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A B S T R A C T   

The spinel-ferrite structure (SFS) oxygen carrier (OC) CuxMn1-xFe2O4 with (x = 0.3, 0.5, 0.6, and 0.7) was 
synthesized by the co-precipitation technique to be used in the chemical looping steam methane reforming 
process (CL-SMRP). The SFS OCs were characterized using Fourier Transform infrared spectroscopy (FT-IR), 
powder X-ray diffraction (XRD), Field emission scanning electron microscopy (FE-SEM), Energy-dispersive X-ray 
spectroscopy (EDX), Thermogravimetric Analysis (TGA), and Brunauer-Emmett-Teller (BET). The Response 
Surface Methodology (RSM) based on the Box-Behnken model was employed to estimate the effects of inde-
pendent variables and their interactions on the OC activity. The effects of temperature, OC, loading percentage, 
steam to methane molar ratio, the number of redox cycles on the H2 production yield (YH2 ), methane con-
version(XCH4 ), and SCO/CO2 were determined. According to the analysis of variance (ANOVA) analysis, results 
indicated that the reaction temperature and the OC (x) have extremely significant effects on XCH4 and YH2 . The 
maximum XCH4 of 98.7%, YH2 of 81.02%, and SCO/CO2 of 6.54 were obtained at optimal value conditions such as 
650  ◦C, SFS OC Cu0.6Mn0.4Fe2O4, S/C 2.5, and redox cycle 30.   

1. Introduction 

Pollution from fossil fuels is one of the most significant problems that 
are faced by human society in recent years. Fossil fuels, especially nat-
ural gasses, are one of the most essential sources that are widely used as 
energy sources in various industries. The main problems of these fuels 
are the production of greenhouse gasses, CO, CO2, SOx, etc. [1]. 

Therefore, the need for alternative fuels for this type of fuel is 
increasing day by day. Hence, alternative energy carriers such as 
hydrogen (H2) gas, have been investigated [2]. H2 is considered a suit-
able alternative as a clean and renewable fuel because during its com-
bustion process, it does not emit greenhouse gasses and acid. It only 
produces water vapor. Fossil fuels such as natural gas and coal has been 
used as raw materials for H2 production. Today, a large amount of the H2 
required by the industry is produced from hydrocarbon fuels, including 
natural gasses[1–4]. H2 production using the steam methane reforming 
process (SMRP) is one of the most common and economical H2 pro-
duction methods. But capturing and storing CO2 is difficult and complex. 

Here, chemical looping (CL) processes for H2 production have been 
considered because of the high purity of H2 without the use of air or H2 
separation units and CO2 uptake. CL process is a suitable method for 
producing H2 and synthesis gas from SMR process. In these processes, 
the lattice oxygen (LO) of oxygen carrier (OC) structure is used instead 
of pure oxygen in CH4 oxidation reaction [5–10]:  
Reduction: MexOy + δCH4 → MexOy-δ + δ(CO + 2H2)                         (i)  
Oxidation: MexOy-δ + δH2O → MexOy + δH2                                     (ii)  
Overall reaction: CH4 + H2O → 3H2 + CO                                        (iii) 
where "M", "MexOy", and "MexOy-δ " represent the metal, SFS OC, and 
correspond to the reduced spinel ferrite (SF) OC, respectively. The CL- 
SMR reaction can be interpreted as SMR, as seen in the overall reac-
tion (iii). The most significant effective parameter for the CL-SMR pro-
cess is the selection of suitable OC, which should have very high XCH4 , 
high H2 selectivity, resistance to accumulation and temperature, 
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negligible carbon deposition, nontoxic, and environmentally friendly 
[8–10]. Various metals such as Co, Mg, Fe, Ni, Cu, and Mn have been 
considered as OCs for CL process [11–16]. Among them, Fe-based OCs 
were established to be very active in the CL-SMR for H2 production [17, 
18]. The Fe oxide reduction includes three phases: (a) Fe2O3→Fe3O4, (b) 
Fe3O4→FeO, and (c) FeO→Fe. 

