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Abstract
In the present research, magnesium aluminate spinel was prepared as catalyst sup-
port using a novel, facile, and efficient mechanochemical method. The Co-promoted 
catalysts with 20 wt.% of Ni were fabricated using an impregnation route and the 
samples were analyzed by the X-ray diffraction (XRD),  N2 adsorption/desorption 
(BET), temperature-programmed reduction and desorption  (H2-TPR and  O2-TPD), 
and field emission scanning electron microscopy (FESEM) tests. The results con-
firmed that all samples have a mesoporous structure with a high specific surface 
area and the presence of cobalt caused complete  CH4 oxidation at low temperatures, 
and no side reactions were observed. The results indicated that the 3%Co-20%Ni/
MgAl2O4 catalyst was the optimal sample among the prepared catalysts, owing to 
the improvement of reduction features and oxygen mobility. The 50 and 90% of 
methane conversion was obtained at 530 and 600 °C, respectively. Also, the influ-
ence of calcination temperature, GHSV, and feed ratio was determined on the cata-
lytic activity. The obtained outcomes revealed that the calcination temperature has 
a significant effect on the textural properties and catalytic efficiency. The sample 
calcined at 700 °C showed the weakest performance, which was related to the sinter-
ing of particles at high temperatures. The catalytic stability showed that the 3%Co-
20%Ni/MgAl2O4 has acceptable stability during 600 min time of reaction.
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Introduction

Energy supply is one of the main issues of economic development. Despite the 
increasing energy demand and the development of renewable energy, fossil fuels 
(coal, oil, and natural gas) are still substantial. A significant part of this energy is 
supplied from the combustion of natural gas [1]. Natural gas is chiefly formed of 
 CH4 and is one of the most important fossil fuels due to its higher energy content 
and lower carbon dioxide emissions [2]. The temperature of the non-catalytic com-
bustion reaction is about 1300–1400 °C, which causes the release of harmful pol-
lutants such as  NOx, CO, and unburned hydrocarbons [3]. Therefore, reducing the 
emission of these pollutants is necessary for economic and environmental goals [4]. 
Catalytic oxidation of methane is a promising technology to reduce combustion pol-
lutants and rational use of fossil fuels [5, 6].

According to previously published literature, different types of catalysts have 
been reviewed for the complete catalytic combustion of methane, such as noble met-
als [7, 8], perovskites [9, 10], spinels [11], hexaaluminates [12], and transition metal 
oxides [13, 14]. Among them, catalysts containing noble metals (Pd, Pt, Au, Rh) 
have been more studied. These metals are very active in the oxidation process at low 
temperatures. However, the high cost of precious metals limits their practical use 
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on a large scale. As a result, we need to develop suitable catalysts with high activity 
and stability. It was observed that the transition metals show acceptable activity at 
relatively low temperatures for methane oxidation [15]. Nickel-based catalysts are 
usually utilized in the oxidation–reduction process as efficient catalysts due to their 
superior activation ability for breaking C–H and H–H bonds [16]. Previous studies 
have shown that the addition of NiO to other components can improve the redox 
properties and oxygen storage capacity, which can lead to the higher activity of these 
catalysts [17]. Although many attempts have been performed to prepare a catalyst 
with high efficiency in the methane oxidation reaction, a catalyst that can signifi-
cantly reduce the light-off temperature and increase the catalyst stability has become 
a challenge. In other words, the use of compounds that enhance oxygen mobility 
is essential in catalyst formulation. Among the various metals,  Co3O4 is a suitable 
catalyst for methane combustion [18]. Cobalt oxides have been obtained using vari-
ous precursors and different preparation methods such as direct thermal decomposi-
tion [19], hydrothermal [20], and combustion [21]. The published reports indicated 
that the catalytic efficiency of the catalysts was related to the combustion behavior 
of cobalt precursors and fuels [22]. The performance of cobalt oxide on various sup-
ports such as MgO [23],  Al2O3,  ZrO2,  TiO2 [24],  CeO2 [25] has been investigated. 
However, at temperatures above 550 °C, the performance of the catalyst decreased 
due to the agglomeration. The use of supports can stabilize the cobalt particles on 
the catalyst surface and minimize the degree of agglomeration [22]. However, mag-
nesium aluminate spinel can be considered as potential catalyst support to stabilize 
and prevent the sintering of cobalt particles at high temperatures [26].

