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Abstract  

Two series of mixed cobalt-iron oxides were synthesized by the conventional hydrotalcite 
route, without (CoxFe2-HT) or with microwave irradiations (CoxFe2-MW). Different 
molar ratios Co2+/Fe3+ were also investigated with 2 ≤ x ≤ 8. X-ray diffraction (XRD) 
analysis confirmed the formation of the desired hydrotalcite phase for all the materials 
before calcination whatever the molar ratio Co2+/Fe3+ is. After calcination of the latter 
materials at 500 °C, XRD evidenced the complete destruction of the hydrotalcite phase 
and, consequently, the formation of mixed oxides of cobalt and iron.  
After being characterized, the oxides materials were tested towards the total oxidation of 
the volatile organic compound (VOC) propene. Both the molar ratio and the preparation 
method have a significant effect on the catalytic properties. The light-off curves of 
CoxFe2-HT500 materials showed that the catalytic activity is improved for a molar ratio 
Co2+/Fe3+ > 2. Co6Fe2-HT500, with the ratio Co2+/Fe3+ equal to 3, showed the best 
catalytic performance. Furthermore, except for Co8Fe2-MW500, the materials that were 
subjected to microwave irradiations gave higher catalytic activities compared to those of 
the homologous ones prepared without such irradiations. Co6Fe2-MW500 was found to 
be the most catalytically active among all the materials of both series due to the higher 
specific surface area, the higher amount and easier reducibility of active species, higher 
proportion of mobile oxygen and of Co2+ on the surface. Furthermore, this catalyst did 
not show tendency to deactivation and coking even after 100 h under stream.  
 
Keywords: Mixed cobalt-iron oxides; Hydrotalcite-like materials; Microwave irradiation; 
Molar ratio; Catalytic oxidation 
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Heterogeneous catalysis is regarded as one of the most promising strategies for 
volatile organic compounds (VOCs) removal that consists in the oxidation of VOCs into 
carbon dioxide (CO2) and water (H2O) in the presence of a catalyst according to the 
following reaction: 

 
4 C�H�O� + 
4x + y − 2z� O� → 4x CO� + 2y H�O 

This technique has triggered tremendous interest in the past two decades and made huge 
progress and developments [1] in order to understand the influence of the catalyst used 
(composition, nature, synthesis, design…) during the VOC oxidation.  
 

Among the most studied metal oxides, catalysts based on cobalt oxide are generally 
the most used and now the most active in the catalytic oxidation of VOCs. Indeed, the 
high activity of this oxide resides in its high reduction capacity. The relatively weak Co-
O bond, generates an easy interaction between the oxygen atoms of the lattice and the 
reagents of the oxidation reaction [2]. This redox property is often sought after, since the 
Mars-Van Krevelen mechanism takes place usually in these reactions [3]. Several factors 
influence the properties and the catalytic performance of cobalt species. Indeed, Xie et al. 
[4] evaluated the catalytic performance of o-xylene oxidation, while Bai et al. [5] and Li 
et al. [6] tested a mesoporous compound for the oxidation of toluene. These three groups 
of authors found better activity for mesoporous Co3O4 species than for bulk Co3O4.  

Mesoporous materials have a developed and organized pore structure, which is 
advantageous in giving more accessible active sites for the reactive molecule. Moreover, 
mesoporous Co3O4 with different structures and morphologies were prepared in presence 
of hard templates (MCM-48, MCM-41 and SBA-15) by Yu et al. [7]. In this study, the 
material with the largest surface area showed the highest catalytic performance. Other 
studies revealed that soft templates can also be effective for the synthesis of Co3O4 
materials with remarkable physicochemical properties [8,9]. For example, the inverse 
micelle method appeared to be effective for the synthesis of unique pore structure Co3O4  
based material for 2-propanol oxidation [10]. The increase in catalytic performance is 
essentially associated with a higher specific surface area, greater abundance of Co3+ 
active species and higher number of surface oxygen, and better reducibility of oxide 
species. Several studies have succeeded in increasing the dispersion of cobalt species 
using different supports. Indeed, Carrillo et al. [2] used halloysite clay support, and 
showed that for monometallic catalysts, the cobalt-based catalyst exhibits better toluene 
oxidation performance than the copper-based catalyst. Mei et al. [11] have found that the 
highest activity towards dibromomethane oxidation in the presence of Co3O4/CeO2 
catalyst is related to the high content of Co3+ and surface oxygen. In addition, it has been 
found that Co3O4 supported on clinoptilolite-type zeolite gives good catalytic activity 
towards toluene oxidation [12]. Konsolakis et al. [13] reported that the introduction of 
cobalt with cerium oxide remarkably increases the catalytic activity towards ethyl acetate 
oxidation. On the other hand, nanocrystalline cobalt oxide showed higher activity than 
supported catalysts towards propane oxidation [14]. Luo et al. [15] studied the influence 
of cobalt and manganese binary oxides on the total oxidation of toluene and found that 
the molar ratio Co/Mn = 1 has the best catalytic activity. In fact, the highest activity 
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towards the oxidation of toluene is related to the concentrations of active cobalt species at 
the surface. 

