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Abstract 
 

Partial oxidation (POX) by chemical looping (CL) using mixed 

iron oxides can be an option to current POX process. In the 

present research the use of FeMoO4, Fe2ZnO4, Fe2MnO4 

employed as oxygen carriers under a CL reaction scheme is 

proposed to overcome the current disadvantages of methane 

POX process. The objective of the present work is to identify 

potential iron-based metal oxides for the production of syngas 

capable regenerate at favorable conditions, while producing H2. 

A thermodynamic evaluation and process simulation of a CL-

POX reaction scheme using mixed iron-oxides Reduction was 

carried out in a first reactor: CH4 + Fe2MO4 = H2 + CO + Fe + 

M, while a second one was devoted to oxidation of the reduced 

metals: Fe + M + H2O = Fe2MO4 + H2, where M = Mo, Zn or 

Mn. Results indicate that FeMoO4, Fe2ZnO4 and Fe2MnO4 

generated syngas gas at 750 °C, 730 °C and 600 °C, respectively. 

However, FeMoO4 was not fully regenerated at favorable 

conditions. Likewise, Fe2ZnO4 and Fe2MnO4 were completely 

regenerated at 440 °C and 640 °C. Finally, Fe2MnO4 shown the 

more favorable operating conditions among the studied oxygen 

carriers towards the production of Syngas. 
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Introduction  
 

Currently about 80% of the energy demand is supplied by fossil 

fuels (natural gas and oil), 14% of different renewable energies 

and 6% by nuclear energy. These demand proportions need to 

be changed so that less dependence on fossil fuels can be 

achieved as the global energy demand increases. For this 

purpose, the usage of renewable and nuclear energies need to 

increase considerably and consequently the energy of fossil 

fuels will eventually decrease. Hydrogen itself is not an energy 

source, but an energy vector, and therefore, it can help in the 

transition for the industry between the use of energy provided by 

hydrocarbons and energy from renewable sources [1]. 

 

Hydrogen is a fundamental raw material for the petrochemical 

and oil refining industries, it can be produced from fossil fuels 

and renewable energy sources. The most economical route to 

produce hydrogen is from hydrocarbons, such as natural gas and 

methanol, through the steam methane reforming process (SMR) 

[2–7]. 

 

CH4 + H2O → CO + 3H2  

ΔHR
о
 = 49.2 Kcal/mol                                                 (1) 

                                         

Currently, there are large capacity hydrogen generating plants, 

because of the great demand within the oil refining industry. 

This is primarily due to the new regulations that restrict fuels to a 

very low sulfur and aromatics content, since the 

hydrodesulphurization process requires a large amount of 

hydrogen [7]. 

 

The main advantage for this process resides in its relatively high 

hydrogen yield. With SMR it is possible to achieve energy 

efficiencies of 13.1-14.6 GJ/1000 Nm
3
 resulting in a yield of 2.4-

2.7 mol H2 per each mole of CH4 fed [4]. 

 

Some disadvantages of this SMR process are its large energy 

demand, consequence of its high endothermic reaction (ΔHR
о
 = 

49.2 Kcal/mol), very intense operating conditions (T = 900 °C at 

10 atm) and the amount of CO2 release to the atmosphere during 
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normal operation.  This results in a significant amount of CO2 

released during the process (25 Tons of CO2/1 MMscf of H2 

product). Other processes have been proposed, such as the 

reforming of methane with CO2 (dry reforming) with the use of 

metal catalysts [3-6]. The process consists in the reaction of 

reforming a greenhouse gas with methane to produce a mixture 

of CO and H2 commonly called syngas as follows: CH4 + CO2 = 

CO + H2. One of the main problems that occurs with the dry 

reforming catalysts is the sintering that these suffer at operating 

conditions and their deactivation by the formation of carbon, in 

the case of nickel-based catalysts [5]. 

 

The current focus on hydrogen and syngas production is to find 

ways to obtain these from renewable sources of energy, for 

example; the electrolysis of water, the gasification of biomass or 

even nuclear energy. Currently the production of hydrogen by 

the above methods is not economically viable. A possible bridge 

between the current hydrogen production technologies and those 

based on renewables is to continue to employ natural gas as a 

raw material, with the option of CO2 capture during the process, 

thus making this more environmentally friendly, while other 

technologies become more competitive and mature. Therefore, it 

becomes necessary to find new ways to obtain hydrogen from 

hydrocarbons that could reduce production costs, CO2 emissions 

and increase their performance [4].  

 

It has been reported that the of partial oxidation of methane 

process (reaction 2, POX) exhibits better performance for the 

production of syngas and other advantages such as being an 

exothermic reaction, thus requiring less energy than the SMR, in 

addition to employ small reactors because of a short residence 

time due to its fast kinetics, compared to the SMR. This POX 

reaction has been studied using catalysts of different nature and 

compositions. However, there are still some important 

disadvantages in its actual reaction scheme such as: the operating 

temperature is very high, typically in the order of 900-1000 °C 

and the need for an onsite oxygen plant, which increases the 

initial investment of the process, making it more expensive. 
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2CH4 + O2 = 4H2+ 2CO  

ΔHR
о
 = -17.18 Kcal/mol                                                             (2) 

         

Recently, an improvement to POX has been reported and this is 

based on the partial oxidation reaction through a chemical 

looping process (Chemical Looping Partial Oxidation, CLPO), 

which is a technology for the production of syngas, from natural 

gas and light hydrocarbons [8]. This process was originally 

proposed by Mattisson et al. [9]. The most important advantage 

of this process is that from the produced syngas, the production 

of pure hydrogen is also feasible in a second stage of the process. 