Magnesium aluminate  (MgAl2O4) has been extensively studied in various pro-
cesses such as glycerol steam reforming [27], methane decomposition [28], methane 
steam, and dry reforming [29–32], autothermal reforming [33], and methane cata-
lytic combustion [34]. The high melting temperature, high stability, low density, and 
good optical and catalytic properties are its most critical unique features [35, 36].

There are various methods for synthesizing  MgAl2O4, such as co-precipitation 
[37], sol–gel [38], combustion [39], hydrothermal [40], and mechanochemical [41]. 
As known, the use of catalysts with high specific surface area is essential in oxida-
tion reactions. However, some of the mentioned preparation methods are compli-
cated and high cost, which make the scale-up of the process difficult. Furthermore, 
in the common preparation methods, the use of the high temperature solid-state 
reactions is necessary to obtain the spinel phase, which leads to decreasing the 
porosity and specific surface area. The low porosity and BET area limit the use of 
the prepared spinel powders in catalytic applications. Among the synthesis meth-
ods, the precipitation and sol–gel can be considered as the potential methods for 
the preparation of the spinel powders with a high surface area at low temperatures. 
However, the precipitation method is complex and it requires the precious control of 
the synthesis parameters such as pH, temperature, aging time, molarity, etc. In the 
sol–gel process, the metal alkoxides are usually employed, which are expensive and 
cannot be used on an industrial scale.

Meanwhile, the mechanochemical synthesis method is one of the innova-
tive synthesis methods due to the simplicity and the use of conventional precur-
sors. Compared to the general preparation methods, the mechanochemical route is 
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environmentally friendly and is performed at room temperature. On the other side, 
this method is known as the fast preparation route due to reducing the number of 
operation steps. Furthermore, the produced nanomaterials by the mechanochemical 
method have outstanding features such as small crystallite size, uniform shape, and 
morphology with a low degree of agglomeration, narrow pore size distributions, etc. 
[42]. In this study,  MgAl2O4 spinel with small crystal size, high surface area, and 
suitable porosity was prepared by the mechanochemical method and applied as a 
support for Ni and Co-based catalysts in methane catalytic combustion. There are 
few articles on the use of  MgAl2O4 as catalyst support in the methane oxidation 
process.

Experimental

Catalyst preparation

Mg(NO3)2.6H2O, Al(NO3)3.9H2O, Ni(NO3)2.6H2O, Co(NO3)2.6H2O (Merck, 99%), 
and  (NH4)2CO3 (LOBA CHEMIE, 98%) were used as raw materials.

The catalyst support  (MgAl2O4) was synthesized using the solid-state mecha-
nochemical synthesis method with a stoichiometric ratio of MgO:Al2O3 = 1:1. For 
each gram of the support, 1.8  g magnesium nitrate hexahydrate, 5.3  g aluminum 
nitrate nonahydrate, and 5.3 g ammonium carbonate were combined in a ceramic 
agate mortar at ambient temperature to prepare a pasty solid. The mechanochemical 
synthesis method is similar to the precipitation method, except that the crystalliza-
tion water released by the mechanical force during the milling process can act as the 
solvent during the synthesis process. This method eliminates the need for solvent 
during the process and consequently generates no waste. During the preparation pro-
cess, ammonium carbonate, as a precipitating agent, was dissolved in the crystalliza-
tion water and caused the precipitation of the metal nitrate precursors by increas-
ing the pH value. Then, the wet cake was dried at 110 °C for 24 h, and calcined at 
600 °C (3 °C/min).

The nickel and cobalt were loaded on the catalyst support by the wet impregna-
tion method. In this study, the nickel content was remained constant at 20 wt.%, 
and the cobalt loading was varied from 1 to 7 wt.%. Then, the sample was dried at 
110 °C for 24 h and eventually calcined at 600 °C for 3 h. The obtained catalysts 
were denoted as x%Co-20%Ni/MgAl2O4 and x demonstrates the weight percent-
age of cobalt oxide. A schematic diagram of the catalyst preparation is displayed in 
Fig. 1.