 
Another transition metal, that has triggered interest for its ecological property and low 

cost, is iron metal oxide [16] that also presents high sintering temperature that can 
prevent catalytic deactivation. Indeed, Tseng et al. [17] obtained excellent catalytic 
performances for iron oxide catalysts (MnO/Fe2O3) for the total oxidation of styrene. 
Similarly, Kim et al. [18] studied the influence of iron-based catalysts. The following 
catalytic order shows that iron metal has the highest performance towards the total 
oxidation of hexane: LaFeO3 > LaCoO3 > LaMnO3 > PdO/Al2O3. In addition, the 
influence of the preparation method was investigated. It was found that iron prepared by 
the co-precipitation method showed better catalytic activity towards toluene oxidation 
than the one prepared by impregnation [19]. On the other hand, the most efficient iron 
catalyst also exhibited a high thermal stability for at least 30 hours. Similarly, a 
comparison was made by Li et al. [20] on aluminum and iron catalysts introduced on 
montmorillonites. The researchers found that the iron-based catalysts had higher catalytic 
performance and thermal stability towards the total oxidation of toluene and 
chlorobenzene than those of the aluminum catalysts. Furthermore, it has been found that 
a higher concentration of iron in the lamellar material enhances the catalytic reactivity of 
these VOCs.  
 

We have previously investigated [21] the importance of the hydrotalcite route [22] in 
order to obtain a well dispersed transition mixed oxides based on Co, Mg, Al, and Fe 
prepared as catalysts towards the total oxidation of VOC. It has been proved that the 
mixed cobalt-iron oxide Co4Fe2O7 exhibited the best catalytic activity among the studied 
solids. In addition, we have reported the advantage of microwave irradiations as an 
unconventional synthesis method for hydrotalcite preparation [23]. Moreover, we have 
investigated the influence of different microwave irradiation parameters (temperature, 
power, and time) used during this synthesis, on the performance of the mixed cobalt-iron 
oxides towards the total oxidation of the VOC propene [24].  
It is well known that the molar cationic ratio influences the formation of hydrotalcite-like 
materials. In order to obtain pure hydrotalcite phase, the molar ratio M2+/M3+ must be in 
the range of 2 to 4 [25]. Indeed, the effect of molar ratio on the formation of hydrotalcite-
like materials was reported by many authors [26]. The effect of the molar cationic ratio in 
the range of 0.5 to 3, was investigated for Cu/Al hydrotalcite-like materials. The highest 
crystallinity was obtained for the sample Cu/Al with the molar ratio equal to 1. The 
decrease of the Cu/Al molar ratio promotes a decrease of malachite crystallinity [27]. In 
addition, Abderrazek et al. [28] showed that the molar ratio influences the crystallinity 
and the purity of the hydrotalcite-like materials. In fact, the synthesized sample Zn/Al 
with a molar ratio equal to 2, showed the highest intensities in XRD patterns compared to 
other samples with molar ratios between 1 and 5. Similarly, the increase of Zn/Al molar 
ratio leads to a decrease in intensities and sharpness of XRD peaks. It was due to the 
formation of other crystallite phases such as ZnO and ZnAl2O4 [29,30].  
The aim of this paper is to investigate the influence of the molar ratio Co2+/Fe3+ and the 
preparation method, with or without microwave, of Co/Fe hydrotalcite-like materials on 
the catalytic oxidation of the VOC propene.  
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2. Experimental 

2.1. Catalysts synthesis 

Several hydrotalcite-like samples containing different amounts of Co and Fe cations 
were prepared by the co-precipitation method. The solids were prepared by mixing an 
aqueous solution containing appropriate amounts of Co(NO3)2.3H2O (CHEM-LAB purity 
97 %) and Fe(NO3)3.9H2O (CHEM-LAB, purity 98 %) depending on the desired molar 
ratio Co2+/Fe3+ = 1; 2; 3 or 4. The solution was added dropwise at room temperature, into 
a stirred 1 mol.L-1 sodium carbonate (ACROS, 99.5 %) solution. The pH was kept at a 
constant value of 10 using 2 mol.L-1 sodium hydroxide (PANREAC, 98 %) solution. 

After complete precipitation, half of the solution was left under vigorous stirring for 
24 h at 60 °C, while the other half was submitted to microwave irradiation for 1 min at 
40 W (38 °C). These microwave parameters were evaluated and optimized in our 
previous work [24]. 

At last, all samples were filtered, washed with hot deionized water until neutralization, 
and dried for 48 h. The obtained precipitates were ground and calcined under an air flow 
(2 L.h-1, 1 °C.min-1) at 500 °C for 4 h. Uncalcined samples will be denoted as CoxFe2-HT 
and CoxFe2-MW, where HT and MW represent the conventional and microwave 
treatment respectively, whereas the subscript x represents the molar ratio of cobalt metal 
with x = 2; 4; 6 and 8. The samples calcined at 500 °C will be designated by CoxFe2-
HT500 and CoxFe2-MW500. 

 
2.2. Characterization techniques 

Element chemical analyses for Co and Fe were carried out using Inductively Coupled 
Plasma-Optical Emission Spectrometer (ICP OES, Thermo ICAP 6300 DUO).  

Structural analysis of the different catalysts was carried out at room temperature by 
powder X-ray diffraction (XRD). The patterns were recorded using a Bruker D8 advance 
diffractometer, with a copper anode CuKα radiation (λ = 1.5418 Å). The measurements 
were taken from 5 to 80° with a step size of Δ(2θ) = 0.02 and a counting time of 2 s per 
step. Identification of the crystalline phases was made with the Joint Committee on 
Powder Diffraction Standards (JCPDS) files, using EVA software.  

The specific surface area was calculated by Brunauer-Emmett-Teller (BET) method, 
by nitrogen adsorption at low temperature (-196 °C), using ANKERSMIT Quanta Sorb 
Junior apparatus. Before the adsorption, the uncalcined samples were degassed at 60 °C 
for 45 min and the calcined samples at 130 °C for 30 min.  