Because heat transfer occurs directly between the gas and the 

oxygen carrier, it is convenient to reduce the size of the reactor 

and these factors presumably making the CLPO a cheaper 

technology than the conventional POX process [8,10]. 

 

The use of metal oxides as oxygen carriers is a strategy that 

avoids the expense of an oxygen plant to carry out reaction 2. In 

this CLPO reaction scheme in the fuel reactor the oxidation of 

the fuel is carried out using a metal oxide (MeO), thus providing 

the necessary oxygen (reaction 3) so that the partial oxidation of 

methane takes place producing syngas, in addition to the reduced 

metal as a solid product. In the next step, the reduced metal is 

fed to the second reactor (oxidation reactor) where reacts with 

steam (reaction 4), thus producing pure hydrogen and the 

original metal oxide, which is sent back to the fuel reactor to 

complete a chemical loop. Figure 1 presents a basic outline of 

the CLPO process. In this Figure it can be seen that the final gas 

product of the first reactor is syngas, while in the second, pure 

hydrogen is obtained. 

 

CH4 + MeO = 2H2 + CO + Me                                    (3) 

       

H2O + Me = MeO + H2             (4) 
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Figure 1: CLPO process scheme 

 

This process has also been called POX-MeO. The operation of 

this process is essentially determined by the performance of the 

oxygen carrier (MeO). Therefore, an ideal oxygen carrier should 

present a high oxygen capacity and structural stability, while 

remaining active after an extensive number of redox cycles [11]. 

 

Several metal oxides have been used been studied for their 

performance as oxygen carriers. Since 2014 there were more 

than seven hundred oxygen carriers that had been synthesized 

and studied to work in this process [12]. Recent oxygen carrier 

designs are composed of two main parts; the primary oxide and 

the inert support. Oxides of Fe, Ni, Cu, Mn, Co and Ti have been 

proposed as candidates for primary oxides [8]. Furthermore, 

other processes have used the concept of CLPO and examples of 

these are: Ni-and Co-based carriers for pure hydrogen production 

developed by Svoboda et al., [13] the fluidized bed reactor using 

NiO on α-Al2O3 as oxygen carrier proposed by Diego et al. [14] 

and the three-reactor scheme (TRCL) projected by Kang et al. 

[15]. Examining recent CLPO studies, the syngas chemical 

looping process research by Fan et al. [16] using oxygen carriers 

based on Fe, Ni, and Ce is one of the most significant research. 

Their results show a syngas (CO + H2) purity of more than 90%, 
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which was obtained with Ni and Fe based oxygen carriers. 

However, at those conditions carbon formation over the surface 

of these materials, as well as carbides (Fe3C) were found. Other 

proposed metals have avoided carbon deposition during their 

cycle reaction operation, but have limited the conversion of 

methane, thus reducing the production of syngas. 

 

There exist many drawbacks with use of single metals oxides, 

like thermodynamics and reaction kinetics limitations. In order 

to solve these, binary metal oxides were proposed to enhance the 

kinetics and thermodynamics of the process, as well as the 

selectivity of the oxygen carriers for syngas production. Several 

examples can be found in the literature, like mixed metal ferrites 

studied by Aston et al. [17] who found a 99% yield towards H2, 

while the re-oxidation of the oxygen carrier was confirmed. 

Results were compared with a single iron oxide and the mixed 

metal spinnels showed a higher extent of reduction under the 

same reaction conditions, which produced more H2 than the 

single iron oxide material (Fe2O3). The Fe-Mn oxides were 

studied by Lambert et al. [18] for the chemical looping 

combustion process, showing a fast reduction of (Mn,Fe)2O3 to 

MnO and Fe
o
 proving that the Fe-based binary oxides are an 

excellent proposal for the POX-MeO process due to their re-

oxidation feasibility, while being a low-cost material. Because of 

these important features, in the present research it was decided to 

study, from a thermodynamics point of view, Fe-based binary 

oxides (FeMO4, M = Mn, Mo, Zn) that are expected to provide 

high methane conversions towards syngas production, while 

providing chemical activity and high temperature stability as 

oxygen carriers for the CLPO of methane. Furthermore, the 

proposed Fe-based oxygen carriers (FeMO4) are expected to 

follow the following reactions: 

 

4CH4 + FeMO4 → 8H2(g) + 4CO(g) + Fe + M                      (5) 

      

CH4(g) + FeMO4 →2H2O(g) + CO2(g) + Fe +M                       (6) 

      

CH4(g) →C + 2H2(g)           (7a) 
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2CO(g) →C + CO2(g)                                    (7b) 

 

4H2O(g) + Fe + M →FeMO4 + 4H2(g)            (8) 

      

C + H2O (g) →H2(g) + CO(g)               (9a) 

        

C + 2H2O(g) →2H2(g) + CO2(g)           (9b) 

                   

Reaction 5 produces syngas (H2 + CO) along with the reduced 

metallic species Fe and M, while reaction 6 shows the complete 

oxidation of methane to produce CO2 and H2O. Under these 

conditions other reactions may arise such as methane 

decomposition and Boudard’s reactions, reactions 7a and 7b, 

respectively. These reactions produce coal which is an 

undesirable product. The re-oxidation of the reduced metallic 

species is described by reaction 8 to produce the original FeMO4 

and H2. Coal gasification may simultaneously occur in the re-

oxidation stage, which are reactions 9a and 9b, leading to 

hydrogen production and carbon oxide species (CO and CO2). 