Catalyst characterization

XRD, BET, TPR,  O2-TPD, and FESEM techniques were utilized to specify the phys-
icochemical features of the prepared catalysts. The crystalline structure of the cal-
cined samples was evaluated using a PANalytical X’Pert-Pro instrument equipped 
with a Cu-Kα radiation source (λ = 1.5486). The specific surface area, pore volume, 
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and pore size distribution of the calcined catalysts were determined by the nitrogen 
physisorption at 77 K using a Belsorp Mini II device. In this analysis, 100 mg of 
the sample was first degassed at 250  °C for 2 h under vacuum. The BET surface 
area was measured in the relative pressure range of 0.02–0.3, assuming 0.1620  nm2 
for nitrogen cross-sectional area. To evaluate the reducibility of the fresh catalysts, 
 H2-TPR analysis was done in a quartz reactor connected to a thermal conductivity 
detector (TCD) with 5%  H2 diluted in Ar gas (20 cc/min). Before the test, 100 mg 
of the calcined catalyst was degassed at 250 °C for 2 h, and then the temperature 
decreased to room temperature. Finally, the  H2-TPR analysis was performed from 
50 up to 700 °C with a heating rate of 10 °C/min.  O2-TPD analysis was performed 
to survey the oxygen mobility of the calcined catalysts with the same instrument as 
explained for  H2-TPR analysis. 300 mg of the samples were pretreated at 250 °C for 
2 h under vacuum. Then, the catalyst was oxidized with 15 cc/min oxygen flow for 
45 min. The stream was switched to helium gas (15 cc/min) for 15 min to remove 
the physically adsorbed oxygen. The desorption was conducted from room tempera-
ture to 800 °C under a pure helium stream with a heating rate of 10 °C/min. The 
morphology of the fresh and used catalysts was studied using the FESEM analysis 
by a MIRA3 TESCAN instrument at the acceleration voltage of 10 kV.

Catalytic tests

The  CH4 catalytic oxidation process was performed in a quartz tubular flow micro-
reactor with 70 cm length and an inside radius of 0.4 cm at ambient pressure. The 
catalyst particles (0.2 g, 300–600 μm) were placed in the middle of the reactor on 
quartz wool, and a thermocouple (K-type) and a programmable thermometer (Han-
young PX9) were applied to measure and control the catalyst bed temperature. The 
inlet gas flow consisted of methane, oxygen, and argon (molar ratio = 1:6:7) with a 
gas hourly space velocity (GHSV) of 24,000   cm3/h.gcat was passed over the cata-
lytic bed. Parker mass flow controllers were used to adjust the input flows. Before 
the activity test, the prepared catalysts were pretreated under the oxygen flow at 
400 °C for 1 h. The test was performed in the temperature range of 400–700 °C with 

Fig. 1  Schematic diagram of the catalyst preparation method
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intervals of 50 °C. Three injections were carried out at each temperature for repeat-
ability. The reactor outlet gas mixture was sequentially analyzed with a gas chroma-
tograph (Younglin YL 6100) outfitted with a Carboxen 1010 column and a micro 
TCD detector. A schematic diagram of the experimental setup is shown in Fig. 2. 
The  CH4 conversion was calculated using the following equation (Eq. 1).

where  CCH4in is the input methane concentration and  CCH4out is the output methane 
concentration.

Results and discussion

Structural properties of the x%Co‑20%Ni/MgAl2O4 catalysts

Figure 3 displays the XRD patterns of the catalysts prepared with different cobalt 
loadings. As can be observed, there are various diffraction peaks related to 
 MgAl2O4, NiO, and  Co3O4. The diffraction peaks located at 2θ = 19.03°, 31.3°, 
36.8°,44.8°, 59.3°, and 65.2° are assigned to the spinel phase of  MgAl2O4, and the 
diffraction peaks observed at 2θ = 43.3°, and 62.9° are related to the NiO diffrac-
tion crystalline phase [43–45]. The diffraction peaks at 2θ = 31.5°, 37°, 43.3°,44.8°, 
59.5°, 62.8°, and 65.1° are related to the  Co3O4 [46]. However, a substantial overlap 
was observed among the diffraction peaks of the  MgAl2O4, NiO, and  Co3O4 phases.

