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Abstract 

The chemical looping-oxidative dehydrogenation (CL-ODH) of ethane is investigated in this 

study. In CL-ODH, a redox catalyst donates its lattice oxygen to combust hydrogen formed from 

ethane dehydrogenation (ODH reactor). The reduced redox catalyst is then transferred to a 

separate reactor (regenerator), where it is re-oxidized with air. Typically, the ODH step is 

endothermic, due to the high endothermicity to reduce the redox catalyst. This energy demand is 

met through sensible heat carried by the redox catalyst from the regenerator, which operates at a 

higher temperature. This temperature difference between the two reactors leads to exergy losses. 

We report an Fe-Mn redox catalyst showing tunable exothermic heat of reduction. Promotion 

with Na2WO4 resulted in high ethylene yields due to the suppression of surface Fe/Mn. ASPEN 

Plus® simulations indicated that Fe-Mn redox catalysts can lower the temperature difference 

between the two reactors. This can lead to efficiency improvements for CL-ODH. 

Introduction  

Ethylene is a heavily utilized commodity chemical for the production of important 

compounds such as polyethylene, ethylene oxide, dichloroethane, ethylbenzene, and 

acetaldehyde[1]. Worldwide production of ethylene is projected to more than triple by the year 
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2050 relative to the 2013 production level of 150 million tonnes/year[2]. Due to the recent 

increase in shale gas production, ethylene production from ethane, the second most abundant 

component in shale gas, has become particularly attractive[3]. The predominant production route 

for ethylene is the steam cracking of ethane, in which ethane is pyrolyzed at elevated temperature 

in the presence of steam diluent[1]. This endothermic process requires fired heaters to supply the 

necessary high heating rates, resulting in substantial CO2 and NOx emissions from the 

combustion of carbonaceous fuels such as methane[4]. Additional energy demands arise from 

downstream compression and separation units such that, in total, more than 16 GJ of energy is 

required to produce one ton of ethylene through steam cracking[1]. Thermodynamic equilibrium 

limitations on ethane conversion and coke formation in steam crackers also limit the 

performance of steam crackers[5]. 

Ethylene production through direct oxidative dehydrogenation (ODH) of ethane has been 

explored to replace steam cracking[6–10]. ODH utilizes a co-feed of ethane and oxygen, the 

latter of which combusts hydrogen and removes equilibrium limitations. The resulting reaction is 

exothermic (∆H = −105 kJ/mol at 850°C):  

C2H6 + ½ O2 → C2H4 + H2O 

 Ethane ODH with oxygen co-feed has been extensively studied in terms of both catalyst 

development and mechanistic investigations [11–19]. Satisfactory ethylene yields (>40%) were 

reported in numerous studies [20–29], with a MoVTeNbO catalyst showing an ethylene 

selectivity of 81%  and ethylene yield of 75% [30]. Although these results are highly promising, 

conventional ODH faces a few practical challenges.  For instance, this method introduces the 

potential safety hazard of mixing ethane and gaseous oxygen, and air separation units upstream 



of the ODH reactor are costly and energy-intensive to build and operate. Downstream separation 

and purification of the ethylene product stream is also complex and energy intensive[31]. To 

overcome the challenges of co-feeding ethane ODH, we investigated a two-step chemical 

looping ODH (CL-ODH) scheme, which addresses many of the challenges facing catalytic 

ethane ODH[31–35]. In CL-ODH, a redox catalyst donates oxygen from its crystal lattice to 

convert ethane to ethylene and water. Subsequently, the reduced catalyst is transferred to the 

regenerator where it is re-oxidized in air and sent back to the ODH reactor, completing the redox 

cycle. Acting as an oxygen carrier, the redox catalyst can be repeatedly reduced and oxidized.  

C2H6 + MeOx → C2H4 + MeOx−1 + H2O (ODH reactor) 

MeOx-1 + 1/2O2 (air) → MeOx + heat (Regenerator) 

 There are several potential benefits of CL-ODH over traditional ODH: (i) CL-ODH 

avoids the safety issues inherent to co-feeding ethane and oxygen; and (ii) the use of an oxygen 

carrier eliminates the need for costly air separation units. In CL-ODH, process heat integration 

between the two reactors is accomplished through the direct heat transfer of the sensible heat in 

the oxygen carrier particles, resulting in reduced energy requirements. Experimental studies 

indicated that CL-ODH can result in higher single-pass yield of ethylene compared to thermal 

cracking [33–37]. ASPEN Plus® simulations further indicated that the CL-ODH scheme can 

reduce energy consumption and emissions by up to 82% compared to traditional steam cracking 

because of the selective combustion of hydrogen and lower demand for downstream 

separation[31].  