Due to the reported reaction behavior of Ni and Co ferrites as 

oxygen carriers during the syngas production and the re-

oxidation of their reduced species (Fe and Mn) it makes this 

reaction concept very attractive to be evaluated using similar 

mixed metal oxides, such as; Fe2MnO4, FeMoO4 and Fe2ZnO4 

under a CLPO reaction scheme.  

 

The aim of the present work is to evaluate the thermodynamic 

feasibility of Fe2MnO4, FeMoO4 and Fe2ZnO4 metal oxides 

under the CLPO reaction scheme. This will employ the use of 

thermodynamic analyses and process simulation for the 

production of syngas. For the case of the thermodynamic 

analyses, these will consist in calculations of every possible 

reaction involved in the process to determine feasible operating 

conditions being; temperature, CH4/FeMO4 molar feed ratio in 

the fuel reactor, while for the oxidation reactor will be 

temperature and steam/Fe-M feed molar ratio. Process 

simulations will employ the Aspen Plus
©
 process simulator, 

which will focus in determining process material and energy 

balances as well as optimal operating conditions in both reactors 

and in the entire process. Simulation results will be used to 
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evaluate the thermal efficiency of the overall process and H2 and 

syngas yields to compare them with similar current CLPO 

processes previously reported in the literature to evaluate the 

potential of the proposed oxygen carriers and technology.  

 

Materials and Methods  
Thermodynamic Analysis  
 

Each reaction was studied in terms of the Gibbs free energy as a 

function of temperature. Calculations of equilibrium 

concentrations in the CLPO for FexMO4 oxygen carriers (M = 

Mn, Mo, Zn) were performed using the RGIBBS reactor model 

of Aspen Plus
©
. Since this reactor makes use of a method based 

on the Gibbs free energy minimization technique, which includes 

all possible reactions that take place according to the compounds 

and phases present in the reaction system. For this method it is 

necessary to define all the compounds that will be involved in 

the reaction. Therefore, the following gaseous compounds were 

defined: CH4(g), CO(g), CO2(g), H2(g), Zn and H2O(g), while for 

the solid compounds were included: C, Fe2MnO4, Fe2ZnO4, 

FeMoO4, MnO2, MnO, Mn, ZnO, Zn, MoO3, MoO2, MoO, Mo 

and Fe. The aim of this thermodynamic analysis is to evaluate 

the feasibility of the binary metal oxides in the reaction scheme, 

using the process flowsheet shown in Figure 2. 

 

 
 

Figure 2: Flowsheet for the thermodynamic analysis. 
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Process Simulation  
 

The simulation was performed using Aspen Plus
©
 and was 

concentrated on determining the material and energy balance of 

the process and finding the optimal operating conditions for each 

reactor. In this process simulation, the variables studied were: 

reactor temperature, which varied from 100-1000 °C at 1 atm, 

the FeMO4 molar feed which varied from 1 to 3 kmol/h. 

Whereas, in the oxidation reactor the molar flow of H2O was 

studied from 2 to 9 kmol/h in a temperature range of 100-

1000 °C at atmospheric conditions. 

 

Simulation parameters employed were: a thermodynamic system 

based on the Redlich-Kwong-Aspen equation of state (EOS) to 

calculate the physical properties of the chemical compounds 

involved. The molar feed flowrate of CH4 was fixed at 4 kmol/h, 

in addition to search for the conditions where coal formation is 

not allowed. 

 

Once the process units were established several sensitivity 

analyses were performed to obtain the optimal operating 

conditions for the process, while finding the highest yield 

towards syngas (fuel reactor) and hydrogen (oxidation reactor) 

while simultaneously avoiding carbon formation in the fuel 

reactor. The first sensitivity analysis was performed in the fuel 

reactor aiming to find the CH4/FeMO4 molar feed ratio and the 

operating temperature where the highest yield towards syngas 

while simultaneously avoiding any carbon formation. The 

second sensitivity analysis was performed in the oxidation 

reactor aiming the complete regeneration of FeMO4 and the 

highest yield of pure hydrogen production.  

