, with 
different signal intensities. The signal close to g = 2 was assigned to a 
strong interaction between high spin Fe(III) ions in octahedral positions 
of the lattice and the bulk material. Its intensity roughly increased with 
the calcination temperature, indicating an increase in the symmetry of 
the sites occupied by the iron ions. The signal close to g = 4.3 corre
sponds either to strongly distorted orthorhombic sites located on the 
surface of the particles, to isolated Fe(III) ions dispersed in the solid 
matrix [28], or to strongly rhombic distorted species in tetrahedral or 
octahedral environments [22,28,44]. 

The signal at g = 4.3 was attributed to Fe3+ ions in a rhombic 
environment [25]. This signal has also been reported in systems 
involving heterogenized metalloporphyrins on inorganic supports [22, 
48,56]. In addition, all the solids heated at 100 ◦C and sample 
Fe–AlO-HDA-500 revealed a low-intensity signal of six lines around g =
2, ascribed to the presence of manganese (II) or manganese (IV) ions, 
probably as a small amount of impurity. 

The three solids calcined at 1000 ◦C showed similar spectra, with an 
almost undetectable signal at g = 4.3 and a high-intensity, well-defined 
one at g = 2. The predominance of the latter signal in the spectra could 
be related to the high crystallinity of these solids and suggested 
isomorphic substitution of Al3+ for Fe3+ ions in the octahedral [AlO6] 
groups, as already discussed. The signal was considerably symmetrical. 

Nevertheless, formation of iron oxide aggregates on the surface of the 
solids cannot be ruled out given that such aggregates also generate 
intense signals at g = 2 [57], and that chemical mapping by EDS 
demonstrated increased concentration of iron on the surface of the solids 
with increasing the heat-treatment temperature. In any case, there were 
evidence that Fe3+ ions were strongly linked to the polymeric networks 
of the solids, which was interesting for heterogeneous catalysis given 
that metal ions poorly adsorbed to supports can easily leach from the 
matrix during catalytic reactions. 

The electronic spectra of the samples calcined at 500 and 1000 ◦C for 
the CTAB series samples are included in Fig. 5, while those for the other 
two series are included in Fig. S11. The electronic spectrum of FeAlO- 
CTAB-500 (Fig. 5) displayed a broad band between 400 and 250 nm, 
with shoulders at 470 and 229 nm, while the spectrum of sample FeAlO- 
CTAB-1000 (Fig. 5) showed more defined bands and shoulders at 458, 
383, 335, 262, and 220 nm. The spectra of FeAlO-CTAB and FeAlO-SDS 
solids (Fig. S11) were similar. 

In all cases, an intense absorption was observed at low wavelength, 
progressively decreasing its intensity as the wavelength is increased. On 
comparing all six spectra, it can be observed that the absorption band 
sharpened when the calcination temperature was increased from 500 to 
1000 ◦C. 

The higher-energy bands, from 200 to 250 nm, were characteristic of 
metal-ligand charge transfer (MLCT) processes [58]. These charge 
transfer bands can also be attributed to dπ-pπ transitions between iron 
and oxygen ions, in tetrahedral [FeO4] [58,59] or octahedral [FeO6] 
[58] systems, in the polymeric matrix (Fe–O–Al bonds) [60] (or even 
involving residual OH groups), which would be a strong indication that 
Fe3+ ions were not simply adsorbed on the supports. Both situations 
could occur; however, on the basis of the EPR signal at g = 4.3 char
acteristic of iron ions with distorted geometry in a rhombic environ
ment, Fe3+ ions must have been incorporated into the alumina matrix. 

All the other UV–Vis bands of the materials were typical of originally 
forbidden d-d transitions, probably allowed because of structural dis
tortions. The spectra of all the synthesized solids displayed bands at 
approximately 460, 540, and 690 nm. After comparison with other 
techniques, Bordiga et al. [58] assigned d-d transition bands at 357, 392, 
417, 455, and 526 nm to isolated Fe3+ ions with tetrahedral geometry. In 
turn, Jitianu et al. [49] attributed the bands at 430–460, 545, and 650 
nm to Fe3+ ions supported in the polymeric network, but in an octahe
dral geometry. Therefore, UV–Vis absorption spectroscopy cannot 
distinguish between tetrahedral and octahedral geometry. Concerning 
the systems reported here, the EPR results showed Fe3+ ions in rhombic 
environment, whereas the IR spectroscopy revealed Al3+ ions in octa
hedral environment, characteristic of the α-Al2O3 phase (verified by 
PXRD). Therefore, Fe3+ ions should be located in different sites with 
different geometries. In other words, the materials contained Fe3+ ions 
isolated in tetrahedral environment, Fe3+ ions isolated in octahedral 
environment (in the case of the materials heat-treated at 1000 ◦C), and 
iron oxide (Fe2O3) clusters (in the case of the heat-treated materials). At 