Furthermore, these patterns confirmed that the addition in cobalt content 
intensified the diffraction peaks related to the  Co3O4 phase, indicating the 

(1)XCH4
% =

XCH4in

− XCH4out

XCH4in

× 100

Fig. 2  Schematic diagram of the experimental setup
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increase in the crystallite size and decreasing the dispersion of cobalt oxide on 
the surface of the catalyst.

Figure 4a shows the nitrogen adsorption–desorption isotherms of the synthe-
sized samples. All calcined catalysts show the type IV isotherm, which is the 
characteristic of the materials with mesoporous structures. The type of the hys-
teresis loop is H3, which indicates the presence of mesopores with a slit-like 
shape [47].

The pore size distribution shown in Fig. 4b illustrated that all samples exhib-
ited a pore size in the range of 1–10 nm, and the rise of cobalt loading did not 
alter the pore size distribution. Table 1 reports the structural characteristics of 
the catalysts containing cobalt promoters. This table showed that all samples 
have a nanocrystalline structure with a high specific surface area. Also, with ris-
ing cobalt percentage, the BET area and pore volume decreased, which is com-
patible with the increase in crystallite size observed in the XRD results. Moreo-
ver, the crystallite size determined using the Scherrer equation (Eq. 2), revealed 
that the increment in weight percentage of cobalt increased, the mean crystallite 
size of the synthesized catalysts from 3.2 to 3.8 nm.

In this equation, k is a dimensionless shape factor (0.9), λ = 1.54 is the X-ray 
wavelength, β is the line broadening at half the maximum intensity (FWHM), 
and θ is the Bragg angle.

(2)D =
k�

� cos �

Fig. 3  XRD patterns of the x%Co–20%Ni/MgAl2O4 catalysts calcined at 600 °C
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Temperature‑programmed analysis of the x%Co‑20%Ni/MgAl2O4 catalysts

H2-TPR analysis was carried out to identify the reduction characteristics of the 
catalysts with various cobalt contents, and the obtained profiles are shown in 

Fig. 4  a  N2 adsorption–desorption isotherms and b pore size distribution profiles of the x%Co–20%Ni/
MgAl2O4 catalysts calcined at 600 °C
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Fig. 5. For unpromoted catalyst, there was one reduction peak in the temperature 
range of 700–1000 °C, which was attributed to the reduction of nickel oxide vari-
eties with a powerful interaction with the support [48]. However, the addition of 
1wt.% of cobalt did not change the reduction pattern due to the low amount of 
cobalt loading. Similar patterns of hydrogen consumption were observed for other 
promoted samples. The low-temperature reduction peak at about 400 °C could be 
assigned to the reduction of cobalt oxide species [49]. Furthermore, the intensity 
of the low-temperature reduction peak increased with increasing in cobalt con-
tents from 3 to 7 wt.%.

O2-TPD analysis was accomplished to study the activation and oxygen mobil-
ity on the catalyst surface and the role of surface  O2 species in the methane cat-
alytic combustion, and the results are shown in Fig.  6. Oxygen mobility plays 
a crucial role in methane catalytic oxidation. In the samples containing cobalt 
(except 1wt.% Co), two active desorption peaks were detected. The weak peak 
at low temperatures is mainly caused by the adsorption of adsorbed  O2 on the 
catalyst surface, indicating the presence of oxygen vacancies on the catalyst sur-
face. The desorption peak at high temperatures was attributed to the excretion of 
non-stoichiometric oxygen from the crystal lattice and cobalt oxide reduction. As 

Table 1  Structural properties of the x%Co–20%Ni/MgAl2O4 catalysts calcined at 600 °C

Sample SBET
(m2  g−1)

Pore volume 
 (cm3  g−1)

Pore size (nm) Average crys-
tallite size (nm)