Compared to conventional ODH in the presence of a heterogeneous catalyst, CL-ODH is 

comparatively less developed. Previous CL-ODH studies have examined redox catalysts 



containing vanadium and molybdenum[38–42], but the highest obtained ethylene yield was 38% 

with the majority of catalysts showing ethylene yields below 20%. Further concerns with 

toxicity, high material cost, and potential stability/sublimation issues may limit and 

attractiveness of V and Mo based redox catalysts. Manganese and iron oxides are alternative 

redox catalysts that are abundant, low-cost and relatively benign and each have been studied for 

chemical looping applications[43–49]. Mn oxides have been studied as oxygen carriers for 

chemical looping combustion (CLC) and chemical looping with oxygen uncoupling (CLOU) of 

methane and coal [43,44,46–48,50,51]. We have previously reported Mn-containing oxides such 

as mixed Mn-Mg and Mn-Si oxides for CL-ODH[32,34,35,52]. For instance, Mg6MnO8 

exhibited a low ethylene selectivity of 14% at 850°C and 3000hr-1 GHSV, but the selectivity was 

increased to 48.5% with a sodium pyrophosphate promoter and to 89.2% with a sodium tungstate 

(Na2WO4) promoter[34]. A manganese silicate oxygen carrier showed ethylene selectivity of 

44.08% at 850°C and 3000hr-1 GHSV, which increased to 63.33% with the addition of sodium 

tungstate[35]. The primary effect of Na2WO4 promotion was to decrease the COx selectivity, 

which was the primary undesired byproduct in CL-ODH[53]. For instance, COx selectivity 

dropped from 36.52% to 2.96% for manganese silicate redox catalysts and from 78.04% to 

2.23% for Mg6MnO8 redox catalysts. Alkali metal oxide promotion also improved the selectivity 

of redox catalysts composed of Fe-containing perovskites [33,37].  Overall, alkali metal 

containing promoters, especially Na2WO4, have shown promise to improve the ethylene 

selectivity on various redox catalysts containing Mn and/or Fe oxides in CL-ODH.  

It is noted that CL-ODH reactions carried out using the redox catalysts mentioned above 

are generally endothermic, with Mn3O4 redox catalysts showing an estimated heat of reaction of 

118 kJ/mol C2H6[36], which is comparable to thermal cracking (143 kJ/mol C2H6). Although this 



endothermicity would not affect the overall exothermicity of the two-step CL-ODH cycle, the 

energy demand in the ODH step does need to be satisfied by the sensible heat carried by the 

redox catalyst particles from the regenerator. Such heat integration requirements would dictate: 

(i) a large temperature difference between the ODH reactor and regenerator; and/or (ii) a high 

solids circulation rate. As such, CL-ODH operation can potentially be further optimized by 

developing CL-ODH redox catalysts with lower endothermicity for CL-ODH (Figure 1). In this 

aspect, mixed Fe-Mn oxides are promising candidates considering their abilities for tunable and 

spontaneous oxygen release [54–57]. The present study investigates mixed Fe-Mn oxides as 

redox catalysts for the CL-ODH of ethane. Specifically, focuses were placed on the development 

of redox catalysts with less endothermic and potentially tunable CL-ODH heat of reactions while 

maintaining high activity and selectivity. It was determined that the best performing redox 

catalyst had a Fe-Mn molar ratio of 20-80. This heat of reduction of this catalyst was exothermic 

at all stages of reduction, and after promotion with Na2WO4, it was able to achieve an ethylene 

yield of 62.21% and a COx selectivity of 3.15%. ASPEN Plus® simulations indicate that Fe-Mn 

redox catalysts can decrease the temperature difference between the ODH and regenerator 

reactors and while having similar solid circulation rates as traditional coal chemical looping 

combustion (CLC) systems. The properties of this redox catalyst will allow for the further 

optimization of the CL-ODH process through additional energy savings.  



 

Figure 1: CL-ODH scheme with Mn3O4 (left) and Fe-Mn redox catalysts (right)  

Experimental 

Redox Catalyst Synthesis 

All redox catalysts were synthesized through a sol-gel procedure in order to obtain a redox 

catalyst with higher homogeneity. In this procedure, metal precursors (iron (III) nitrate 

nonahydrate (Sigma-Aldrich ACS reagent, > 98% and manganese (II) nitrate tetrahdyrate 

(Sigma-Aldrich, > 97.0%) and citric acid (Sigma Aldrich > 99.5%) were dissolved in DI water. 