Fig. 5. Electronic spectra (original and with deconvolution) of FeAlO-CTAB materials.  
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this point, the presence of Fe2+ ions cannot be ruled out. It should be 
noticed that the overall broadness of the complex absorption band 
slightly decreased when the calcination temperature was increased from 
50 to 1000 ◦C, suggesting that calcination at high temperature leads to 
more symmetric environments for the Fe(III) ions, so decreasing the 
chances for forbidden d-d transitions. 

Table 2 shows results on the Brønsted acidity of the samples, deter
mined by the cyclohexylamine method; the mass considered for each 
solid was the mass that was calculated to exist at 200 ◦C according to the 
TG curves. At this temperature, adsorbed water, residual solvent mole
cules, byproducts, and poorly adsorbed cyclohexylamine molecules had 
already been removed from the solids. 

A significant acidity was observed for the solids calcined at 500 ◦C, 
whereas acidity was practically zero for the solids calcined at 1000 ◦C if 
the values were referred to mass unit. These results resembled those 
reported by Ricci et al. for iron (III) alumina materials [25]. However, 
acidity being a surface property, it is worthwhile to also refer the values 
per surface area unit. The values thus calculated are also included in 
Table 2. As it can be seen, the decrease was only ca. 12% for sample 
FeAlO-DTBA on calcining at 1000 ◦C (compared to the value calculated 
for the sample calcined at 500 ◦C), and ca. 40% for sample Fe–AlO-SDS, 
but 90% for sample FeAlO-HDA. For materials based on alumina, the 
main source of Brønsted acidity is the presence of Al–OH groups on the 
surface of the particles. Previous results of thermal analysis and FT–IR 
spectroscopy results had shown the presence of these groups in 
alumina-based solids. 

After heat-treatment at 1000 ◦C, the hydroxyl groups must have 
condensed (dehydroxylation), which would explain the extremely low 
Brønsted acidity of the samples calcined at this temperature. In addition, 
the low specific surface area would have given rise to a decrease in the 
absolute number of acid sites, but its surface concentration did not 
decrease as much. 

3.2. Cyclooctene epoxidation 

The first catalytic reaction studied was the oxidation of cyclooctene 
with H2O2, as this substrate generally affords cyclooctene oxide, a 
relatively stable epoxide, as the main product. For this reason, cyclo
octene is commonly used as a “diagnostic substrate” to determine the 
catalytic activity, to establish the ideal reaction conditions, and to 
elucidate reaction mechanisms [18,28]. 

Fig. 6 shows the conversion results (mol of product/initial mol of 
substrate, in %) of the preliminary tests carried out with all the solids 
calcined at 500 and 1000 ◦C. A higher H2O2 concentration (Fe3+/H2O2/ 
substrate molar ratio of 1:100:500) provided better conversion results; 
that is, favored larger cyclooctene conversion, as previously observed 
for other iron-alumina catalysts [25]. To improve these results, cyclo
octene epoxidation tests were conducted with anhydrous H2O2 instead 
of aqueous H2O2 (data also in Fig. 6). 

For each pair of samples, that calcined at 500 ◦C showed a lower 
catalytic activity than that calcined at 1000 ◦C. This behavior might be 
due to the larger concentration of Brønsted acid sites in the 500 ◦C- 
calcined samples. However, there is no linear relationship between the 
concentration of acid sites and the catalytic activity, suggesting the 

presence of acid sites acting in different manners. Rinaldi et al. [61] 
reported the presence of different types of acid sites in alumina: those 
denoted as types Ia and Ib by these authors were weak, and those 
denoted as types IIa, IIb, and III were strong and could act as proton 
donors; the former sites were the active centers for product formation, 
whilst the latter sites accounted for non-productive H2O2 decomposi
tion, which justified the low catalytic yields. 