The reduction of Fe2O3 to Fe3O4 is swift, where H2 and CO are 
converted to H2O and CO2, respectively. The other stages have slow 
rates and low feed conversions. Due to the thermodynamic equilibrium, 
the second step (Fe3O4→FeO) is suitable for the CL-SMR process 
[19–21]. Iron oxides can lead to higher CO2 reduction capacity 
compared to other metal oxides (MOs), but iron oxide was rapidly 
deactivated due to the agglomeration of particles on the OC surface. To 
prevent this phenomenon, different MOs can be combined with iron 
oxides. The combined MOs may be an appropriate candidate for OC, due 
to good reactivity and selectivity [18]. Incorporating support materials 
to the Fe-based OC in the CL and CL-SMR processes prevent their sin-
tering and decrease the oxygen transport capacity [19,21,22]. The SFS 
with the general A-Fe2O4, where A = Ni, Cu, Co, Mn, and Zn have an 
appropriate catalyst performance [13,23–26]. To produce H2 and CO2 
through the H2 chemical looping (CLH) process, the SFS NiFe2O4, and 
CoFe2O4 are investigated as OCs [25], where it has shown that, under 
the same redox conditions, the SFS OCs have a higher capability in H2 
production compared to Fe2O3. The total amount of H2 produced by SFS 
NiFe2O4 and CoFe2O4 OCs is four times more than Fe2O3 OC. Moreover, 
the SF had about 100% XCH4 efficiency, while Fe2O3 had 22% XCH4 ef-
ficiency. The performance of SFS NiFe2O4 OC was investigated in the CL 
dry reforming of methane. The results indicated that Fe (metallic) could 
be oxidized to Fe3O4 through CO2, while Ni (metals) cannot [26]. The 
oxidation capacity of NiO > synthetic SFS NiFe2O4 > mixed MOs 
NiO-Fe2O3 > Fe2O3, while the reduction capacity of synthetic SFS 
NiFe2O4 > mixed MOs NiO-Fe2O3 > Fe2O3 > NiO. The redox capability 
of synthesized SFS NiFe2O4 was much better than that of the NiO-Fe2O3 
metal mixed MOs [26]. The SFS A-Fe2O4 as OCs in the CLC were studied. 
The SFS Ni, Cu, and Co are more capable of transferring LO than SFS Mn. 
The SFS Cu was very active, with 95% XCH4 , while SFS Mn had the 
lowest activity of 30%. The XCH4 for SFS Co, Ni, and Zn were 78, 90, and 
68%, respectively [19]. The oxygen-free SFS can provide the LO through 
CO2 oxidation and lead to CO2 reduction to a significant extent, the SFS 
Ni OC in H2 production can perpetrate a suitable reaction in several 
successive redox cycles in the CL process [18]. 

SFS are able to transfer their lattice oxygen to the fuel in the 
reduction stage and then obtain their lattice oxygen to some extent in 
the oxidation stage in the presence of air. Cu ferrite is very active and has 
a very high CH4 conversion percentage, and compared to Mn ferrite, it 
has a greater ability to transfer lattice oxygen. The CH4 conversion 
percentage of Mn ferrite is very low. In addition, its oxygen transfer 
capacity is very low and its lattice oxygen is not easily released. 
Therefore, the reaction faces a lack of oxygen, which causes partial 
oxidation of CH4 and is an advantage for H2 production. On the other 
hand, Cu easily releases its lattice oxygen, which increases its selectivity 
towards CO2. Therefore, the increase of Cu to the OC causes selectivity 
towards CH4 and CO2, and the addition of Mn causes the reaction to lack 
oxygen, as a result, the production of CO2 decreases [8,27,28]. The 
mixture of several MOs can lead to an increase in OC efficiency. The SFS, 
with various composition has suitable performance. The mixture of 
different metals improves the redox ability in the SFS OCs [17]. Hence, 
adding metals such as Mn, Ni, and Cu in the SFS OC may positively affect 
the CL-SMR process. Few studies have been performed on SFS contain-
ing metals in the CL-SMR process. Furthermore, OCs containing various 
elements are complex. 

Previous investigations have been conducted on the use of OCs in the 
CL-SMR process in a multi-stage reactor. Still, these reactor systems are 
not able to perform at all the operating conditions and the interaction 
effect between different parameters [20,21,29,30,31]. The RSM is a 
widely used mathematical and statistical method for modeling and 

analyzing a process in which the response of interest is affected by 
various variables and the objective of this method is to optimize the 
response [30,31]. 

The Box-Behnken (BBD) is one of the effective techniques to over-
come this issue. Through this method, the interaction of different pa-
rameters has been designed and optimized through statistical methods 
[17,20,29,30,31]. The major purpose of this investigation was to syn-
thesize the SFS OCs with different MOs. Performance evaluation of SFS 
OCs was investigated in a fixed bed quartz reactor for the CL-SMR 
process. Furthermore, RSM was used to optimize the parameters 
affecting the CL-SMR process under different operating conditions [20, 
31]. 

2. Experimental method 

2.1. Materials used 

All materials used were obtained from Merck, Germany. 

2.2. SFS oxygen carrier preparation 

CuxMn1-xFe2O4 with (x = 0.1–0.9) SFS OCs were synthesized using a 
co-precipitation method. To synthesize the CuxMn1-xFe2O4 SFS OCs, 
first, MnCl2⋅4H2O, CuCl2⋅2H2O, and FeCl3 were prepared with 1 M HCl 
solution mixed with the stoichiometric ratio. Next 2 M NH3 was added 
dropwise to the solution to obtain pH ˃ 8.5. The precipitate formed was 
washed with distilled water to remove organic impurities. Finally, the 
precipitate was dried for 12 h at 70  ◦C and calcined at 500  ◦C for 6 h 
[31,32]. 