 

Syngas Yield and Thermal Efficiency  
 

The thermal energy efficiency was evaluated using equation (10) 

proposed by Smith [19], which is based on the first law of 

thermodynamics and is defined as the ratio between the energy 

produced (H2 + CO) and the energy input (CH4). 
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 ̇       

 ̇              
                                               (10) 

        

where mi and LHVi are the mass flow and the lower heating value 

of the “i” species, respectively, while Wi and qi are the 

mechanical work and the required heat of the components “i”, 

respectively. This latter refers mainly to the mechanical work 

and energy requirements of the equipment involved in the 

process to be evaluated. The mechanical work were not taken 

into account because it is out of the scope of the present work 

and the energy requirements are automatically calculated and 

reported after each simulation run. Fuerthermore, the thermal 

effienciency was calculated according to the following 

expression: 

 

   
 ̇  

           ̇          

 ̇                
                                  (11) 

       

The thermal efficiency can be calculated using the high caloric 

value (HHV) to obtain a suitable range of thermal efficiency. 

Table 1 shows the LHV and HHV of the species of interest 

involved in the process. 

 
Table 1: HHV and LHV of process species. 

 

Fuel HHV(MJ/kg) LHV(MJ/kg) 

H2 142.2 121.2 

CO 10.1 10.1 

CH4 55.5 50.0 

 

Moreover, the yield to syngas was calculated from simulation 

results as a the mean yield of H2 and CO, according to the 

following expression: 

 

         
       

 
                                                            (12) 

         

Furthermore, to reduce energy costs a Pinch Analysis was 

performed using heat exchanger units from Aspen Plus
©
, in order 

to take advantage of the temperature gradients between product 

and reactant streams involved in the process. 
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The CLPO process for the oxygen carrier scheme is shown in 

Figure 3. The aim of the pinch analysis was to optimize the 

thermal efficiency of the process. In order to achieve this, heat 

exghangers were strategically placed where product streams, 

GAS-1 and GAS-2, were allowed to exchange heat with the feed 

streams (methane) to be preheated and to generate steam (CH4-

PRH and STEAM streams). Also, in Figure 3 details of the entire 

process streams, recirculations and heat generation by burners to 

provide energy to reactors, stream splits and separation of gases 

from solids (cyclone separators) are presented. 

 

 
 

Figure 3: Process Simulation Flowsheet. 

 

Results and Discussion  
Thermodynamic Analysis  
 

Figure 4 presents the thermodynamic analysis of the process 

variables, showing the process operating area where the target 

conditions are achieved; no carbon formation (a) and full oxygen 

carrier regeneration (b), respectively. 

 

 
 
Figure 4: Free-carbon operation area in fuel reactor (a) and full oxygen carrier 

oxidation area in oxidation reactor (b). 



Prime Archives in Chemistry: 2
nd

 Edition 

13                                                                                www.videleaf.com 

Results of the thermodynamic analyzes indicate that the widest 

area for free carbon operation condition belongs to Fe2ZnO4 

(green area) followed by FeMoO4 (cyan area) and Fe2MnO4 (red 

area). In the case of the regeneration area, the largest one belongs 

to Fe2MnO4 (red area), followed by Fe2ZnO4 (green area), while 

complete oxidation for FeMoO4 is not possible when using this 

oxygen carrier for the process. It is important to emphasize that 

the referred process operating areas are a combination of a 

specific oxygen carrier feed (Kmol/h of FeMO4, M = Mo, Zn and 

Mn) per 4 kmol/h of methane fed to the POX-MeO reactor with 

respect to a specific temperature range for the case of the carbon 

the formation (C kmol/h) in Figure 4(a). While, the amount of 

regenerated oxygen carrier production (Fe2MO4 in Kmol/h) is a 

function of the amount of steam fed (H2O Kmol/h), the fixed 

amount of reduced metals (Fe and M = Mo, Zn or Mn) and the 

regeneration reactor temperature, as is shown in Figure 4(b). 

Therefore, according to results presented in Figure 4 it can be 

concluded that FeMoO4 can be discarded as a possible oxygen 

carrier for the proposed process, since it cannot be completely 

oxidized under the studied conditions. Although, Fe2ZnO4 

presents the largest free carbon formation operating area, its 

regeneration area (green in Figure 4b) is very small, thus limiting 

the conditions of the oxidation reactor to temperatures below 

400 °C and feed H2O ≤ 9 kmol/h. Furthermore, this temperature 

is too low for a relatively fast desired reaction kinetics, whereas, 

a high amount of steam used increases energy costs, which are 

not very convenient process conditions. On the other hand, 

Fe2MnO4 shows a fairly good carbon-free operating area, with 

conditions of temperatures greater than 620 °C and feed of 

Fe2MnO4 > 1.4 kmol/h, which comply with a presumably fast 

desired reaction kinetics. For the case of the oxidation reactor, 

there is a good range of temperatures and feed molar flowrates of 

H2O where complete regeneration can be obtained, making it 

possible to achieve suitable conditions for the entire process. 

 

As a result of the thermodynamic analysis it can be concluded 

that the only oxygen carrier that meets the previously established 

requirements for the CLPO of methane process is Fe2MnO4. 

Therefore, the process simulation was performed only for the 
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Fe2MnO4 oxygen carrier, and this is presented in the following 

section. 