The reducibility of the calcined samples was studied by temperature-programmed 
reduction method (H2-TPR). Experiments were carried out in an Altamira AMI 200 
apparatus starting from room temperature to 950 °C, with a heating rate of 5 °C.min-1. 
H2-TPR runs were carried out in a flow (30 mL.min-1) of 5 vol.% H2 diluted in argon. 
The evolution of hydrogen consumption was detected by a thermal conductivity detector 
(TCD). 

X-ray photoelectron spectroscopy (XPS) analyses were conducted on a Kratos Axis 
Ultra spectrometer with a monochromatic Al Kα (hν = 1486.6 eV) radiation source and a 



5 

 

hemispherical analyzer with constant ΔE/E. The power of the source was maintained at 
150 W. The binding energy (BE) was calibrated based on the line position of C 1s 
(285 eV). The simulations and the quantifications of the data were carried out on the 
CasaXPS software. 

Thermal decomposition analyzes were performed on a SDT Q600 device operated 
under an air flow of 100 mL.min-1. The sample (about 15 mg) was heated from room 
temperature to 1000 °C with a heating rate of 5 °C.min-1. The results obtained were 
treated using T.A. UNIVERSAL ANALYSIS software.  
 
2.3. Catalytic test  

The total oxidation of propene reaction was performed at atmospheric pressure in a 
continuous flow fixed bed reactor with 10 mm of inner diameter. 100 mg of catalyst were 
used. The catalyst was pretreated under an air flow at 150 °C for 1 h. The reaction was 
then studied in temperature range 150 - 500 °C with an increase of 1 °C.min-1. Two 
thermocouples were used: one inside the furnace and another placed near to the catalytic 
bed in order to control and monitor the temperature during the test. A total flow rate of 
100 mL.min-1 composed of 6000 pm propene balanced by air was studied. The reactants 
and the oxidation products were then analyzed using a Varian CP-4900 microGC coupled 
with a TCD detector. The catalytic performance of the synthesized materials was 
evaluated based on the temperature at which 50% of the propene was converted into CO2, 
which will be affiliated to T50 in this presented work. The propene conversion was 
defined as a function of carbon number of the products and eventual by-products of this 
oxidation reaction: 

������� ���������� 
%� =  

%� ��! +  
%� �! 


%� ��! + 
%� �! + 3 × 
%�$%&�!

× 100 

3. Results and discussion 

3.1. Characterization 

Table 1. Chemical analysis, cell parameters (a and c), and specific surface areas of the uncalcined 
samples 

Sample 
Chemical analysis  

a* (Å) c** (Å) 
Specific surface area 

(m2.g-1) Theoretical Experimental 

Co2Fe2-HT 1 1.01 3.12 22.57 63 

Co2Fe2-MW 1 1.03 3.12 22.08 70 

Co4Fe2-HT 2 2.05 3.11 22.65 68 

Co4Fe2-MW 2 2.04 3.11 22.19 91 
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Co6Fe2-HT 3 3.03 3.12 23.13 76 

Co6Fe2-MW 3 3.02 3.12 23.16 111 

Co8Fe2-HT 4 4.08 3.11 23.08 60 

Co8Fe2-MW 4 4.07 3.10 23.07 45 

* a = 2 x d(110)        ** c = 3 x d(003) 

 
The ICP results presented in Table 1 show that the experimental molar ratios 

Co2+/Fe3+ are very close to those desired, for the two preparation methods, thus validating 
the syntheses carried out with the various molar ratios going from 1 to 4. 

The XRD patterns of the uncalcined CoFe samples prepared with or without 
microwave irradiations are presented in Fig. 1.  
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Fig. 1. X-ray diffraction patterns of the uncalcined samples prepared with different Co/Fe molar 
ratios. (a) CoxFe2-HT samples; (b) CoxFe2-MW samples. H: Hydrotalcite phase (JCPDS No.50-
0235); 
h: Cobalt hydroxide α-Co(OH)2 (JCPDS No. 46-0605) 

 
The patterns obtained correspond to the rhombohedral hydrotalcite phase belonging 

to the space group [31], similar to Co5.84Fe2.16(OH)16(CO3)1.08.0.32H2O (JCPDS-ICDD 
50-0235) [32], having cobalt as the divalent cation and iron as the trivalent cation. The 
comparison of XRD patterns indicates a difference in the intensities of the lines of the 
hydrotalcite phase (H) by modifying the ratio between the divalent cation Co2+ and the 
trivalent cation Fe3+. Moreover, a minor phase of cobalt hydroxide α-Co(OH)2 was 
detected at approximately 2θ = 33.5 ° [33]. Despite the decrease in the cobalt content by 
decreasing the Co2+/Fe3+ molar ratio, this phase is still detected for both Co2Fe2-HT and 
Co2Fe2-MW solids. According to Ma et al. [32], the incorporation of iron has prevented 
the formation of β-Co(OH)2, unlike the hydrotalcite containing cobalt where a mixture of 
both α-Co(OH)2 and β-Co(OH)2 was detected.  