When using hydrated H2O2 and the samples calcined at 500 ◦C, the 
worst results were observed for sample FeAlO-CTAB-500. The solids 
calcined at 1000 ◦C showed higher catalytic activity, despite their low 
concentration of acid sites and lower specific surface area. Sample 
FeAlO-SDS-1000 (34% conversion) was far better than the other sam
ples; this material showed the lowest specific surface area (7 m2/g), but 
the highest surface concentration of acid sites among the 1000 ◦C- 
calcined samples, and its higher conversion suggested a lower ability for 
H2O2 decomposition. In other words, both textural characteristics and 
acid sites influenced the catalytic systems; the presence of acid sites on 
the surface of the solids seemed to affect the catalytic results by inducing 
H2O2 disproportionation and not resulting in heterolytic cleavage, 
which is interesting for cyclooctene conversion. Because the oxidant was 
used in excess, the reaction medium contained a significant amount of 
water, which made difficult the access of the hydrophobic substrate to 
the active catalyst sites, as already noted by Rinaldi et al. [62]. 

The use of anhydrous H2O2 significantly increased cyclooctene 
conversion. For the solids calcined at 1000 ◦C, substrate conversion was 
at least 55%, whereas the best result achieved for aqueous H2O2 was 
34%. The solids calcined at 1000 ◦C again showed, using the anhydrous 
oxidant, better catalytic activity than those calcined at 500 ◦C, again 
suggesting that the acid sites existing in the solids heated at 500 ◦C 
deactivated H2O2. Substitution of water for ethyl acetate, which is much 
less hydrophilic, facilitated the access of the substrate to the catalysts 
surface, improving the catalytic activity. The liquid phase of the cata
lytic systems proved to be more homogeneous in the presence of 
anhydrous H2O2 than aqueous H2O2 (visual observation). 

Hydrogen peroxide disproportionation was analyzed after 24 h re
action (Table 3). Considering that the amount of H2O2 was five times 
greater (in mol) than the amount of substrate, only a small fraction of 
H2O2 was used to produce cyclooctene oxide, whereas the amount of 
non-productively deactivated H2O2 was extremely high, 80–92% for all 
the solids, except for FeAlO-HDA-1000; it was always higher for the 
solids calcined at 500 ◦C than for the corresponding one calcined at 
1000 ◦C. In the case of FeAlO-HDA-1000, H2O2 decomposition was 
smaller, and the catalytic activity was higher. This result evidenced that 
Brønsted sites (which concentration was larger for samples calcined at 
500 ◦C than for those calcined at 1000 ◦C) and the specific surface area 
influenced drastically the catalytic results; these Brønsted acid sites were 
responsible for non-productive H2O2 decomposition, in agreement with 
previously discussed results on quantification of acid sites by 
cyclohexylamine. 

As sample FeAlO-HDA-1000 showed the highest catalytic conversion 
when using anhydrous H2O2, it was selected to insight in the nature of 
the possible reactive intermediate species, by carrying out the reaction 
in the presence of hydroquinone, a known radical scavenger in catalytic 
tests [37,38]. This approach was adopted by considering the large dis
cussion in the literature on whether the reactive intermediate species in 
this type of reactions is or is not a radical one [63,64], which may be 
related to the Fenton process, involving formation of highly reactive and 
non-selective hydroxyl radicals (OH●). Cyclooctene conversion was 
essentially the same, which pointed out to a non-radical mechanism. 
Thus, the reaction may have occurred via the other mechanism proposed 
for hydrocarbon oxidation under mild conditions, which is considerably 
selective. This mechanism involves high-valence iron ions as active 
species, namely, ferryl or perferryl ions (FeIV––O and FeV––O, respec
tively), which have also been observed for biological systems such as 
cytochromes P-450 and synthetic porphyrins [65–67]. The route pro
posed for the formation of perferryl intermediate is: FeIII + H2O2 → 

Table 2 
Brønsted acidity of heat-treated iron-alumina samples.  