The citric acid to total cation molar ratio was 2.5 and the mixture was stirred at 50°C for 30 

minutes. Afterwards, ethylene glycol (Sigma Aldrich, anhydrous 99.8%) was added (ethylene 

glycol to citric acid molar ratio = 1.5) and the temperature was raised to 80°C to complete the 

gelation process. The resulting mixture was dried overnight at 80°C and then calcined in air at 

450°C for 3 hours to decompose any nitrates and remove citric acid. Then the temperature was 

raised to 900°C for 8 hours in order to obtain the desired crystal phases. After calcination, the 



synthesized redox catalyst was sieved into 3 particles sizes: 850-425 µm, 425-250 µm, and < 250 

µm. A total of three Fe-Mn molar ratios were synthesized: 20-80, 50-50 and 60-40.  

Each of the base redox catalysts were promoted with sodium tungstate. The sieved redox 

catalyst particles were mixed with a water solution containing sodium tungstate dihydrate (Sigma 

Aldirch, 99.5%). The weight loading of sodium tungstate for all redox catalysts was 1.7wt% on 

an Na basis. The promoted particles were then dried overnight at 80°C, and then calcined in air 

at 900°C for an additional 8 hours. In this paper, un-promoted redox catalysts are designated by 

the Fe-Mn molar ratio (20-80, 50-50, and 60-40) and promoted redox catalysts are designated 

using the Fe-Mn molar ratio and Na2WO4 (20-80-Na2WO4, 50-50-Na2WO4, and 60-40-

Na2WO4). 

Ethane ODH experiments 

The activity of the synthesized redox catalysts for the ODH of ethane was determined 

using a previously described reactor setup and gas chromatography analysis[35]. A U-tube 

reactor made of quartz with a 1/4’’ O.D and 1/8’’ I.D. was used for reaction testing. 0.5g of 

redox catalyst particles was loaded into the bottom of the reactor and alumina grit (16 mesh) was 

used on both sides of the U-tube to prevent loss of redox catalyst particles and to reduce the gas 

residence time inside the heated reactor. In order to obtain thermal cracking (blank) 

measurements, a U-tube with only alumina grit was used.  

The gas composition and flow rate inside the quartz U-tube reactor were controlled with 

mass flow controllers and a valve manifold. The overall GHSV during all pretreatment steps and 

reaction testing was 4500hr-1. During the pretreatment step, the redox catalysts underwent 2 

redox cycles which were comprised of a 3 minute reduction step (80%/20% H2/Ar) and a 3 

minute oxidation step (17%/83% O2/Ar) at 900°C. The pretreatment step resulted in a redox 



catalyst with stable chemical and physical properties. For ethane ODH reaction testing, the 

oxidation remained unchanged, but the reduction step was altered: a total of 5 mL of ethane was 

flown into the reactor (5 second injection of 80%/20% C2H6/Ar). In between each reduction and 

oxidation step during the pretreatment and ethane ODH reaction testing, 100% Ar was flown into 

the reactor for 5 minutes. Ethane ODH reaction testing was performed at 850, 825, and 800°C 

for all redox catalysts. 

The products from the reduction step were collected in a gas bag and injected into a gas 

chromatograph (GC) for analysis. The GC was an Agilent 7890 Fast RGA with a flame 

ionization detector (FID) for hydrocarbon analysis and two thermal conductivity detectors for 

CO, CO2, and H2 analysis. A refinery gas standard (Agilent Part # 5190-0519) was used to 

calibrate the GC. Mass Spectroscopy analysis of the oxidation step did not show significant 

coking or tar formation, so a carbon mass balance was used to calculate ethane conversion and 

hydrocarbon product selectivity and yields. The product distribution was also used to calculate 

the amount of hydrogen formed during the reduction step and the amount of hydrogen converted 

to water. Formulas for product selectivity, yield and hydrogen conversion can be found below 

(n(x) refers to the total amount of carbon in species x measured by GC).  
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XRD Characterization 



Powder X-ray Diffraction (XRD) was done to determine crystal phases present in freshly 

synthesized and post testing redox catalysts. The measurements were performed at room 

temperature with a Rigaku SmartLab X-ray Diffractometer. The radiation source was Cu Kα (λ = 

0.1542 nm) and the diffractometer operated at 40 kV and 44 mA. XRD patterns between 10-80° 

(2Ɵ) were generated with a step size of 0.1° and a hold time of 2.5s. 