 
The crystallographic parameters “a” and “c” of the dried solids determined by XRD 

measurements are listed in Table 1. As predicted, the increase in the Co2+/Fe3+ ratio does 
not cause any remarkable difference for the “a” parameter for both series of samples, 
since the crystallographic parameter “a” corresponds to the average cation-cation (Co2+-
Fe3+) distance in a hydroxide sheet.  
Concerning the crystallographic parameter “c” which gives information on the thickness 
of the interlayer domain [34], an increase of this parameter is noticed when the ratio 
Co2+/Fe3+ increases. As a result, Co6Fe2 and Co8Fe2 samples have the highest c values. 
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Similarly, Pérez Bernal et al. [35] also reported a slight increase in the “c” parameter with 
the increase in the Co2+/Fe3+ ratio prepared by the conventional hydrotalcite method, and 
thus when the Fe3+ content decreases. 
Moreover, the increase of the parameter “c” with the increase of the Co2+/Fe3+ ratio can 
be attributed on one hand to the substitution of Fe3+ by Co2+ ions leading to a decrease in 
the positive charge density of the brucite-like sheet, thus reducing the electrostatic 
interaction between the brucite layer and the interlayer domain [36]. On the other hand, 
the high cobalt content could cause partial oxidation of Co2+ ions to Co3+ during synthesis. 
The highest oxidation state of Co3+ requires more carbonate for charge compensation in 
the interlayer domain, hence the higher value of the parameter “c”. The partial oxidation 
of Co2+ to Co3+ during synthesis has also been observed and reported by other authors 
[37–39].  

 
The specific surface areas of the two series of samples before calcination at 500 °C 

are shown in Table 1. In fact, the specific surface areas vary not only according to the 
nature of the cations present in the hydrotalcite structure but also depend on the ratio of 
the cations and the preparation method. First, the dried solids showed that with the 
increase of the Co2+/Fe3+ ratio from 1 to 3, the specific surface values increase. The 
highest specific surface area was obtained for the sample with Co2+/Fe3+ ratio of 3, in 
particular for the Co6Fe2-MW solid, with a specific surface area equal to 111 m2.g-1. 
These results are in agreement with those of Rives et al. [40] for hydrotalcite (Cu+Co)/Al 
solids. Indeed, an increase of the specific surface area is obtained with the increase of the 
cobalt content. Changes in morphology are behind these observations. On the other hand, 
a decrease in the specific surface area is observed when the molar ratio Co2+/Fe3+ 
increases from 3 to 4. It is worth mentioning that all specific surface areas of CoxFe2-MW 
dried samples are higher than those of the conventional series CoxFe2-HT. However, for a 
molar ratio of 4, a lower specific surface area is obtained for the MW sample (45 m2.g-1 
for Co8Fe2-MW) compared to that of the conventional one (60 m2.g-1 for Co8Fe2-HT).  
 

The XRD patterns of the CoxFe2-HT500 and CoxFe2-MW500 solids are presented in 
Fig. 2(a) and Fig. 2(b) respectively.  
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Fig. 2. X-ray diffraction patterns of the calcined samples prepared with different Co/Fe molar ratios. (a) 
CoxFe2-HT500 samples; (b) CoxFe2-MW500 samples. C: Co3O4 (JCPDS No. 42-1467) and CoFe2O4 
(JCPDS No. 22-1086); F: ɤ-Fe2O3 (JCPDS N° 04-0755) 
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It is obvious that the hydrotalcite structure is destroyed after the heat treatment. The 
new crystalline phases are attributed to mixed oxides of cobalt and iron. For both series 
of samples, the presence of Co3O4 and CoFe2O4 phases is noted.  
The XRD patterns for the Co2Fe2-HT500 and Co2Fe2-MW500 samples show the presence 
of a new phase corresponding to ɤ-Fe2O3 at 2 θ ° = 62 ° and 64 ° [41]. Indeed, these 
samples have the lowest ratio Co2+/Fe3+, and therefore the highest iron content. As a 
result, the formation of iron oxide may be due to the higher iron content present in these 
solids [42].  
 
Table 2. Specific surface areas and temperature at 20% (T20) and 50% (T50) propene conversion 
of the oxides catalysts 

Sample 
Specific surface area 

(m2.g-1) 
T20 (°C) T50 (°C) 

Co2Fe2-HT500 58 228 232 

Co2Fe2-MW500 60 234 237 

Co4Fe2-HT500 57 242 244 

Co4Fe2-MW500 80 212 214 

Co6Fe2-HT500 79 209 213 

Co6Fe2-MW500 95 195 200 

Co8Fe2-HT500 56 220 224 

Co8Fe2-MW500 28 246 280 

 
After calcination at 500 °C, the oxides formed have lower specific areas than the dried 
samples, except for Co6Fe2-HT500 which has a slightly higher surface area after 
calcination (Table 2). Furthermore, all CoxFe2-MW500 samples have higher specific 
surface areas than the CoxFe2-HT500 series, especially for solids with a molar ratio of 2 
and 3. However, the solid with a molar ratio Co2+/Fe3+ = 4 is an exception, since Co8Fe2-
MW500 (28 m2.g-1) shows a lower specific surface area than Co8Fe2-HT500 (56 m2.g-1). 
The isotherms obtained for all samples (shown in Supplementary Information Fig.S1.) 
are of type IV, based on the IUPAC classification, attributed to mesoporous materials. 
Solids resulting from both syntheses present a hysteresis loop of type H1 with a plateau at 
high P/P0 often associated with agglomerates that result in a narrow pore size distribution. 