 

Process Simulation  
 

Simulation of the process was performed in two stages. In the 

first stage, the optimal parameters of each reactor were found by 

sensitivity analyses and results of the previous thermodynamic 

analysis. In the second stage, an optimal energy balance was 

achieved through an energy sensitivity analysis (Pinch Analysis) 

by adding heat exchangers between the input and output streams, 

thus obtaining the final simulation scheme presented in Figure 3. 

Since, the avoidance of carbon formation in the fuel reactor is 

one of the main objectives of the present simulation, a sensitivity 

analysis was carried out to study the variations presented as a 

function of the operating temperature and the molar feed to the 

POX-MeO reactor (fuel reactor). 

 

Figure 5, presents results of the sensitivity analysis for the 

carbon formation in Kmol/h as a function of Fe2MnO4 oxygen 

carrier per 4 Kmol/h of methane fed to the POX-MeO reactor.    

 

In this Figure (5a) it can be verified the free carbon operating 

area that was previously observed in the preliminary 

thermodynamic analysis comparison of Figure 5(a), where free 

carbon formation can be achieved at a temperature range of 600-

1000 °C and a Fe2MnO4 feed range of approximately 1.5-3 

Kmol/h. Furthermore, maximum carbon formation (1.8 kmol/h) 

can be observed in a temperature range of 526-621 °C in all the 

Fe2MnO4 feed range studied on this sensitivity analysis (1-3 

kmol/h). Also in Figure 5(b) it can be observed a small carbon 

free operation region that ranges from 100-200 °C at almost all 

the Fe2MnO4 feed range studied (1-3 kmol/h). Even though this 

region predicts no carbon being formed, its generation is likely 

unfavorable due to presumably slow kinetics at these low 

temperatures that eventually prevent any carbon formation. 

Besides, even though at these temperatures there is no carbon 

formation, the production of syngas is negligible and therefore of 

any process operating interest.     



Prime Archives in Chemistry: 2
nd

 Edition 

15                                                                                www.videleaf.com 

 
  
Figure 5: Results of the sensitivity analysis on the carbon formation as a 

function of temperature and Fe2MnO4 feed in Kmol/h to the POX-MeO reactor, 

(a) left and (b) right. 

 

Figure 6 presents results of the sensitivity analysis for the 

hydrogen production coming out from the POX-MeO reactor. In 

this plot it can be seen that increased H2 generation starts at 

temperatures greater than 600 °C combined with Fe2MnO4 feed 

flowrates between 1-1.5 kmol/h. Furthermore, a maximum 

hydrogen production of 7.89 kmol/h occurs at T = 1000 °C and 

Fe2MnO4 = 1 kmol/h. However, such a high temperature is not 

suitable for a CLPO operation, since near or greater temperatures 

than 1000 °C are very prompt to sintering effects on the oxygen 

carrier, not to mention the engineering challenge of fluidized bed 

reactors operating at these conditions, which are unpractical 

from the construction materials point of view. Therefore, lower 

operating temperatures are expected for optimal Syngas 

production at the fuel reactor (POX-MeO). 
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Figure 6: Surface response of H2 production in the POX-MeO reactor. 

 

Figure 7 presents the CO and CO2 generation as a function of 

temperature and Fe2MnO4 molar feed to the fuel reactor. In 

Figure 7a it can be observed that the formation of CO has a 

similar behavior to the production of hydrogen, it is desirable 

that the molar H2/CO ratio to be equal or greater than 2, which is 

very convenient for a Fischer Tropsch process feedstock. Landis 

et al. [20] explains that the usage of the H2/CO ratio in this 

process is approximately 2.15, which is a typical expected usage 

ratio of a cobalt-based catalyst employed in a Fischer-Tropsch 

(FT) commercial scale reactor, while variation in the H2/CO ratio 

increases the degree of difficulty to select and operate the FT 

reactors at optimum conditions. This H2/CO ratio of 2.0 and 

above can be achieved at higher temperatures than 620 °C and 

molar flowrates greater than 1.4 kmol/h. Results presented in 

Figure 7b also show that reaction 6 is promoted at conditions of 

temperature equal to 620 °C and at higher oxygen carrier feed 

molar flowrates, while at higher temperatures the CO2 generation 

decreases. Even though it is not one of the main objectives of the 

present simulation, low CO2 production is encouraged. 

Therefore, optimal operating conditions must be chosen in order 

to avoid (as much as possible) the promotion of reaction 6 

(complete oxidation) over reaction 5 (partial oxidation).    
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Figure 7: Surface response of CO(a) and CO2 (b) formation in POX-MeO 

reactor. 

 

Figure 8 presents the production of Fe and MnO as a function of 

temperature and Fe2MnO4 molar feed to the fuel reactor. Figure 

8a shows the production of reduced Fe, where it is promoted at 

the same conditions where no carbon formation is allowed, thus 

confirming that the operating conditions for reaction 5 is to be 

carried out at temperatures higher than 620 °C. Also, in Figure 

8b the production of MnO is shown, which is a product that does 

not agree with reaction 5, since at the thermodynamic conditions 

studied the reduction of Fe2MnO4 was limited to the formation of 

MnO because Mn generation is not thermodynamically favored. 

Here in this Figure it is also evident that the behavior of MnO 

production is very similar to Fe generation.  
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Figure 8: Surface response of Fe(a) and MnO (b) formation in POX-MeO 

reactor. 