1%Co-20%Ni/MgAl2O4 98 0.212 8.74 3.2
3%Co-20%Ni/MgAl2O4 88 0.195 8.82 3.5
5%Co-20%Ni/MgAl2O4 84 0.194 9.37 3.6
7%Co-20%Ni/MgAl2O4 80 0.191 9.59 3.8

Fig. 5  H2-TPR profiles of the x%Co–20%Ni/MgAl2O4 catalysts calcined at 600 °C
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can be observed, with raising the cobalt content, the intensity of excretion peaks 
increased, which could have a positive effect on the catalyst activity. On the other 
hand, with increasing the cobalt content higher than 3wt.%, the oxygen desorp-
tion peaks are transferred to higher temperatures, which displays the decline in 
the rate of oxygen mobility in samples with higher cobalt contents [50].

Catalytic performance of the x%Co‑20%Ni/MgAl2O4 catalysts

The effect of various cobalt contents on the catalytic activity of x%Co-20%Ni/
MgAl2O4 in the lean methane catalytic oxidation under oxygen-rich was investi-
gated, and the consequences are revealed in Fig. 7. Furthermore, the blank test was 
performed and the obtained results are revealed in this figure. The indicated results 
showed that the combustion efficiency was very low in the absence of a heterogene-
ous catalyst. The presence of cobalt resulted in the elimination of side reactions and 
the complete oxidation of methane at all temperatures. However, doping of 1wt.% 
of cobalt oxide did not significantly change the methane conversion due to the low 
content of cobalt oxide. The presence of higher percentages of cobalt up to 3 wt.% 
improved the catalytic activity. The 3%Co-20%Ni/MgAl2O4 possessed the best per-
formance in methane combustion at low temperatures due to the high oxygen mobil-
ity, which is in agreement with the obtained results from the textural features. It was 
reported that the number of active sites was related to the distribution of the active 
components on the support. Increasing the percentage of the active components 
lessened the dispersion rate and thus reduced the number of active catalytic sites. 
Therefore, there is an optimum value for the cobalt content, in which the catalyst has 
the maximum efficiency [43]. Therefore, 3%Co-20%Ni/MgAl2O4 was the optimum 
catalyst that reduced the light-off temperature about 50 °C.

Fig. 6  O2-TPD profiles of the x%Co-20%Ni/MgAl2O4 catalysts calcined at 600 °C
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Influence of operating conditions on the catalytic performance 
of the 3%Co‑20%Ni/MgAl2O4 catalyst

The methane catalytic stability of the 3%Co-20%Ni/MgAl2O4 at 700 °C for 600 min 
was studied with a GHSV value of 24,000 (ml/h.gcat), and the obtained results are 
presented in Fig.  8. No adverse reactions occurred during the stability test. It is 
known that agglomeration and carbon formation are two important factors in catalyst 

Fig. 7  CH4 conversion of the x%Co–20%Ni/MgAl2O4 catalysts calcined at 600 °C. Reaction conditions: 
7%  CH4 and 42%  O2 balanced with Ar; GHSV = 24,000 (ml/h  gcat)

Fig. 8  CH4 conversion stability of the 3%Co–20%Ni/MgAl2O4 catalyst at 700 °C. Reaction conditions: 
7%  CH4 and 42%  O2 balanced with Ar; GHSV = 24,000 (ml/h gcat)
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deactivation. It has also been reported that nickel-containing magnesium aluminate 
catalysts have suitable catalytic performance due to their resistance against physical 
degradation, but coke formation slightly reduces catalytic performance [5]. It has 
been reported that coke deposition occurred on the catalyst surface in the feed with 
a  CH4 concentration above 26.5 vol% (Volumetric percentage). Hence, based on our 
applied reaction conditions, this insignificant decline in  CH4 conversion was just 
because of the sintering of the active phase during the reaction [51].

To investigate the morphology of the fresh and used 3%Co-20%Ni/MgAl2O4 
catalyst, FESEM analysis was performed, and the obtained images are shown in 
Fig. 9a and b. It has been observed that the fresh catalyst was composed of agglom-
erated particles and the used catalyst also showed the same morphology as the fresh 
catalyst. Figure 10 displays the  N2 adsorption/desorption isotherms of the samples 
before and after the stability test. It is shown that no observable change was seen in 
the isotherm shape and pore size distribution. The textural properties of the catalyst 
before and after the stability test are presented in Table 2. As can be observed, the 
BET surface area and pore volume of the catalyst reduced after the stability test, 
while the pore size was raised. This phenomenon is owning to the agglomeration 
and sintering of particles after the 600 min time on stream.