Catalyst Acidity/mmol H+/g− 1a Acidity/sites⋅nm− 2 

FeAlO-CTAB-500 0.57 1.20 
FeAlO-SDS-500 0.75 2.98 
FeAlO-HDA-500 0.47 4.34 
FeAlO-CTAB-1000 0.03 1.06 
FeAlO-SDS-1000 0.02 1.71 
FeAlO-HDA-1000 0.04 0.40  

a for each mmol of desorbed cyclohexylamine, 1 mmol of H+(a Brønsted acid 
site) was considered. Referred to mass of the solid at 200 ◦C. 
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FeIII–O–OH → FeV––O + OH− . According to Nunes et al. [67] and Arends 
and Sheldon [68], in a non-radical catalytic reaction, both FeIII–O–OH 
(iron-peroxo) and FeV––O (iron-oxo) species can transfer oxygen to the 
substrate (metal-peroxo and metal-oxo mechanisms, respectively) as 
previously discussed in the literature [18,28]. 

Concerning reuse, none of the catalysts showed a significant decrease 
in its catalytic activity after the three recycling cycles considered 
(Table 4); even cyclooctene conversion increased. As indicated before, 
calcination at 500 ◦C, and mainly at 1000 ◦C, stabilized the active phase 
by making the catalysts truly heterogeneous. However, under the con
ditions here used in the tests, especially high H2O2 concentration and the 
presence of water, the catalyst leached from the active phase to the 
solution, and more active sites probably became better available in the 
materials due to small textural changes. 

3.3. Cyclohexane oxidation 

All the solids prepared herein catalyzed cyclohexane oxidation 
(Fig. 7), providing promising results, especially when compared to the 
industrial process [69–71]. The samples calcined at 500 ◦C were 
markedly less active than those calcined at 1000 ◦C, although the values 
for sample FeAlO-HDA-1000 were rather low. Catalyst 
FeAlO-CTAB-1000 exhibited the greatest total cyclohexane conversion, 
25%, after 48 h reaction, but selectivity was small (cyclo
hexanone/cyclohexanol molar ratio 1.1:1). Independently of iron (III) 
location on tetrahedral or octahedral sites (discussed in the UV–Vis and 
EPR sections), selectivity was very low, as previously reported by Ricci 
et al. [25] and Mikhalyova et al. [72]. A new efficient iron catalyst for 
olefin epoxidation with hydrogen peroxide has confirmed that selec
tivity depends on different factors, such as acidity, porosity, and polarity 
[72]. Cyclohexanone can be formed directly from cyclohexane or from 
further oxidation of cyclohexanol previously produced from cyclo
hexane (overoxidation). To evaluate cyclohexanone production, a test 
was carried out by using cyclohexanol as substrate under the same 
conditions. Cyclohexanol conversion to cyclohexanone was 20%, which 
indicated that at least a portion of the cyclohexanone formed in the 
cyclohexane oxidation tests stemmed from cyclohexanol overoxidation, 
as reported by other authors [18,73]. 

Shul’pin [42] found that cyclohexylhydroperoxide (CHHP) can be 
produced in this reaction along with cyclohexanol and cyclohexanone. 
In most cases, CHHP is not detected because it decomposes into cyclo
hexanol and cyclohexanone when the mixture of the reaction products is 
injected into the chromatograph. Consequently, if CHHP is formed, the 
alcohol and ketone concentrations determined by GC are not necessarily 
the real ones formed during the catalytic reaction. To elucidate if CHHP 
is formed in our case, after analysis by GC of the reaction catalyzed by 
FeAlO-CTAB-1000, triphenylphosphine (PPh3) was added to the reac
tion medium, which composition was analyzed again after 20 min. PPh3 
is a strong reducing agent and therefore reduces CHHP (if formed) to 
cyclohexanol; so, if CHHP was present in the reaction medium, addition 
of PPh3 should increase the cyclohexanol concentration, while the 
cyclohexanone concentration should remain the same [39]. The results 
of this test (Table 5) showed that although the amount of cyclohexanone 
slightly decreased, the amount of cyclohexanol clearly increased, 
showing that it actually corresponded to the sum of previous existing 
cyclohexanol and CHHP, demonstrating that CHHP was formed during 
the catalytic tests, as reported, for example, for Fe-complexes func
tionalized kaolinite [73]. The presence of CHHP as a byproduct of 
cyclohexane oxidation strongly supported a non-radical peroxo route 
mechanism (or, at least, it was proven that this mechanism existed). 