 

In order to find optimal operating conditions for the entire 

process, a comparision of different syngas production scenarios 

is presented in Table 2. In this Table the production of H2, CO, 
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Fe and MnO at temperatures of 650 °C, 700 °C, 750 °C, 800 °C, 

850 °C and 900 °C are tabulated at a fixed molar flowrate of 1.63 

kmol/h of Fe2MnO4. Similarly, this molar flowrate is proposed 

for an operating window, where no carbon formation is possible. 

 
Table 2: H2, CO, Fe and MnO production as a function of temperature. 

 

When analyzing the production of hydrogen with respect to 

temperature it can be noted that at 800 °C and gretater 

temperatures there is no significant variation in terms of syngas 

generation since only a marginal increase is presented. These 

extreme conditions (T > 800 °C) will ultilmately impact in the 

associated energy costs of the entire process. Furthermore, by 

examining the behavior of the H2/CO ratio, a temperature of 

750 °C and greater will generate a ratio of around 2.0. This ratio 

in Syngas gerneration is very suitable for a feedstock of a Fisher 

Tropsch process [20]. 

 

From all the features discussed above, a temperature range of 

750-800 °C is very appropriate for the CLPO based on Fe2MnO4 

as an oxygen carrier in the present study. When evaluating this 

temperature range the temperature of 775 °C was considered 

suitable due to the fact that the syngas generated a H2/CO molar 

ratio of 2.03. Also, at these conditions Fe2MnO4 is completely 

reduced to Fe and MnO according to reaction 5, which is one of 

the conditions for a CLPO process. 

 

Furthermore, Figure 9 shows a contour plot of the methane 

conversion as a function of the fuel reactor temperature (°C) and 

Fe2MnO4 molar feed (kmol/h). Acording to results of Figure 9 

under the proposed required conditions, a methane conversion of 

95.9% can be obtained. 99% methane conversions can be 

achieved at higher temperatures equal or greater than 800 °C and 

Temperature 

(°C) 

H2 

(kmol/hr) 

CO 

(kmol/hr) 

H2/CO  

Ratio 

Fe 

(kmol/hr) 

MnO 

(kmol/hr) 

650 5.31 1.61 3.3 3.2 1.6 

700 6.17 2.54 2.4 3.2 1.6 

750 

800 

850 

900 

6.84 

7.21 

7.36 

7.39 

3.33 

3.62 

3.69 

3.75 

2.1 

2.0 

2.0 

1.9 

3.2 

3.2 

3.2 

3.2 

1.6 

1.6 

1.6 

1.6 
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higher Fe2MnO4 molar flowrates than 2.0. However, greater 

values than these only result in marginal increases in methane 

conversion. 

 

 
 

Figure 9: Contour plot of methane conversion as function of temperature and 

Fe2MnO4. 

 

Therefore, the optimal operating conditions for the fuel reactor 

(POX-MeO) can be considered to be T = 775 °C and a molar 

feed flowrate of Fe2MnO4 = 1.6 kmol/h. This is an important 

result since at these are conditions no carbon deposition is 

feasible and complete reduction of Fe2MnO4 to Fe and MnO also 

occurs, along with a high conversion of methane (95.9%) and a 

consequently a high production of syngas (CO + H2 = 10.52 

kmol/h), while generating a H2/CO molar ratio of 2.03, which is 

very convenient as described above.  

 

Moreover, results of the sensitive analysis for the renegeration 

reactor are presented in Figure 10. Also in this Figure the 

production of H2 and Fe2MnO4 as a function of temperature and 

H2O molar feed to the oxidation (regeneration) reactor is shown. 

Here, Figures 10a and 10b show the production of pure hydrogen 

and the regeneration of the oxygen carrier, respectively, with 

respect to the molar steam flowrate and temperature of the 
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oxidation reactor (REGEN) aiming the selection of the more 

favorable operating conditions in the process. 

 

In Figure 10b it can be observed that the oxidation of Fe and 

MnO towards the formation of Fe2MnO4 is feasible at very low 

temperatures (for example, 100 °C) and a maximum H2 

production of 4.5 kmol/h can be obtained. However, in order to 

favor the kinetics of reaction (8), it is convenient to use 

temperatures above 500 °C, according to the results reported by 

Voldsund et al. [21]. Therefore, the optimum operating condition 

for the oxidation reactor can be established at T = 500 °C and a 

steam molar flowrate of 6.8 kmol/h resulting in a production of 

Fe2MnO4 = 1.6 kmol/h and H2 = 5.19 kmol/h. 

 

 
 

Figure 10: Surface response of H2(a) and Fe2MnO4 (b) formation in REGEN 

reactor. 