Surface Area Measurements 

 A Micromeritics ASAP 2020 was used to collect N2 adsorption isotherms at 77K. Before 

adsorption isotherms were generated, all redox catalysts were degassed at 473K. Brunauer-

Emmett-Teller (BET) theory was used to calculate surface areas from the measured adsorption 

isotherms.  

TGA/DSC Measurements 

 The heat of reduction of each of the redox catalysts was measured on a TA Instruments 

SDT Q600 Dual Thermogravimetric Analysis (TGA)/Differential Scanning Calorimetry (DSC) 

unit. First, fresh redox catalyst was loaded into the sample crucible and heated to 850°C in a 10% 

O2/Ar environment to clean the redox catalyst. Then, the 5 H2/O2 redox cycles were performed 

on the redox catalyst. In each cycle, the initial gas flow was 10% O2/Ar. After 10 minutes, the 

gas flow was switched to 100% Ar for 10 minutes and then to 10% H2/Ar for 10 minutes to 

reduce the redox catalyst. After another 10 minute 100% Ar purge, the gas flow was switched to 

its initial conditions (10% O2/Ar). This completed the redox cycle and allowed the redox catalyst 

to be re-oxidized. The heat flow curve was integrated using TA Instruments TRIOS software in 

order to determine the heat of reduction of each redox catalyst. A detailed explanation of the 

integration process can be found in the supporting information    

XPS Analysis 



Fresh (as-synthesized) and cycled (more than 30 C2H6/O2 redox cycles, cleaned in 17% 

O2/Ar at 850 °C, held at 850°C in an 100% Ar atmosphere for 1 hour, and then cooled to room 

temperature in 100% Ar atmosphere) redox catalysts were analyzed using X-ray photoelectron 

spectroscopy (XPS). Both the near-surface atomic composition and the oxidation states of 

manganese and iron were determined for all measured redox catalysts. All analysis was 

performed using an Al anode and the XPS system was comprised of a Thermo-Fisher Alpha 110 

hemispherical energy analyzer and a Thermo-Fischer XR3, 300W dual-anode X-Ray source. The 

C1s peak (284.6eV) was used to calibrate all spectra.    

Process Simulation 

 ASPEN Plus® is used to simulate the ODH reactor and analyze the effect of obtained 

heat flow in the Fe-Mn system on the solid circulation rates. The ODH reactor is represented by 

an RStoic rector model, using the product distribution obtained in the ethane ODH experiments. 

A sequential modular approach is used. The ODH reactor is operated at 850oC. Fe2O3 is used as 

a representative solid with pure ethane as the feed. The heat of the reaction is balanced so that it 

matches the experimentally obtained ∆H values. Additional information is provided in the 

supporting information. The circulation rates of the CL-ODH system are compared with coal 

CLC systems, which are well studied. 

 

Results and Discussion 

Redox Catalyst Characterization 

 Figure 2 shows the XRD patterns for the freshly synthesized redox catalysts. The 

characteristic peaks for a bixbyite phase [(Fe,Mn)2O3 (PDF# 01-075-0894)] were observed on all 

un-promoted and promoted redox catalysts. The Na2WO4 (PDF#04-008-8508) phase was also 



seen on all of the promoted redox catalysts. No (Fe,Mn)3O4 spinel oxide phases, which represent 

a reduced form of mixed Fe-Mn oxides, were identified on any of the redox catalysts. The 

measured surface areas(Table 1) of the as-synthesized un-promoted redox catalysts are similar 

and after promotion with Na2WO4, the surface area for all redox catalysts decreases by around 

50% in all cases. 

 



 

Figure 2: XRD patterns of as-synthesized redox catalysts (a) un-promoted and (b) Na2WO4 

promoted Fe:Mn oxide catalysts. [a]PDF# 01-075-0894 [b]PDF# 04-008-8508  

 

Table 1:  BET surface areas for the as-synthesized redox catalysts 

Redox Catalyst Surface Area (m2/g) 
20-80 3.48 
50-50 4.10 
60-40 3.17 

20-80-Na2WO4 1.75 
50-50-Na2WO4 1.28 
60-40-Na2WO4 1.47 

 