2.3. SFS oxygen carrier characterization 

To confirm the synthesized SFS OCs, the XRD (Philips, Xpert-MPD 
device) with 1.54 Å Cu Kα x-ray wavelength and 2  ◦C/min angular 
speed within 20◦−80◦ range was used. To identify the functional groups 
in the SFS OCs, the FT-IR, (Bruker Tensor 27 FTIR model) within 
400–4000 cm−1 spectral range with 4 cm−1 spectrum clarity was 
applied. The porosity and specific surface area of the SFS OCs were run 
through the BET, (Belsorp mini II model). The TGA analyses of the SFS 
OCs are run on an STA-504 thermal analyzer with a 10  ◦C/min (from 30 
to 700  ◦C), heating rate, and 25 mL/min air flow. To determine the 
morphology and size of the particle, and identify the SFS OCs chemical 
compounds, the FE-SEM (QUANTA 200 model device equipped with 
EDX, EDAX EDS Silicon DRIFT 2017) was used. 

2.4. Reactor system 

The redox reactions of the synthesized SFS OCs were investigated in a 
fixed-bed reactor with an inner diameter of 1.2 cm and a length of 40 cm 
for CL-SMR. The reactor was placed inside a furnace with a height of 50 
cm. The reaction temperature was controlled by a K-type thermocouple 
installed in the center of the furnace. To provide the steam required for 
the reaction. First, the distilled water was supplied to the boiler through 
the syringe pump and converted into vapor. Then vapor, CH4, and N2 
with various ratios were measured by mass flow controller (MFC) with 
high accuracy and passed through the reactor. The reaction products go 
out from the reactor and cooled by a cooling system. The percentage 
composition of these gasses was analyzed through GC (Shimadzu 4C- 
TPC GC (1 m, 80/100 mesh, Rtx-Ms-5A, Rt-Q PLOT) (Fig. 1). XCH4 YH2 
and SCO/CO2 were calculated using the following equations [20,23,33, 
28,31,34]: 

XCH4
=

(nCH4
)

in
− (nCH4

)
out

(nCH4
)

in

× 100 (1)  
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H2Yield =
FH2

2(FCH4
)

in

× 100 (2)  

S =
nCO

nCO2

(3)  

where (nCH4 )in, (nCH4 )out , nCO2 , nCO, (FCH4 )in, and FH2 are moles of CH4 in, 
CH4 out, CO2, CO, CH4 molar flow, and H2 molar flow, respectively. 

2.5. Experimental design 

The RSM using BBD model was carried out to obtain the effect of the 
most important operational variables and optimized the responses by 
running the experiments. The interaction between different factors on 
responses and predicting the best responses was investigated using the 
BBD method. The most important variables of the CL-SMR process and 
their values in the present study are based on previous reviews and 
evaluations of preliminary experiments [17,20,21,35]. These process 
variables include reaction temperature, S/C, OC loading, XCH4 , redox 
cycles, YH2 , and SCO/CO2. Based on the BBD model, three levels of change 
are considered for each factor, including +1, 0, and −1. According to 
this model, twenty-nine experiments have been proposed which are 
shown in Table 1. The suggested SFS OCs were synthesized, and their 
performance was evaluated in a reactor. 

3. Results and discussion 

3.1. XRD of SFS OCs 

The XRD patterns of the CuxMn1-xFe2O4 (x = 0.1- 0.9) SFS OCs are 
shown in Fig. 2, where the crystal planes’ positions at 2θ 30.6◦, 35.6◦, 
43.3◦, 53.7◦, 56.8◦, and 63.3◦ correspond to the (220), (311), (400), 
(422), (511), and (440) planes, respectively [31,32]. The position and 
intensity of all peaks obtained from these spectra are in agreement with 
the standard peaks of Mn0.5Cu0.5Fe2O4 (JCPDS No.01–074–2072), and 
MnFe2O4 (JCPDS No. 380,430) [12,28,31,36–38]. The average crystal-
lite sizes of CuxMn1-xFe2O4 SFS OCs are within the range of 20-70 nm 
and were calculated using the Debye-Scherrer equation. 

3.2. FT-IR of SFS OCs 

The FT-IR spectra of the CuxMn1-xFe2O4 (x = 0.1- 0.9) SFS OCs within 
the 400–3800 cm−1 range are shown in Fig. 3, where the peaks in the 
range 450–900 cm−1 corresponds to the MO (M-O), the hydroxyl group 
(O–H) corresponds to 3600–3170 cm−1 peaks to, the 1629 cm−1 peak to 

the H2O group (O–H), and the very small peak at 2362 cm−1 corre-
sponds to the CO2 in the air. There exists no effect of chloride and 
ammonium impurity in this spectrum. The FT-IR spectra confirm the 
presence of pure synthesized CuxNi0.6-xMn0.4Fe2O4 SFS OC [17,31,32, 
39,40]. 