Based on the published articles, changing the feed molar ratio can affect the activ-
ity of different samples because the selectivity of products in the catalytic oxidation 
of methane is strongly dependent on the  O2 to  CH4 molar ratio. For this purpose, the 
performance of 3%Co-20%Ni/MgAl2O4 catalyst as the best sample was investigated 
under different feed ratios at 600  °C and under a GHSV value of = 24,000  ml/h.
gcat. Also, the total input feed is 80 ml/min, half of which was argon. As shown in 
Fig. 11, the methane conversion reduced with increasing the  O2 to  CH4 molar ratio 
due to the competitive adsorption among adsorbed  CH4 and  O2 varieties. The lower 
conversion rate of  CH4 at higher ratios could be described by the fact that more  O2 

Fig. 9  FESEM images of the a fresh and b used 3%Co-20%Ni/MgAl2O4 catalyst
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varieties were absorbed and repressed the  CH4 adsorption due to the more adsorp-
tion energy of methane which reduced the methane conversion[52].

Figure 12 displays the effect of gas hourly space velocity variation on the methane 
conversion in 3%Co-20%Ni/MgAl2O4 catalyst at 600 °C under a  CH4:O2:Ar = 1:6:7. 
According to the obtained results, the methane conversion increased with the rising 
of GHSV value from 18,000 to 42,000 mL/h.gcat.

It is theoretically known that at lower space velocities, the reactants have more 
time to access the active sites of the catalyst, which caused more methane molecules 
to be adsorbed. Generally, the  CH4 conversion depends on the inherent kinetics of 

Fig. 10  a  N2 adsorption–desorption isotherms and b pore size distribution profiles of the fresh and used 
x%Co–20%Ni/MgAl2O4 catalyst

Table 2  Structural properties 
of the fresh and used 
3%Co–20%Ni/MgAl2O4 catalyst

Sample SBET
(m2  g−1)

Pore volume 
 (cm3  g−1)

Pore size (nm)

Fresh 88 0.195 8.82
Used 57 0.187 13.30
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the reaction and mass transfer. Internal mass transfer appertains largely on the fea-
tures of the catalyst (including penetration of pores and their size and volume). The 
external mass transfer from the gas phase to the surface of the catalyst is restricted 
via the residence time, i.e., the flow rate of the reactants. Also, in exothermic reac-
tions, the temperature gradient affects the reaction rate [6, 53]. On the other hand, 
rising GHSV value is also effective in reducing the residence time of reactants on 
the surface of the catalyst. In this regard, the exothermic reaction causes a higher 
temperature gradient in the catalyst bed. Also, increasing the velocity and amount 

Fig. 11  Influence of  O2/CH4 molar ratio on the catalytic activity of the 3%Co–20%Ni/MgAl2O4 catalyst 
at 600 °C

Fig. 12  Influence of GHSV on the catalytic activity of the 3%Co–20%Ni/MgAl2O4 catalyst at 600 °C
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of reactants enhances the transfer of external mass. These two factors are effective 
in increasing methane conversion in higher GHSVs and have overcome the factor of 
reducing residence time. Also, according to reports, by increasing the space veloc-
ity at an appointed temperature, a steady-state conversion rate can be obtained, after 
which, raising the velocity did not affect the methane conversion rate. Therefore, 
the mass transfer limiting factor at higher space velocities is negligible. This is con-
firmed by decreasing the slope of the graph at a higher space velocity [6, 53]. Thus, 
releases of the heat from the catalyst bed can enhance the temperature of the bed, 
and consequently, the reaction proceeds toward the  CH4 oxidation. Consequently, 
there is an appropriate ratio between the GHSV value and  CH4 conversion, which 
should be regulated for a specific application.