Temperature-programmed reduction (H2-TPR) experiments showed two reduction peaks 
for all CoxFe2-HT500 and CoxFe2-MW500 samples. The profiles (shown in 
supplementary data Fig.S2.) are similar to those obtained in our previous works [21,24]. 
It is important to note that for all TPR profiles of mixed Co-Fe oxides synthesized with 
different ratios, the first peak is attributed to the reduction of Co3O4 to CoO [43,44]. The 
second intense peak, at higher temperature, corresponds to the reduction of CoO to 
metallic cobalt (Co0) as well as to the simultaneous reduction of Fe2O3 to Fe3O4 and Fe0 
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[45,46]. It is known that the reduction of cobalt and iron oxides takes place at quite 
different temperatures. It has been previously reported that the reduction of two oxides 
incorporated on the same support occurs simultaneously, even though their reductions 
take place at different temperatures when they are not in presence of each other. In fact, it 
is assumed that hydrogen is dissociatively adsorbed on the cobalt particles, with a 
spillover of the hydrogen atoms, leading to a decrease of the reduction temperature of the 
iron oxide particles [47].  
 
Table 3. Theoretical and experimental hydrogen consumptions and maximum reduction 
temperature of each oxide sample 

Sample 

Theoretical H2 consumption 
(μmol H2.g-1

cata) 
Maximum reduction 

temperature (°C) Experimental H2 
consumption 

(μmol H2.g-1
cata) 

Co3O4 
into Co0 

Fe2O3 into 
Fe0 Total 1st peak 2nd peak 

Co2Fe2-HT500 
8614 9691 18305 

330 483 17254 

Co2Fe2-MW500 318 451 17324 

Co4Fe2-HT500 
11608 6530 18138 

291 409 16622 

Co4Fe2-MW500 280 401 18329 

Co6Fe2-HT500 
13129 4924 18053 

279 413 18330 

Co6Fe2-MW500 262 400 18450 

Co8Fe2-HT500 
14051 3952 18003 

299 427 16288 

Co8Fe2-MW500 313 425 15265 

 
It is noted that increasing the Co2+/Fe3+ molar ratio from 1 to 3, results in a shift of the 

reduction peaks to lower temperatures (Table 3). This indicates that the increase in cobalt 
content induces an easier reducibility of the oxide species [42]. However, by a further 
increase of the ratio to 4, an increase in the reduction temperatures is observed. Indeed, 
Co8Fe2-HT500 shows reduction peaks at temperatures higher than those of Co4Fe2-
HT500 and Co6Fe2-HT500.  
In addition, CoxFe2-MW500 series, except for Co8Fe2-MW500, exhibit lower reduction 
temperatures than those of their homologues CoxFe2-HT500. Furthermore, the 
experimental values of hydrogen consumed, which are close to the theoretical ones, 
suggest that almost all of cobalt and iron oxides in the studied samples are reduced under 
our experimental conditions  

 
3.2. Catalytic performance and X-ray photoelectron spectroscopy (XPS)  

Fig. 3 displays the evolution of propene conversion to CO2 versus the reaction 
temperature in the presence of the CoxFe2 catalysts. 
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Fig. 3. Propene conversion to CO2 versus reaction temperature on CoxFe2-HT500 and 
CoxFe2-MW500 samples 

 
It should be mentioned that in all cases, the selectivity towards carbon dioxide, the 
desired product, is 100%. No other carbon-containing product was detected.  
The classification of the catalysts is done according to the values of T50 (°C) reported in 
Table 2, corresponding to 50% of propene conversion. Firstly, for the series 
CoxFe2-HT500, the following order is obtained: Co6Fe2-HT500 > Co8Fe2-
HT500> Co2Fe2-HT500 > Co4Fe2-HT500.  
Among this series of catalysts, the best catalytic activity is attributed to the catalyst 
having a molar ratio equal to 3. Kovanda et al. [48] synthesized a series of Co-Mn-Al 
hydrotalcites with different molar ratios. The best activity towards ethanol oxidation was 
obtained for the Co4Mn/Al sample having the highest ratio (Co + Mn). Similarly, for the 
decomposition of N2O, the Co4Mn/Al catalyst has the best catalytic performance. This 
result was explained by the optimal content of reducible species [48].   
Concerning the series CoxFe2-MW500, the classification is as follows: Co6Fe2-
MW500 > Co4Fe2-MW500 > Co2Fe2-MW500 >> Co8Fe2-MW500. This ranking shows 
that when the molar ratio increases from 1 to 3, an improvement of the catalytic 
performance is observed. However, when the molar ratio is equal to 4, the catalytic 
performance decreases significantly. Excellent activity is obtained for the catalyst 
Co6Fe2-MW500 having a molar ratio Co2+/Fe3+ equal to 3. This catalyst gives a 
conversion of 100% at 212 °C. 
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From the T50 (°C) values obtained, we can establish the following global order: 
Co6Fe2-MW500 > Co6Fe2-HT500 = Co4Fe2-MW500 > Co8Fe2-HT500 > Co2Fe2-T500 ~ 
Co2Fe2-MW500 > Co4Fe2-HT500 >> Co8Fe2-MW500.  
The best activity is obtained for the solid having a molar ratio equal to 3. This better 
activity is correlated with the greater surface area of 95 m2.g-1 after calcination (Table 2). 
Likewise, this catalyst has the easiest reducibility of the species as well as the highest 
experimental hydrogen consumption (Table 3).  
It can be noticed that when the molar ratio is equal to 1, the two solids Co2Fe2-MW500 
and Co2Fe2-HT500 showed very similar catalytic activities. When the molar ratio is equal 
to 2 or 3, microwave samples showed higher activities than the conventional samples. 
The main difference lies when the molar ratio is equal to 4, where the conventional 
sample Co8Fe2-HT500 showed higher catalytic activity than the sample Co8Fe2-MW500 
treated under microwave. It can be deduced that both the molar ratio Co2+/Fe3+ and the 
synthesis method affect the catalytic activity towards the total oxidation of propene. The 
synthesis using microwave irradiations thus really improves the physicochemical 
properties of the catalyst and consequently leads to an improvement of the catalytic 
activity towards the total oxidation of propene, for Co2+/Fe3+ molar ratios equal to 2 or 3.  
 