3.3. BET analysis of the SFS OCs 

The BET is an important parameter in determining the OCs’ perfor-
mance. BET was employed to estimate gas sorption data and generate a 
specific surface area results expressed in units of surface area per sample 
mass (m2/g). Increasing the specific surface area of the OC is an effective 

Fig. 1. Schematic showing synthesis of SFS OCs and CL-SMR reactor system [20,28,31].  

Table 1 
Testing conditions and results of the BBD model.   

Factors Responses 
Run Temperature 

(◦C) 
OC 
loading 
(%) 

Cycle S/C XCH4 (%) YH2 
(%) 

SCO/ 
CO2 

1 687.5 0.7 15 3.3 99.1 79.9 10.7 
2 562.5 0.3 15 2.1 90.7 75.7 7.2 
3 687.5 0.3 15 3.3 99.6 79.3 11.4 
4 562.5 0.3 25 3.3 88 72.2 6.4 
5 625 0.5 20 2.75 99.2 82.2 11.1 
6 687.5 0.3 15 2.1 99.2 81.5 10.4 
7 562.5 0.3 25 2.1 90 74 7.1 
8 562.5 0.7 15 2.1 92 75 8.3 
9 750 0.5 20 2.75 98.1 79 11.8 
10 625 0.5 20 4 94.1 77 8 
11 625 0.9 20 2.75 98.7 80.3 5.4 
12 625 0.5 30 2.75 97.6 78.4 10.1 
13 625 0.5 20 2.75 99.3 82.2 10.6 
14 500 0.5 20 2.75 80.7 66.2 5 
15 625 0.5 20 2.75 97.8 80 11.3 
16 625 0.5 20 2.75 99.2 82.1 11.7 
17 625 0.5 10 2.75 99.7 82.8 13.5 
18 562.5 0.7 25 2.1 91 74.2 6.5 
19 687.5 0.7 25 2.1 98.8 81.4 9.5 
20 562.5 0.3 15 3.3 90 73.6 7.5 
21 625 0.5 20 2.75 99.1 82.1 11.3 
22 687.5 0.3 25 3.3 98.9 78.4 12.1 
23 562.5 0.7 25 3.3 90.1 73.1 6.8 
24 625 0.1 20 2.75 95.4 77.2 6.8 
25 625 0.5 20 1.5 98 78 5.8 
26 687.5 0.7 15 2.1 98.6 81.9 9.7 
27 687.5 0.7 25 3.3 98.4 79 10.4 
28 562.5 0.7 15 3.3 90.4 74.2 7.5 
29 687.5 0.3 25 2.1 98.8 80.3 10.5  
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parameter in the reaction of the CLC process. Therefore, with the in-
crease of the specific surface of the OC, the mass transfer between the 
reactants increases [17,20,36]. The BET analysis was employed to 
determine the physical characteristics of the synthesized and used OCs. 
First, OC was heated to 250  ◦C to remove water vapor, CO2, and other 
molecules that may occupy the pores of the OCs. Then, the samples were 
exposed to liquid nitrogen at a temperature of −195.79  ◦C, and nitrogen 

absorption and desorption were measured on the surface of the 
CuxMn1-xFe2O4 OCs. BET results of the synthesized and used 
Cu0.6Mn0.4Fe2O4 OCs are shown in Table 2. 

3.4. Experimental design 

The responses are analyzed in a statistical manner through ANOVA 

Fig. 2. XRD patterns of CuxMn1-xFe2O4 (x = 0.3, 0.5, 0.6, 0.7) SFS OCs and used Cu0.6Mn0.4Fe2O4 SFS OCs.  

Fig. 3. FT-IR spectra of CuxMn1-xFe2O4 (x = 0.3, 0.5, 0.6, 0.7) SFS OCs.  
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and BBD model. The data required for the statistical model for XCH4 , SCO/ 
CO2, and YH2 are given in Table 3. The validity of the model was eval-
uated using F-value and P-value parameters. Low P-values and F-values 
lead to substantial effects on the model. P-value is a measurement to 
identify the significance of each parameter on the process response. That 

is, if the P-value is less than 0.05, the given parameter has little or no 
effect on the process response [9,20,21,27,41,42]. According to Table 3, 
P-values for XCH4 , SCO/CO2, and YH2 are 119.54, 93.06, and 36.39, 
respectively, which shows the significant effect of this model. R2 for the 
XCH4 , SCO/CO2, and YH2 is 0.9795, 0.9738, and 0.9529, respectively. The 

Fig. 4. The residuals versus predicted and residuals versus run for (a) XCH4, (b) YH2 , and (c) SCO/CO2 .  