TON and TOF values for the alumina catalysts are shown in Table 6. 
These values were remarkably similar before and after heating 

Fig. 6. Results of cyclooctene epoxidation tests after reaction for 24 h in the presence of iron-alumina using aqueous (70 wt%) or anhydrous (42 wt% in ethyl 
acetate) H2O2 as oxidant. Conditions: Fe3+/H2O2/substrate molar ratio = 1:100:500; T = 50–55 ◦C. 

Table 3 
Amount of H2O2 used for cyclooctene oxide production and non-productively 
decomposed H2O2 after cyclooctene epoxidation with anhydrous H2O2 (reac
tion time 24 h).  

Catalyst Production of cyclooctenoxide 
(%) 

Non-productive 
decomposition (%) 

FeAlO-CTAB- 
500 

3 92 

FeAlO-CTAB- 
1000 

10 80 

FeAlO-SDS-500 4 91 
FeAlO-SDS- 

1000 
10 83 

FeAlO-HDA- 
500 

5 90 

FeAlO-HDA- 
1000 

13 10  

Table 4 
Recycling tests for cyclooctene epoxidation, after 24 h reaction (Fe/cyclooctene/ 
H2O2 molar ratio = 1:100:500; T = 50–55 ◦C) using anhydrous H2O2.   

Cyclooctene conversion (%) 

Catalyst Test 1st reuse 2nd reuse 3rd reuse 

FeAlO-CTAB-500 18 16 22 34 
FeAlO-CTAB-1000 55 60 100 90 
FeAlO-SDS-500 22 25 20 25 
FeAlO-SDS-1000 56 54 67 92 
FeAlO-HDA-500 27 21 30 40 
FeAlO-HDA-1000 70 80 78 80  
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treatment of the catalysts at 500 and 1000 ◦C. Whichever the type of 
surfactant used, a small increase was observed after calcination of the 
solids based on CTAB and HDA surfactants, confirming that calcination 
induced the generation of active sites on the surface of the catalysts, as 
indicated by the determination of the acid sites. Considering the TON 
and TOF values, calcination at 1000 ◦C led to a low improvement and, 
from the energetic consumption point of view, it may not be industrially 
justified, as with some adjustments of the system and reaction medium 
the catalysts calcined at 500 ◦C may achieve the same conversions. 

3.4. n-Hexane oxidation 

n-Hexane oxidation can afford adipic acid, a monomer used in the 
production of nylon-6,6. However, this reaction depends on catalyst 
selectivity even more than on cyclohexane oxidation, and oxidation of 
primary and secondary carbons is very difficult [74]. To date, good 
academic results have been obtained by Raja and Thomas [75]: about 

10% n-hexane conversion with about 30% selectivity for adipic acid 
after 24 h of reaction in the presence of cobalt aluminum phosphate as 
catalyst, oxygen as oxidant, pressure of ca. 15 atm, and a temperature of 
100 ◦C. In addition, n-hexane oxidation can provide eight main prod
ucts, namely, hexanal, hexan-2-one, hexan-3-one, hexan-1-ol, hex
an-2-ol, hexan-3-ol, hexanoic acid, and hexanedioic acid (adipic acid). 

In the present work, all the materials catalyzed the oxidation of 
about 7% of n-hexane to hexanoic acid, hexan-1-ol, hexan-2-ol, hexan-3- 
ol, hexan-2-one and hexanal (these two ones determined together), and 
hexan-3-one (Fig. 8). The behavior of the solids resembled the behavior 
verified in the cyclohexane oxidation tests; the solids calcined at 1000 ◦C 
showed greater catalytic activity than the solids calcined at 500 ◦C. 

As observed, hexan-3-one was obtained with a great selectivity. 
Although position 3 of the chain in hexane is the easiest one to be 
oxidized, the selectivity for this product deserved attention, especially in 
the case of the samples derived from FeAlO-HDA, which provided 100% 
selectivity. The high selectivity of these solids could be attributed to 
their morphologies and specific surface areas, which underwent few 
changes upon increasing the calcination temperature from 500 to 
1000 ◦C. 