These results can be mainly explained by X-ray photoelectron spectroscopy (XPS). 
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Fig. 4. XPS spectra of (a) Co 2p, (b) O 1s and (c) Fe 2p for CoxFe2-MW500 series. 
(1): Co2Fe2-MW500; (2): Co4Fe2-MW500; (3): Co6Fe2-MW500; (4): Co8Fe2-MW500 
 
According to the XPS spectra of Co 2p in the CoxFe2-MW500 series with various Co/Fe 
molar ratios (Fig. 4(a)), two spin-orbit coupling (Co 2p1/2 and Co 2p3/2) and three satellite 
peaks were observed. The signals located at 796 and 780 eV correspond to the surface 
Co2+ species. However, the signals located at 794 and 779 eV correspond to the surface 
Co3+ species [49]. The Co3+/Co2+ ratio was calculated using the relative percentage of 
Co3+ and Co2+ ions of the Co 2p3/2 signal. As shown in Table 4, when the molar ratio is 
equal to 2 or 3, the surface Co3+/Co2+ molar ratio decreased for Co4Fe2-MW500 and 
Co6Fe2-MW500 compared to Co4Fe2-HT500 and Co6Fe2-HT500 respectively. Therefore, 
the proportion of Co2+ ions is higher for both microwave solids that showed better 
catalytic activities towards the total oxidation of propene.  
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Table 4. Binding energy (BE) for O 1s, Co 2p, and Fe 2p levels, relative OII percentage, 
Co3+/Co2+ and Co/Fe surface molar ratios for all catalysts 

Catalyst 
BE (O 1s) (eV) Relative OII 

percentage  
BE (Co 2p1/2) 

(eV) 

BE (Co 2p3/2) (eV) Surface content 
Co3+/Co2+ 

BE (Fe 2p) (eV) 
Co/Fe ratio 

OI OII OIII Co3+ Co2+ 2p3/2 2p1/2 

Co2Fe2-HT500 529.8 531.7 533.4 30.29 795.5 779.3 780.2 1.15 710.7 724 0.62 

Co2Fe2-MW500 529.8 531.5 533 30.52 795.5 779.4 781.0 1.16 710.9 724.4 0.66 

Co4Fe2-HT500 530 531.5 533 21.46 795.6 779.7 780.7 1.10 711 724 1.16 

Co4Fe2-MW500 529.8 531.7 533 30.79 795.7 779.4 780.6 0.83 710.8 724 1.19 

Co6Fe2-HT500 530.1 531.7 533.3 37.06 795.7 779.7 780.9 0.74 710.8 723.9 1.57 

Co6Fe2-MW500 529.8 530.8 532.8 49.25 796 779.6 780.7 0.37 710.8 724 1.53 

Co8Fe2-HT500 529.5 530.9 533.2 42.41 795.3 779.2 780.3 1.20 710.4 723.8 2.21 

Co8Fe2-MW500 529.8 530.8 532.6 22.04 795.3 779.5 780.8 2.25 710.6 723.6 2.36 

 
However, when the molar ratio increased to 4, the surface ratio Co3+/Co2+ was lower for 
Co8Fe2-HT500 than for Co8Fe2-MW500. Co8Fe2-HT500 contains therefore higher 
proportion of Co2+ ions and consequently, showed better catalytic activity than the MW 
solid. So the best catalytic activity is correlated with the higher proportion of Co2+ ions.  
Regarding the oxygen species, three components were observed (Fig. 4(b)). The first 
component (OI) at 529 eV is attributed to oxygen species in the lattice. The second 
component (OII) at 531 eV corresponds to surface oxygen [50]. The third component (OIII) 
at 532.5 eV corresponds to oxygen species present in carbonates and water [51]. Often 
the good activity of a catalytic oxidation is correlated with the surface oxygen, which 
presents the highest mobility among the cited oxygen species. Therefore, the relative 
percentages of the second component for all catalysts (OII) are listed in Table 4. When the 
molar ratio is equal to 2 or 3, surface oxygen proportion is higher for microwave samples. 
So a higher proportion of surface oxygen is obtained for both microwave solids that 
showed better catalytic activities. When the molar ratio is equal to 4, the higher 
proportion of surface oxygen is obtained for the conventional solid that showed better 
catalytic activity than the sample treated under microwave.  
 
Higher proportion of Co2+ ions on the surface and higher amount of surface oxygen are 
obtained for the solids Co6Fe2-MW500 and Co4Fe2-MW500 compared to 
Co6Fe2-HT500 and Co4Fe2-HT500 respectively. Samples Co2Fe2-HT500 and Co2Fe2-
MW500, with relatively the same catalytic performances, showed approximately the 
same proportion of surface oxygen and Co2+ ions. It should be noted that all the solids of 
the two series CoxFe2-HT500 and CoxFe2-MW500 show a much higher activity than that 
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of Co8Fe2-MW500. The latter has the lowest catalytic activity and the lowest specific 
surface area of 28 m2.g-1 after calcination (Table 2). In addition, the lowest catalytic 
performance of this solid is also due to the lowest hydrogen consumption obtained in 
TPR.  
 