M. Nazari et al.                                                                                                                                                                                                                                 



Chemical Physics Impact 6 (2023) 100191

6

results of R2 indicate a good correlation between the experimental data 
and the proposed model. These results are in the range of 0–1, and it is 
closed to one, the more acceptable the prediction results of the model. 
The Adj R2 for XCH4 , SCO/CO2, and YH2 is 0.9713, 0.6934, and 0.9267, 
respectively. The difference between R2 and Adj R2 for XCH4 , SCO/CO2, 
and YH2 is 0.0262, 0.0104, and 0.0082, respectively, which are ˂0.2, 
indicating the effectiveness of this proposed model. To enhance the 
validity of the quadratic model, parameters with P-value less than 0.05 
are removed from the model [18,20,35]. These results are similar to 
[18]. The adequate precision estimates the signal-to-noise ratio, where, 
if this value is more than 4, it can be shown that the model is suitable. 
Here, this value for XCH4 , SCO/CO2, and YH2 is 43.97, 38.2774, and 19.77, 
respectively, indicating that this model can be employed in the design. 

The normal probability plot of the residuals is a method for esti-
mating the adequacy of the accepted models as the difference between 
the observed and predicted volumes [18]. The normality of the residuals 

means that the average difference between the residuals and the real 
volumes is close to 0. The closer the residual distribution to the normal 
distribution, the more appropriate the model fitness. The comparison of 
the extreme studentized residuals with XCH4 , SCO/CO2, and YH2 with real 
runs is illustrated in Fig. 4(a-c). Comparing the extreme studentized 
residuals with real runs indicates that the data distribution does not 
follow a specific pattern, consequently, the independence of the 

obtained data is acceptable. The models presented for predicting the 
XCH4 , YH2 , and SCO/CO2 are described as responses by using practical data 
via the BBD model, described by Eqs. (6-8): 

The final equation for XCH4 : 
XCH2

= 98.68 + 4.33A + 0.4083B − 0.4083C − 0.5167D − 0.44B − 2.64A
2

− 0.5476B
2 − 0.7976D

2

(6) 
The final equation for YH2: 

YH2
= 81.27 + 3.14A + 0.4125B − 0.7208C − 0.6792 − 232A

2 − 0.7852B
2

− 0.3227C
2 − 1.1D

2

(7) 
The overall equation for SCO/CO2:   

3.5. The impact of variables and their interaction on the XCH4 

The results showed that the effect of the parameters OC (x), tem-
perature, S/C ratio, and redox cycle count on XCH4 is significant. Among 
them, the temperature (A) parameter due to the higher F-value is the 

Table 2 
BET analysis of the fresh and used SFS OCs.  

Sample Cycles SBET (m2/g) Vp(cm3/g) dp (nm) DSEMb (nm) DXRDa (nm) 
Cu0.6Mn0.4Fe2O4 (fresh) 0 11.82 0.065 27.46 43 39 
Cu0.6Mn0.4Fe2O4 (used) 30 2.93 0.027 13.14 72 77  

Table 3 
Evaluated regression coefficients resulted from ANOVA analysis and BBD model.  

Source XCH4 (R1) YH2 (R2) SCO/CO2 (R3)  
F-value P-value F-value P-value F-value P-value 

Model 119.54 < 0.0001 
significant 

93.06 < 0.0001 
Significant 

36.39 < 0.0001 
significant 

A-Temperature 678.34 < 0.0001 419.58 < 0.0001 173.92 < 0.0001 
B- OC 6.02 < 0.0001 7.26 0.014 3.7 0.0704 
C-Cycle 6.02 0.0234 22.16 0.0001 10.71 0.0042 
D-S/C 9.64 0.0234 19.67 0.0003 6.55 0.0197 
AB 3.58 0.0056 – – 3.58 0.0746 
AC – – – – –  

CD – – – – –  

AD – – – – 4.64 0.049 
A2 245.14 < 0.0001 248.76 < 0.0001 24.76 < 0.0001 
B2 12.15 0.0023 38.43 < 0.0001 89.27 < 0.0001 
C2 – – 4.8 0.0404 3.9 0.0639 
D2 25.77 < 0.0001 55.56 < 0.0001 62.69 < 0.0001  

Lack of Fit 1.84 0.2934 0.5088 0.8514 3.29 0.1295 
not significant not significant not significant 

Fit Statistics    
Std. Dev. 0.8151 0.7501 0.6359 
Mean 95.53 77.97 9.16 
C.V.% 0.8532 0.9621 6.94 
R2 0.9795 0.9738 0.9529 
Adjusted R2 0.9713 0.9634 0.9267 
Predicted R2 0.9356 0.9204 0.8281 
Adeq Precision 43.97 38.2774 19.77  

CO/CO2 = 11.27 + 1.17A − 0.2497B − 0.4249C + 33.23D + 0.3009AB + 0.3356AD

−0.6213A
2 − 1.18B

2 + 0.2464C
2 − 0.9885D

2 (8)   
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more significant on XCH4 . As shown in Fig. 5, XCH4 increased with 
increasing temperature. These results are consistent with the results of 
[20,43]. 