3.5. Homogeneous oxidation 

The oxidation of the three substrates was also carried out under 
homogeneous conditions, by using iron chloride (in the amount equiv
alent to the Fe content in the solid samples) and the same reaction 
conditions. In the case of cyclooctene epoxidation, the yield obtained 
was ~2%, whereas the catalyst was not active for cyclohexane and n- 
hexane oxidation. Hence, the alumina matrix played a crucial role in 
promoting the efficiency and selectivity of the materials by applying the 
principle of the isolated site of biological systems, as recently proposed 
for polymeric matrixes that can control the access of the substrate to the 
catalyst active sites [18]. Sample FeAlO-HDA-1000 clearly mimicked 
the site isolation principle and directed the hydrocarbon for oxidation, 
giving higher selectivity for hexan-3-one (see Fig. 9). 

4. Conclusions 

Mesoporous Fe(III)-alumina materials were efficiently prepared by 
the non-hydrolytic sol–gel method. The use of surfactants (cetyl
trimethylammonium bromide, sodium dodecylsulfate, or 

Fig. 7. Catalytic results for iron aluminates during cyclohexane oxidation by anhydrous H2O2 (42 wt% ethyl acetate) as oxidant. Conditions: Fe3+/H2O2/substrate 
molar ratio = 1: 100: 500; T = 50–55 ◦C (A = alcohol (cyclohexanol); K = ketone (cyclohexanone)). 

Table 5 
Cyclohexane conversion after oxidation reaction for 48 h catalyzed by FeAlO- 
CTAB-1000 (Fe3+/H2O2/substrate molar ratio = 1:100:500; T = 50–55 ◦C), 
and conversion after addition of PPh3 (analyzed 20 min later).  

Test Cyclohexanol (%) Cyclohexanone (%) 

Without PPh3 12 13 
With PPh3 17 10  

Table 6 
TON and TOF values in the oxidation of cyclooctene after 24 h of reaction and 
cyclohexane after 48 h of reaction, respectively.   

Cyclooctene Cyclohexane 

Catalyst TON TOF (h− 1) TON TOF (h− 1) 

FeAlO-CTAB-500 16 0.67 3 0.06 
FeAlO-CTAB-1000 22 0.92 10 0.21 
FeAlO-SDS-500 27 1.13 5 0.10 
FeAlO-SDS-1000 23 0.96 6 0.12 
FeAlO-HDA-500 43 1.79 2 0.04 
FeAlO-HDA-1000 55 2.29 4 0.08 

Turnover number (TON) = amount of products conversion (mol)/amount of iron 
(III) (mol) and Turnover Frequency (TOF) = TON/time of reaction. 

G.P. Ricci et al.                                                                                                                                                                                                                                  



Microporous and Mesoporous Materials 325 (2021) 111317

12

hexadecylamine) increased the specific surface area of all the materials, 
mainly cetyltrimethylammonium bromide. Fe(III) was incorporated into 
the alumina matrix and showed an homogeneous dispersion. The cata
lytic activity of the solids resulted from a complex combination between 
acid sites and specific surface area. For cyclooctene oxidation, the solids 
calcined at 1000 ◦C, with lower concentration of acid sites, showed 
better catalytic activities, mainly when the surfactant used during syn
thesis was sodium dodecylsulfate (34% conversion). As for cyclohexane 
oxidation, the solid obtained from cetyltrimethylammonium converted 
25% of the substrate after 48 h. These results were promising, especially 
considering the mild reaction conditions used herein (a non-polluting 
oxidant and 50–55 ◦C). For n-hexane oxidation, the conversion was ca. 
7%, with high selectivity for hexan-3-one mainly in the case of the 
hexadecylamine derived solid, which was 100% selective for this 
product. 
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[43] S. Vural, Ö. Sari, Synthesis and characterization of SDS assistant α-alumina 
structures and investigation of the effect of the calcination time on the 
morphology, Colloid Polym. Sci. 297 (2019) 107–114. 

[44] C. Subrahmanyam, B. Viswanathan, T.K. Varadarajan, Synthesis, characterization 
and catalytic activity of mesoporous trivalent iron substituted aluminophosphates, 
J. Mol. Catal. A Chem. 223 (2004) 149–153. 

[45] P. Tartaj, J. Tartaj, Microstructural evolution of iron-oxide-doped alumina 
nanoparticles synthesized from microemulsions, Chem. Mater. 14 (2002) 536–541. 
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