 

Furthermore, Table 3 presents the material and energy balance of 

the process simulation where two methane burners (BURNER1 

and BURNER2) and two heat exchangers (HEATX1 and 

HEATEX2) were used according to the process scheme of 

Figure 3. The heat exchangers were used to preheat the methane 

and water feed to the process using the product gas streams of 

each reactor (GAS-1 and GAS-2). Methane is preheated and 

reaches a separator (S1) where it is divided into two streams, one 

for the reactor feed of 4 kmol/h (CH4-RXN stream) and the other 

stream for the burners, which will reach another separator (S2) to 

feed each burner (streams B1 and B2). 
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In order to achieve a temperature of approximately 775 °C in the 

POX-MeO reactor, it is necessary that the BURNER1 generates 

a heat of 987.73 MJ/h (Q1). Similarly, for the REGEN reactor to 

reach a temperature of approximately 500 °C, the BURNER2 is 

required to generate a heat of 192.35 MJ/h (Q2). 

 

Additionally, methane was used as fuel combined with air to 

reach the required temperature in both reactors, these parameters 

were established by sensitivity analysis, once obtained for 

optimum parameters the results of the mass balance was found 

and results are reported in Table 3. 

 

Table 3 shows the products of the POX-MeO reactor, with a H2 

production of 7.05 kmol/h, together with 3.47 kmol/h, 0.38 

kmol/h and 0.65 kmol/h of CO, CO2 and H2O, respectively. 

Finally, it is observed 0.15 kmol/h of unreacted methane in the 

final syngas product stream. On the other hand, in the solids 

stream, a complete reduction of Fe2MnO4 was achieved where 

1.63 kmol/h of MnO and 3.2 kmol/h of Fe were reached.  

 

Otherwise, results of the REGEN reactor consisted of a complete 

regeneration of Fe2MnO4, with a flowrate of 1.63 kmol/h, which 

was recirculated back to the POX-MeO reactor. In the case of 

hydrogen, 4.89 kmol/h was obtained, together with 1.91 kmol/h 

of H2O (GAS-2). 

 

Reported results of a typical steam methane reforming process 

(SMR) are approximately 75% H2, 12% CO, 6% CO2, and 7% 

CH4, while results obtained by the POX-MeO process of the 

present study are 60% H2, 30 % CO, 6% H2O, 3% CO2 and 1% 

CH4. Although, the POX-MeO achieves a lower mole fraction of 

H2 compared with steam reforming the POX process is more 

oriented for the production of syngas, while the SMR process is 

concentrated towards the production of hydrogen. Furthermore, 

POX-MeO generates a greater conversion of methane and syngas 

with less impurities than SMR. These results can also be 

compared with a similar CLPO processes, but employing Ni-

based oxygen carriers, which obtained a dry gas product 

composition of 65% H2, 25% CO, 9% CO2 and 1% CH4 [19]. 

These results are similar, but it can be noticed that the H2/CO 
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molar ratio of the referenced process is less than 2, which is not a 

convenient feature for a syngas for Fischer Tropsch applications. 

 
Table 3: Simulation results for the production of syngas from CH4 and 

Fe2MnO4. 

 

 
 

Furthermore, a comparison with other reported studies involving 

the use of a binary oxides as oxygen carriers greatly helps to 

reduce the temperature operating conditions, since reported 

operating temperatures for the POX-MeO reactor using only 

Fe3O4 as oxygen carrier can reach temperatures equal or greater 

than 1500 °C as reported by Fan et al. [22]. They studied iron 

oxide under equilibrium conditions at 1000 °C, during reduction 

of Fe3O4 to FeO and FeO to Fe by H2 achieving H2 conversions 

of 78% and 41%, respectively. It is remarkable that a mixed iron 

oxide such as Fe2MnO4 is able to achieve greater methane 

conversion (95.9%) that the iron oxide alone, thus the influence 

of Mn metal on the oxide results in more favorable 

thermodynamic equilibrium than Fe3O4 specie. Presumably, this 

is due to the H2 and CO being generated result in a greater 

reducing atmosphere that H2 alone, thus enhancing the Fe2MnO4 

conversion towards the Fe and MnO species. However, the 

produced Syngas is not completely able to reduce MnO to Mn 

and this is the only disadvantage that this process may have.  

 

Concerning the regeneration stage, it is important to consider 

that experimental studies related to reactions of metals with 

steam to produce hydrogen have been reported to present 

relatively high conversions (86%) as in the case of In to In2O3 at 

400 °C as reported by Otzuka et al. [23] compared to Fe (75%) at 

600 °C. However, In2O3 has a lower oxygen-carrying capacity 
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per weight (17%) as compared to Fe2O3 (30%). Other authors 

suggest the use of promoters to enhance the reaction rates of iron 

regeneration as reported by Kodama et al. [24] who added some 

In2O3 for this purpose. Other research concerning the use of 

mixed iron oxygen carriers reported the use of Ni(II)-ferrite both 

in reduction at temperatures above 700 °C and in oxidation 

above 500 °C [25]. These previous studies do not differ that 

much to the optimal process conditions that were found in the 

present research.     

 

Thermal Efficiency  
 

The thermal efficiency was calculated as previously described in 

the methodology section using the equation (10) and resulting in 

a theoretical thermal efficiency that varied between 88.7% by 

using LHV and 92.8% employing values of HHV. 