In a constant OC loading percentage (x = 0.5), by increasing the 
temperature (A) from 550  ◦C to 680  ◦C, the XCH4 increases from 91.9 to 
100. This rate has a downward trend at higher temperatures, which may 
be related to the accumulation of OC particles due to Cu sintering which 
blocks the OC pores and prevents the mass transfer between CH4 and OC. 
The interaction between temperature (A) and OC loading percentage (B) 
on XCH4 is exhibited in Fig. 5. Where, as observed, in the steady con-
ditions consisting of temperature, S/C, and cycle count (here 20), an 
increase in x concentration, decreases the XCH4 . These results correspond 
to that of [26,44,45], and it can be concluded that parameter AB is one 
of the important characteristics of XCH4 . The results from ANOVA 
analysis exhibit the OC loading percentage has a significant effect on the 
XCH4 . Here, the XCH4 increases in relation to that of [20,21]. 

3.6. The impact of variables and their interaction on YH2 

The interaction between parameters A, B, C, and D on YH2 is shown in 
Fig. 6. The results from ANOVA analysis exhibit that the impact of pa-
rameters A, B, C, D, A2, B2, C2, and D2 on the YH2 is significant. The 
temperature, OC (x), and S/C parameters has the most significant im-
pacts on the YH2 . Whereas, the impact of cycle count on the YH2 is 
insignificant, meaning that the provided OC has suitable sustainability. 
The S/C is the most important parameter in the SMR process. By 
increasing the concentration of steam in this process, the YH2 increases, 
and the concentration of produced CO decreases. But the increase in 
steam concentration is not always suitable for the SMR process and leads 
to a decrease in efficiency and an increase in operating costs. Therefore, 
it is necessary to optimize the molar ratio of S/C [43,46,47]. As shown in 
Fig. (6-a), in the 20 redox cycles at 625  ◦C, by increasing the S/C, the 
YH2 , exhibits an ascending trend, followed by a downward trend. 
Therefore, an increase in the S/C is consistently not suitable for the SMR, 
hence it should be optimized. At a constant S/C, with increasing Cu (x) 
in CuxMn1-xFe2O4 SFS OC. At first, YH2 increases and then decreases 
slightly at high Cu loading. This phenomenon may be because of the 
presence of active iron oxides in the spinel structures. The sintering 
phenomenon caused by the melting of Cu is covered at higher temper-
atures and leads to the reduction of the active surface of OC and the 
blocking of OC pores. 

As redox cycles increase, the reduction of the LO in the OC is ex-

pected and it leads to a decrease in the XCH4 and YH2 . As shown in Figure 
(6-b), under a constant condition consisting of temperature, OC (x), and 
S/C, the YH2 does not decrease significantly with an increasing number 
of redox cycles. This is because the oxygen-free ferrite and its fully 
reduced products can improve their LO through the oxidation of CO2 
and the reduction of produced CO2 [20,21,31,47]. The interaction be-
tween temperature and OC (x) in cycle 20th and S/C = 2.75 is shown in 
Fig. (6-c). The results showed that by increasing the reaction tempera-
ture, the YH2 increases at x = 0.3 and 570  ◦C to 670  ◦C from 74 to 
81.15%, respectively. The collapse of the SFS OCs and the formation of 
the α-Fe2O3 phase lead to the conversion of CO and H2 into CO2 and H2O 
[10]. It is anticipated that with an increase in the cycles’ count, this 
phenomenon increases and generates coke on the OC surface, thus, 
leading to the unsuitable cracking of CH4 and the reduction in YH2 . As 
illustrated in Figures (5 and 6), the XCH4 and YH2 remain steady in 24 
redox cycles, exhibiting no or slight spinel structure collapse has 
happened. These results do not correspond to that of [13,19,20,28,30, 
48]. After various consecutive redox cycles, no significant change in 
structure appeared in the OC. high XCH4 average, high YH2 , High sus-
tainability, and low created carbon on the OC surface in 24 consecutive 
cycles are the advantageous of this OC. 