The XPS spectra of Fe 2p in the CoxFe2-MW500 series presented in Fig. 4(c), showed 
two components Fe 2p3/2 and Fe 2p1/2 located at binding energies of 710 eV and 724 eV 
respectively [52]. The Co/Fe ratios on the surface of the various solids grouped in Table 4 
were calculated from the Co 2p3/2 and Fe 2p3/2 signals. It should be noted that the Co/Fe 
surface ratio increases with the Co2+/Fe3+ molar ratio, suggesting that the surface is rich 
in Co2+ ions. Li et al. [53] also reported an increase in the surface ratio values Co/Al with 
the increase of the ratio Co/Al from 1 to 5, while a further increase in the Co/Al molar 
ratio to 6 resulted in a decrease of Co/Al surface ratio. 

3.3. Stability tests  

Aging tests also called stability tests were carried out in order to give information on 
the lifetime of a catalyst. These tests are extremely important since the catalyst is 
normally used for extended hours during industrial applications.  
The stability tests were carried out on the two solids Co6Fe2-HT500 and Co6Fe2-MW500 
having the molar ratio Co2+/Fe3+ equal to 3, since they have shown the highest catalytic 
performances for the two series CoxFe2-HT500 and CoxFe2-MW500, with 2 ≤ x ≤ 8. For 
the sake of comparison, Co4Fe2-HT500 and Co4Fe2-MW500 catalysts were also 
evaluated. 
 
In order to perform the stability tests under chemical control, low conversion percentages 
were chosen. Indeed, at relatively low conversions (15-20%), by-products can be formed, 
this fact makes it easier to detect a deactivation of the catalyst. On the other hand, at total 
conversion, the deactivation will be slower and more difficult to observe. Stability tests 
were carried out for 100 h at a fixed T20 temperature listed in Table 2, which corresponds 
to a temperature where 20% of the propene is converted.  
The results of the stability tests of the two solids with a molar ratio of 2 are summarized 
in Fig. 5(a).  
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Fig. 5. Stability tests of (a) Co4Fe2-HT500 / Co4Fe2-MW500 and (b) Co6Fe2-HT500 / Co6Fe2-
MW500 catalysts for 100 h  
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These tests were carried out at temperatures of 242 °C and 212 °C for Co4Fe2-HT500 and 
Co4Fe2-MW500 respectively. Indeed, a rapid fall of the conversion from the first hours of 
the test can be noticed. This decrease in conversion to 12% is especially noticeable for 
the solid Co4Fe2-HT500 after 10 h under flow. The latter reaches after 100 h, 10% of 
propene conversion. For the catalyst Co4Fe2-MW500, a small decrease in conversion 
from 20 to 18% after 10 h under flow is observed. Thus, the sample treated with 
microwave has a good stability under flow, better than that of the catalyst Co4Fe2-HT500. 
For Co6Fe2-HT500 and Co6Fe2-MW500, the aging tests were carried out at 209 °C and 
195 °C, corresponding to a propene conversion of approximately 19 and 20% 
respectively (Fig. 5(b)). For the solids having a molar ratio Co2+/Fe3+ equal to 3, an 
excellent and higher stability in propene conversion than those obtained for solids having 
a molar ratio equal to 2 is observed. This indicates that the molar ratio is important for the 
stability of the material. A molar ratio of 3 leads to a stability of the initial conversion, 
unlike the molar ratio 2. However, the catalyst Co4Fe2-MW500, also has a good 
conversion stability for long periods under flow. As a result, the Co6Fe2-HT500 and 
Co6Fe2-MW500 solids, and to a lesser extent the Co4Fe2-MW500 solid, exhibit resistance 
to deactivation for at least 100 h under flow. 
 

Since carbon deposition may be one of the major catalyst aging factors, differential 
scanning calorimetry/thermogravimetry analyzes were performed after these stability 
tests. The DSC signals and the weight losses of the Co4Fe2 and Co6Fe2 solids are 
presented in Fig. 6 and Fig. 7 respectively.  
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Fig. 6. Thermal analysis under air flow after stability tests of (a) Co4Fe2-HT500; 
(b) Co4Fe2-MW500 
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Fig. 7. Thermal analysis under air flow after stability tests of (a) Co6Fe2-HT500; 
(b) Co6Fe2-MW500  
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For the Co4Fe2-HT500 and Co4Fe2-MW500 solids, two peaks are observed at 
T ≤ 280 °C while for the Co6Fe2-HT500 catalyst a single peak is detected at 213 °C. The 
exothermic peaks are accompanied by a weight loss. No exothermic peak is observed for 
Co6Fe2-MW500. According to studies done by Caeiro et al. on the deactivation of H-
USY zeolites [54], two types of coke can be distinguished: "light coke" and "heavy coke". 
The "light coke" is formed at low temperatures (< 200 °C) while the "heavy coke" is 
formed at high temperatures (> 350 °C) [55]. In addition, Hosseini et al. [56] identified 
two exothermic peaks for coke combustion over PdAu/TiO2-ZrO2: the first one located at 
328 °C is attributed to the "light coke" oxidation and the second peak, at a higher 
temperature (608 °C), corresponds to the oxidation of "heavy coke" which is more 
difficult to oxidize. 