 

By comparing these efficiencies with the those typical of the 

SMR process (70-85%), the current process of CLPO using 

Fe2MnO4 as oxygen carrier results in 3.7 to 22.8% higher tha 

SMR and this can be attributed entirely to surplus hydrogen 

generated in the oxidation stage, which makes the H2/fuel molar 

ratio higher than 2.0, hence producing a higher thermal 

efficiency. This is a convenient feature of the process, since as 

mentioned before, the product of the fuel reactor generates a 

H2/CO ratio of about 2.0. However, if other processes need the 

use of higher H2/CO ratios such as the methanol, Oxo-synthesis 

and carbonylation processes, which generate high value 

chemicals like aldehydes or alcohols containing one more -CHO- 

or -CH2OH- groups [26]. This H2/CO can be conveniently tuned 

to the desired target ratio by adding the surplus H2 produced 

during the regeneration stage of the oxygen carrier making this 

process highly flexible.   

 

Process Yield  
 

According to the simulation results, shown in Table 3, the 

theoretical yield was obtained towards the synthesis gas and 

calculated by the procedure previously described. In addition, the 

molar ratio of H2/fuel and H2/CO were determined and compared 
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to other chemical looping processes reported in literature. This 

comparison is shown in Table 4. 

 
Table 4: Thermal Efficiency of the POX-MeO with other processes. 

 

Process Thermal efficiency 

SMR 70-85% 

ATR 60-75% 

POX 

POX-MeO (Fe2MnO4) 

60-75% 

88.7-92.8% 

 

In this Table it is evident that the proposed POX-MeO process 

using Fe2MnO4 as oxygen carrier is predicted to achieve greater 

thermal efficiencies than the SMR [27], the autothermal 

reforming (ATR) [28] and the current partial oxidation (POX) 

processes [14].  

 

Furthermore, Table 5 presents a comparison of the obtained 

results of the POX-MeO process using Fe2MnO4 as oxygen 

carrier with respect to other processes for syngas production 

reported in the literature. Here, in this Table it is evident that the 

present CLPO (POX-MeO) compared to a SMR process [27] 

produced twice more H2 for each mole of CH4 being fed. This is 

mainly attributed to the surplus H2 produced in the regeneration 

of Fe2MnO4 with steam. Additionally, Fe2MnO4 has proven to be 

a convenient oxygen carrier since, compared to the results 

reported by de Diego et al. [14] Fe2MnO4 is able to achieve a 

20% yield and a H2/fuel molar ratio of 0.5, which is higher than 

those reported for Ni-based oxygen carriers. The H2/fuel ratio 

obtained for the POX-MeO process obtained in the present 

research is close to that reported for the autothermal methane 

process (ATR) by De Souza et al. [28] with only a difference of 

0.07, whereas the POX-MeO process achieved a greater methane 

conversion. It is important to notice that the case of ATR has the 

disadvantage of employing a pure source of O2 in the process, 

thus needing an exclusively devoted oxygen plant as side 

facilities, making this process extremely expensive. Another 

advantage of the POX-MeO process resides in its comparable 

Syngas yield to the SMR process, which is lower for other 

processes such as ATR and even the CLPO based on NiO. 

Nevertheless, it is noteworthy to remark here that this yield 
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represent only a theoretical value based on process simulation 

and sensitivity analyses, while reported valued from Table 5 are 

based on experimentation. Therefore, it is important to validate 

the present simulation research reported here with proper 

experimental results in order to evaluate the real potential of 

Fe2MnO4 as oxygen carrier towards the CLPO process scheme.  

 
Table 5: Comparison of the POX-MeO process with respect other similar CL 

processes. 

 

Process H2/Fuel molar 

ratio 

YSyngas 

(%) 

H2/CO molar 

ratio 

SMR 1.47 86.7 3.0-5.0 

ATR 2.91 61 1.6-2.6 

CLPO (NiO) 

POX-MeO 

(Fe2MnO4) 

2.5 

2.98 

67 

87.4 

2.6 

2.03-3.44 

 

Conclusions  
 

FeMoO4, Fe2ZnO4, Fe2MnO4 as iron-based oxygen carriers were 

evaluated by thermodynamic analyses and process simulations 

for the production of hydrogen and synthesis gas (syngas) using 

Aspen Plus
®
. According to the thermodynamic analysis, it can be 

concluded that Fe2MnO4 is the best oxygen carrier among the 

Fe-based studied materials for the production of H2 and syngas. 

Simulation results found optimal reaction conditions to carry out 

the POX-MeO process. Optimum temperature in the fuel reactor 

was 775 °C and simultaneously obtaining a methane conversion 

of 95.9% without carbon formation and producing Fe and MnO 

as reduced metal species. While temperature for the oxidation 

reactor was established at 501 °C for the complete regeneration 

of the oxygen carrier, in addition to a production stream of pure 

hydrogen, making this process highly flexible towards a desired 

target H2/CO ratio. Furthermore, these results show a syngas 

stream with a H2/CO molar ratio of 2.03 from the POX-MeO 

reactor and high purity hydrogen stream from the REGEN 

reactor. The thermal efficiency achieved under these conditions 

was in the range of 88.7-92.8% and a syngas yield of 87.4%, 

which are higher compared to other conventional syngas 

production processes reported in the literature. Finally, an 

experimental evaluation of the present process is recommended 
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to validate these obtained results and to assess the real potential 

and viability of the proposed oxygen carrier in the present 

research. 
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