3.7. Determining the optimized conditions 

The optimal XCH4 , SCO/CO2, and YH2 are selected via the suitableness 
of the functionality [10,20,28,48]. To achieve this optimal value, the 
variables consisting of temperature (550–750  ◦C), OC (x = 0.1–0.9), S/C 
(1.5–4), and 30 redox cycles’ count are selected based on their level of 
importance (Table 4). The temperature is one of the essential and 
effective parameters in CH4 cracking. As illustrated in Fig. 5, in the 
temperature range 600–687  ◦C XCH4 is ˃99%, therefore, the level of 
importance of temperature 3 is assumed. In general, appropriateness is 
determined within the 0–1 range, that is, the higher the appropriateness, 
the more appropriate will be optimized conditions. After determining 
the restrictions to maximize the YH2 and the XCH4 and to minimize the 
SCO/CO2 within the independent variables’ range, the RSM S/W is 
applied, where subject to the imposed conditions, 10 experiments were 
proposed (Table 5). To optimize the temperature, OC, S/C, and redox 
cycles’ count, the values of 651.25 ◦C, 0.605, 2.531, and 19.156, 
respectively, are proposed, which the YH2 , XCH4, and SCO/CO2, 82.844, 
99.97%, and 11.147, respectively obtained at 1 appropriateness. To 
validate the proposed model, as significant as possible, the proposed 
conditions were implemented using the software in the laboratory. For 
this purpose, reactor temperature of 650  ◦C, S/C = 2.5, x = 0.6, and 
redox cycle 19 were determined. After conducting the reactor test in 
laboratory conditions, YH2 , XCH4 , and SCO/CO2 are obtained as 82.14, 
99.51, and 10.46, respectively. The experimental data correspond to the 
predicted by BBD model. 

To determine the structural analysis of the optimized OC chemical 
compound synthesized OC, and used OC, the FE-SEM, EDX, and MAP 
were used. The FESEM analysis and the spectrum obtained from 
analyzing the synthesized OC through EDX together with the elements 
present in the OC investigated based on weight percentages are shown in 
Fig. 7(a), where it is observed that the SFS OC particles’ size is in the 
range of 20-90 nm with a spherical shape. Each peak of the spectrum 
obtained through EDX corresponds to a specific atom. Larger peaks 
indicate a higher concentration of the element in OC. As shown Fig. 7(a), 
no impurities were observed in the EDX analysis. The FE-SEM, EDX, and 
MAP analyses of the used OC are shown in Fig. 7(b), where, it is followed 
that the particle size is larger than the case where the OCs are not used in 
the reactor and impurities are observed on the OC surface. 

The XRD analysis of the Cu0.6Mn0.4Fe2O4 OC used after 30 consec-
utive cycles are shown in Fig. 2, where, as observed, the M-Fe2O4 is 
reduced to Fe-M and wustite (FexO) used as active OC in the CH4 
cracking. There is no trace of the inappropriate α-Fe2O3 phase in this 

Fig. 5. The effect of variables and their interaction on the XCH4 at 20th cycle 
and S/C = 2.75. 
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Fig. 6. The impact of variables and their interaction on the YH2 (a) Interaction between OC (x) and S/C at T = 625  ◦C and 20th cycle, (b) Interaction between 
temperature and redox cycles’ count at x = 0.5 and S/C = 2.75, and (c) Interaction between temperature and OC (x) at 20th cycle and S/C = 2.75. 

Table 4 
The conditions imposed in determining the appropriateness functionality.  

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance 
A:Temperature is in range 550 750 1 1 3 
B:Catalyst is in range 0.1 0.9 1 1 3 
C:Cycle is target = 30 15 30 1 1 5 
D:S/C is in range 1.5 4 1 1 3 
XCH4 maximize 99 99.7 1 1 4 
YH2 maximize 80 82.8 1 1 5 
SCO/CO2 none 5 13.6 1 1 3  
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investigation. 
The most important reason for the deactivation of OC in the SMR 

process is the formation of carbon on the OC. There are three different 
types of carbon. Monoatomic carbon species (Cα) that oxidize at a 
temperature lower than 400  ◦C and cause the formation of synthesis gas. 
Cβ species are oxidized at 500 - 600  ◦C and are usually converted to 
amorphous carbon, but it is also possible to convert from Cα to carbon 
Cγ. Graphite Cγ and species are formed at temperatures higher than 650 
◦C and are the most stable carbon species and are the main OC de-
activators [28,49–52]. Therefore, the formation and accumulation of Cβ 

and Cγ species can deactivate the OC. TGA analysis on SF OC 

Cu0.6Mn0.4Fe2O4 used in reaction temperature conditions of 650  ◦C, 
S/C = 2.5, and 30 cycles, is shown in Fig. 8. The initial weight loss in the 
temperature range of 300  ◦C is related to the removal of Cα carbon 
species. The secondary weight loss at temperatures above 500  ◦C is due 
to the oxidation of graphite carbon to carbon dioxide. It can be 
concluded that the formation of inactive carbon species Cβ and Cγ on the 
surface of the OC has caused the OC to be inactive. 