In our case, the recorded exothermic peaks indicate that carbon residues (light coke) are 
formed on the surface of our catalysts. Several studies have investigated the mechanism 
of coke combustion [57]. At low temperatures (< 800 °C), carbon reacts with oxygen to 
form carbon monoxide and carbon dioxide according to the following two reactions 
[57,58]: 
 

2 C + O� → 2 CO 
C + O� → CO� 

 
The carbon monoxide formed is then oxidized according to the reaction: 

2 CO + O� → 2 CO� 

If we consider that the carbon species formed on the Co4Fe2 materials are oxidized at 
about 280 °C, temperature higher than that of total propene conversion (230 °C for 
Co4Fe2-MW500 and 250 °C for Co4Fe2-HT500), the coking phenomenon will take place. 
Furthermore, the carbon species formed on Co6Fe2-HT500 catalyst are oxidized at 213 °C, 
a temperature lower than that of total propene conversion (around 245 °C), so this  
catalyst is stable with time and no coking is expected to take place. Coking did not take 
place on Co6Fe2-MW500 under the studied conditions. Therefore, Co6Fe2-MW500 is 
more resistant towards deactivation by coking compared to the other studied catalysts.  

3.4. Comparative study with a commercial catalyst 

The catalytic performances of Co6Fe2 and Co4Fe2 series with and without microwaves 
irradiations were compared with that of a commercial catalyst Pd (0.5wt%)/Al2O3 
(ACROS ORGANICS). The noble metal based catalyst is studied after calcination and 
after reduction. The results are shown in Fig. 8. 
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Fig. 8. Propene conversion to CO2 versus reaction temperature on commercial Pd(0.5%)Al2O3 
catalyst and calcined Co4Fe2 and Co6Fe2 series 

 

The Co4Fe2-MW500 catalyst (T50 = 214 °C) converts propene at lower temperatures than 
the calcined commercial catalyst (T50 = 230 °C). The commercial Pd/Al2O3 catalyst, 
previously reduced before test, is slightly better (T50 = 212 °C) than the Co4Fe2-MW500 
catalyst. However, the Pd/Al2O3 catalyst is more expensive. In addition, the Co6Fe2-
MW500 catalyst (T50 = 200 °C) exhibits higher catalytic activity than the reduced 
Pd/Al2O3 catalyst, which generally performs better than the transition metal catalysts. 
Thus by using microwave irradiation for the synthesis of cobalt-iron hydrotalcite 
materials and increasing the Co2+/Fe3+ molar cationic ratio to 3, an excellent catalyst for 
propene oxidation is obtained.  

It is interesting to note that in the literature, even catalysts based on calcined noble metals 
other than palladium show lower activities towards propene than those found in this work. 
Indeed, a lower activity is obtained with Au/Al2O3 (T50 = 360 °C) and Au/xCeO2-Al2O3 
(T50 between 265 and 235 °C) [59]. These catalysts showed an improvement in activity 
after reduction, as for the commercial catalyst in our case. However, their activities 
remain lower than those obtained with Co6Fe2-MW500 and even with Co4Fe2-MW500. 
Similarly, Zhang et al. [60] also tested the total oxidation of propene in the presence of 
the noble metal catalysts, containing 0.5% Ru and 0.5% Rh supported on TiO2. 
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According to the T50 (°C) values, the catalytic activity obtained with 0.5% Rh/TiO2 (T50 = 
260 °C) is significantly lower than that of Co4Fe2-MW500 (T50 = 214 °C) and in 
particular that of Co6Fe2-MW500 (T50 = 200 °C). Despite the improvement in this activity 
by substituting rhodium with ruthenium (T50 = 210 °C for 0.5% Ru/TiO2), it should be 
noted that this activity is almost similar to that of Co4Fe2-MW500 and lower than that of 
Co6Fe2-MW500.  

 

4. Conclusion 

The Co/Fe mixed metal oxides were obtained from hydrotalcite-like precursors with 
various Co/Fe molar ratios and different preparation methods: without (CoxFe2-HT) or 
with microwave irradiations (CoxFe2-MW) with 2 ≤ x ≤ 8. The prepared mixed oxides 
were tested as catalysts in propene oxidation. It was shown that cation composition as 
well as microwave irradiations strongly influenced the catalytic performance of the 
mixed metal oxides. It was shown from the different catalytic tests carried out that the 
solids having the molar ratio equal to 1 do not show any significant difference between 
the two methods. By increasing the molar ratio to 2 and 3, the microwave method has 
shown a beneficial effect on the physicochemical properties of the solids. As a result, this 
method has made catalysts significantly more efficient than the ones prepared without 
microwave irradiations. However, by further increasing the molar ratio to 4, the 
preparation of the catalyst under microwave irradiation showed a contrary result in 
comparison with those of the ratios 2 and 3. In fact, with the molar ratio 4, the solid 
prepared by the conventional method has a significantly higher activity than the one 
subjected to microwave irradiations. As a result, Co8Fe2-MW500 gave the lowest activity 
towards propene oxidation. Indeed, this solid has the lowest hydrogen consumption with 
a very low specific surface area. Conversely, Co6Fe2-MW500 showed the highest 
catalytic activity. This better performance was ascribed to the higher specific surface area, 
to the relatively easy reducibility of active oxide species, to the higher proportion of 
mobile surface oxygen and Co2+ surface cations, as revealed by H2-TPR and XPS 
techniques. In addition, Co6Fe2-MW500 showed good stability under stream and no 
tendency to coking as well as a better activity than a commercial 0.5wt% Pd/Al2O3 
catalyst.   
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