The impact of feed dilution on the catalytic performance over the 3%Co-
20%Ni/MgAl2O4 catalyst with a  O2/CH4 = 6, methane, and oxygen input feed at 
GHSV = 12,000  mL/h.gcat and argon diluent at 600  °C was investigated, and the 
results are demonstrated in Fig.  13. As shown in this figure, methane conversion 
decreased with increasing argon flow rate from 12,000 to 72,000 mL/h.gcat. In this 
section, by keeping the content of reactants at a constant value and expanding the 
argon flow, the effect of the exothermic reaction and the amount of input methane 
is eliminated. Increasing the argon flow and diluting the feed reduced the residence 
time of the reactants and their adsorption on the catalyst surface, thereby reducing 
the methane conversion rate.

Influence of calcination temperature

The influence of the calcination temperature on the structure and catalytic activ-
ity of the optimal sample was studied and the results are presented in this section. 

Fig. 13  Influence of feed dilution on the catalytic activity of the 3%Co-20%Ni/MgAl2O4 catalyst at 
600 °C
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XRD diffraction patterns of the 3%Co-20%Ni/MgAl2O4 catalysts calcined at vari-
ous temperatures are displayed in Fig.  14. It is shown that the change of calci-
nation temperatures did not cause to formation of a new phase in the catalyst. 
Furthermore, increasing the calcination temperatures from 500 to 700  °C leads 
to an enhancement in the intensity of diffraction peaks, indicating an increase in 
crystallite size of the catalysts calcined at higher temperatures [54]. Therefore, 
the largest crystal size was found in the catalyst calcined at 700 °C.

Figure  15a displays the  N2 adsorption–desorption isotherms of the catalysts 
calcined at different temperatures. For all calcined catalysts, type IV isotherm is 
observed, which belongs to the materials with mesoporous structures, and con-
forming to IUPAC classification, the formed hysteresis belonged to the H3 type. 
This kind of hysteresis loop has ordinarily appeared on the bulk or lump solids, 
with slit-shaped pores (particles with edges or plates like a cube) with non-uni-
form size and shape. Increasing the calcination temperature results in a decline in 
the width of the hysteresis loop, which indicates a reduction in the BET area and 
the destruction of the mesopore structure [47, 54].

Figure 15b also shows the pore size distribution patterns of the calcined cata-
lysts at different temperatures and confirmed the existence of the mesopore struc-
tures. Increasing the calcination temperature shifts the pore size distributions to 
larger values, which may be due to the destruction of pores at higher temperatures 
[54].

Table 3 reports the structural characteristics of the calcined samples at differ-
ent temperatures. As can be seen, all samples have a nanocrystalline structure 
with a high specific surface area. The volume and diameter of the pores increased 
with raising the calcination temperature. The outcomes also exhibited that with 
raising the calcination temperature, due to the particle clumping, the collapse 
of the pores structure, and particle compaction, the size of crystalline particles 

Fig. 14  XRD patterns of the 3%Co–20%Ni/MgAl2O4 catalysts calcined at various temperatures
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increased, and the specific surface area decreased. This phenomenon could reduce 
the catalytic activity [54–57].

Furthermore, the results showed that the prepared samples have a crystallite size 
in the range of 3.4–3.6 nm. The catalyst crystallinity enhanced with increasing the 
calcination temperatures from 500 to 700 °C.

Fig. 15  a  N2 adsorption–desorption isotherms and b pore size distribution profiles of the 3%Co–20%Ni/
MgAl2O4 catalysts calcined at various temperatures
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H2-TPR profiles of the calcined 3%Co-20%Ni/MgAl2O4 at different temperatures 
are shown in Fig. 16. Based on this figure, one reduction peak was observed in the 
range of 700–1000  °C for all samples, which is related to the reduction of nickel 
oxide species strongly interacted with the  MgAl2O4 phase. The reduction peak in 
the range of 350–400  °C is correlated with reducing cobalt oxides. As the calci-
nation temperature increased, the interaction between the carrier and base metals 
became stronger and reduced the reduction capability. Moreover, the cobalt reduc-
tion peak in the calcined sample was disappeared at 700  °C. Also, the maximum 
reduction temperature was shifted to a higher temperature with an increase in calci-
nation temperature from 500–700 °C, which represents the less reducible species at 
low temperatures.