As shown in Fig. 9, the XCH4 , H2/CO ratio, YH2 , and CO2 selectivity in 
30 redox cycles are stable, exhibiting no collapse in the SFS OC. 
Therefore, after several consecutive redox steps, no phase change has 
taken place in the structure of these synthesized SFS OC. The 

Table 5 
The optimized conditions obtained for YH2 , XCH4 , and SCO/CO2.  

Number Temperature Catalyst Cycle S/C XCH4 YH2 SCO/CO2 Desirability 
1 684.623 0.498 15.611 2.607 99.01 83.078 12.702 1.000 
2 670.431 0.551 15.739 2.399 99.91 83.243 11.895 1.000 
3 651.250 0.605 19.156 2.531 99.97 82.844 11.147 1.000 
4 691.015 0.537 17.768 2.652 99.73 82.830 12.342 1.000 
5 658.529 0.629 15.647 2.574 99.63 83.161 11.584 1.000 
6 686.537 0.515 16.331 2.822 99.73 82.846 12.812 1.000 
7 657.467 0.640 18.295 2.470 99.34 82.920 10.879 1.000 
8 656.689 0.519 18.475 2.806 99.33 82.865 12.119 1.000 
9 661.211 0.573 17.050 2.497 99.67 83.212 11.699 1.000 
10 665.977 0.509 17.781 2.242 99.57 82.879 11.235 1.000  

Fig. 7. FESEM, EDX, and mapping (a) synthesized Cu0.6Mn0.4Fe2O4 OC and (b) used Cu0.6Mn0.4Fe2O4 OC at 650  ◦C, S/C = 2.5, and 30 redox cycles.  

M. Nazari et al.                                                                                                                                                                                                                                 



Chemical Physics Impact 6 (2023) 100191

10

Cu0.6Mn0.4Fe2O4 SFS OC can reduce to Fe-M and wustite (FexO) and 
control the OC sintering and the α-Fe2O3 phase formation. As followed in 
Fig. 9, the high sustainability, high XCH4 , high YH2 , and rather low 
produced carbon on the OC surface in 30 cycles are thought the benefits 
of this OC with the OCs of the Cu and Mn SFS [20,21,28,53,54], Fe-based 
of [13,28,47], and perovskite OCs [4,9,10,13,55]. 

4. Conclusion 

The spinel-ferrite structures (SFS) oxygen carrier (OC) CuxMn1- 
xFe2O4 with (x = 0.1 - 0.9) were successfully synthesized by the co- 
precipitation method. The SFS OCs were characterized using XRD, FT- 
IR, FESEM with X-ray spectroscopy, EDX, and BET. RSM based on the 

BBD model with operating variables including temperature, OC (x), and 
S/C and responses including XCH4 , SCO/CO2, and YH2 was applied to use 
CuxMn1-xFe2O4 with (x = 0.1–0.9) SFS OC in the CL-SMR process. The F- 
value for XCH4 , SCO/CO2, and YH2 are 119.54, 93.06, and 36.39, respec-
tively, exhibiting the significant capability of this model. The impact of 
variables and their interaction on the XCH4 indicates that the parameters 
A, B, C, D, AB, A2, and D2 are significant, and by increasing the tem-
perature, the XCH4 increases. The impacts of variables and their inter-
action on the YH2 indicate that the parameters A, B, C, D, A2, B2, C2, and 
D2 are the most effective; while an increase in the redox cycles’ count 
has no significant effect on this yield, indicating that SFS OC has rela-
tively appropriate sustainability. The optimized conditions are deter-
mined for maximizing the YH2 and XCH4 and minimizing the SCO/CO2. 

Fig. 8. TGA profile of the used catalyst obtained with a reaction temperature of 650  ◦C and S/C = 2.5 in 30 cycles.  

Fig. 9. The XCH4 , CO2 selectivity, YH2 , and H2/CO for Cu0.6Mn0.4Fe2O4 OC in 30 redox cycles at S/C = 2.5 and 650  ◦C.  
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Based on the available conditions, 10 experiments with 1.00 appropri-
ateness were proposed through RSM S/W. To validate this model, the 
suggested conditions are implemented in the laboratory to the possible 
extent, where the YH2 , XCH4 , and SCO/CO2, of 81.02, 98.7, and 6.54, 
respectively were obtained, suggesting that this model corresponds to 
that of the laboratory values. The association among Cu, Mn, and Fe and 
the formation of the CuxMn1-xFe2O4 SFS exhibit high sustainability, high 
XCH4 , high YH2 , and low produced carbon content on the OC surface in 
30 redox cycles constitute the benefits of this OC. From this study, it can 
be deduced that the Cu0.6Mn0.4Fe2O4 OC can be applied as an appro-
priate OC in producing H2 in the CL-SMR process. 
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