Figure 17a, b, and c indicated the field emission scanning electron microscopy 
(FESEM) analysis of the 3%Co-20%Ni/MgAl2O4 catalysts calcined at 500, 600, and 
700 °C. These images confirmed that the catalysts have nanocrystalline structures. 
In addition, the particle size increased with rising calcination temperatures owing to 
the sintering of particles at higher temperatures [54].

The influence of calcination temperature on the catalytic performance of dif-
ferent samples in the catalytic oxidation of methane was performed by investi-
gating the conversion rate of methane at different temperatures, Fig. 18. There 

Table 3  Structural properties 
of the 3%Co–20%Ni/MgAl2O4 
catalysts calcined at various 
temperatures

Calcination 
temperature 
(°C)

SBET
(m2  g−1)

Pore 
volume 
 (cm3  g−1)

Pore size (nm) Average
crystallite 
size (nm)

500 91 0.190 8.36 3.4
600 88 0.195 8.82 3.5
700 76 0.226 11.96 3.6

Fig. 16  H2-TPR profiles of the 3%Co–20%Ni/MgAl2O4 catalyst calcined at various temperatures
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were no side reactions during the process, and complete oxidation of methane 
was performed in all samples.

As shown in Fig.  18, the  CH4 conversion reduced with increasing the cal-
cination temperature, which is ascribed to the agglomeration of particles and 
destruction of mesoporous structure and rise in crystallite size. The calcined 
3%Co-20%Ni/MgAl2O4 at 500  °C showed the highest methane conversion. 
However, the calcined sample at 700 °C possessed a higher light-off temperature 
(50 °C) and exhibited a lower methane conversion.

Fig. 17  FESEM images of the 3%Co–20%Ni/MgAl2O4 catalyst calcined at various temperatures, a 500, 
b 600 and c 700 °C

Fig. 18  CH4 conversion of the 3%Co–20%Ni/MgAl2O4 catalyst calcined at various temperatures
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Conclusion

In this study, cobalt oxide was applied as a promoter to enhance the catalytic per-
formance of the 20 wt.% Ni/MgAl2O4 catalyst. Cobalt was able to cause complete 
oxidation of methane at all studied operating conditions. However, there was no 
side reaction and the selectivity to carbon dioxide was equal to one. XRD patterns 
of the prepared catalysts with constant amounts of nickel and different contents of 
cobalt showed that increasing the cobalt loading, increased the intensity of peaks 
related to the  Co3O4 phase and the average size of nanocrystals. The results of 
the BET analysis also indicated a high specific surface area for all catalysts. Tem-
perature program analyzes  (H2-TPR and  O2-TPD) showed that the cobalt loading 
increased the reduction, activation, and oxygen mobility on the catalyst surface. 
The results of the catalytic tests showed that by increasing the amount of cobalt to 
3 wt.%, the catalytic activity improved. However, the addition of higher amounts 
of cobalt enhanced the particle size and reduced the surface area and number of 
active sites, which reduced the catalytic performance. Therefore, the catalyst con-
taining 20 wt.% of Ni and 3 wt.% of Co was selected for studying the operation 
conditions. During the stability test, the presence of magnesium aluminate stabi-
lized the cobalt and nickel oxides and reduced the agglomeration of the particles. 
Also, FESEM analysis of the used sample showed low agglomeration of the cata-
lyst particles, and no carbon deposition was seen on the catalyst. Increasing the 
GHSV value increased the methane conversion rate, and increasing the feed ratio 
 (O2/CH4) and diluting it with argon decreased the methane catalytic performance. 
The impact of calcination temperatures on optimal catalyst performance was also 
investigated. According to the XRD results, the change in calcination temperature 
did not cause the formation of a new phase in the catalyst. Also, raising the calci-
nation temperature enhanced the crystallite size and reduced the specific surface 
area. The trend of increasing particle size with raising the calcination temperature 
in FESEM images indicates these changes. The catalytic tests showed that raising 
the calcination temperature reduced the catalytic efficiency in methane oxidation.
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