ODH Reaction Testing 

Ethane ODH results at 850°C and a GHSV of 4500hr-1
 for all synthesized redox catalysts 

are summarized in Figure 3. All of the redox catalysts exhibited higher ethane conversions than 

thermal cracking (75.7-83.3% vs 62.9%) and had a H2 conversion higher than 70% (which is 



desirable for the CL-ODH from an energy balance standpoint[31]).  When comparing the un-

promoted redox catalysts, the 20-80 redox catalyst showed the highest COx selectivity (50.7%) 

while the 50-50 and 60-40 redox catalysts had lower COx selectivity values (35.2 and 37.5% 

respectively). These results matched with previous literature, which have shown that Mn3+ 

oxides are active for the deep oxidation of hydrocarbons[58,59]. In previous studies[32,34,35], 

promotion with Na2WO4 caused a decrease in ethane and H2 conversion, but the significant 

increase in ethylene selectivity led to an increase in ethylene yield. For all redox catalysts, the 

ethylene yields significantly increased after promotion with Na2WO4. The largest increase in 

ethylene yield was observed on the 20-80 redox catalyst (33.5% to 62.2%) and the 60-40-

Na2WO4 redox catalyst demonstrated the highest ethylene yield (64.5%). H2 conversion also 

decreased for all promoted redox catalysts, but ethane conversion only decreased for the 20-80-

Na2WO4 redox catalyst (78.5% to 75.9%). The increase in ethane conversion on the 50-50-

Na2WO4 and 60-40-Na2WO4 redox catalysts (75.9% to 79.6% and 75.7% to 83.3% respectively) 

is likely to be due to the densification of the promoted redox catalysts during reaction testing. 

This densification increased the effective gas residence time in the U-tube reactor, allowing for 

additional ethane conversion. In Figure 4, the effect of reaction temperature on ethylene and COx 

selectivity is shown. As expected, a decrease in reaction temperature caused a decrease in ethane 

conversion and increase in ethylene selectivity (Figure 4a). With respect to ethylene yield, the 

60-40-Na2WO4 redox catalyst was the best performing at all temperatures, but the yield 

differences are relatively small as can be seen from Figure 4a. The small differences between the 

promoted redox catalysts decreased as the reaction temperature decreased. A slightly different 

trend is seen in COx selectivity values on the promoted redox catalysts (Figure 4b).  At 850°C, 

the 20-80-Na2WO4  redox catalyst showed the lowest COx selectivity (3.2%) followed by the 50-



50-Na2WO4 redox catalyst (4.8%) and finally the  60-40-Na2WO4 redox catalyst (5.8%).  At all 

temperatures, the 20:80-Na2WO4 redox catalyst exhibited the lowest COx selectivity. Due to the 

similar ethylene yield and lower COx selectivity, the 20-80-Na2WO4 redox catalyst was 

determined to the best performing redox catalyst. Detailed reaction data for the 20-80-Na2WO4 

redox catalyst at all reaction temperatures can be found in the supplementary information (Table 

S1) 

 

Figure 3: Ethane ODH reaction data at 850°C and GHSV=4500hr-1 for thermal cracking (blank) 

and CL-ODH in the presence of the redox catalysts. 

 



    

 

Figure 4: Ethane ODH reaction data at varying temperatures a) Ethylene Selectivity vs ethane 

conversion and b) COx selectivity vs ethane conversion (Green: 800°C, Blue: 825°C, Red: 850°C 

and GHSV=4500hr-1).  



The proposed CL-ODH scheme requires that the redox catalysts demonstrate a long 

lifetime. Therefore, extended redox cycling was performed on the 20-80-Na2WO4 redox catalyst 

(Figure 5). As the redox catalyst undergoes additional redox cycles, the ethane conversion 

increased until reaching a steady value at cycle 35 (80.1% to 90.0%). Over the first 35 cycles, 

there was also a decrease in ethylene selectivity (80.7% to 72.2%), but the ethylene yield was 

relatively stable (64.6% to 65.1%).  There was also an increase in C3+ selectivity (8.5% to 

12.2%) and COx selectivity (3.3% to 7.5%) while the methane selectivity was relatively stable 

(6.9% to 7.1%). The overall C2+ selectivity, which represents the formation of value-added 

products, decreased by 4.8% over extended redox cycle testing (89.0% to 84.2%). After cycle 35, 

no significant changes in these values were observed.  These results indicated that the 20-80-

Na2WO4 redox catalyst is potentially suitable for CL-ODH applications in terms of redox 

stability.   

 



Figure 5: Extended redox cycle testing on 20-80-Na2WO4 redox catalyst at 850°C and 

GHSV=4500hr-1    

XPS Analysis 

 XPS analysis was performed to determine the near surface atomic composition and 

oxidation states of iron and manganese species on the 20-80 and 20-80-Na2WO4 redox catalysts. 

As described earlier in the experimental section, 2 versions of each redox catalysts were 

analyzed: fresh and cycled.  The near surface atomic percentages (normalized to a carbon and 

oxygen free basis), for all analyzed redox catalysts are shown in Table 2. On the fresh 20-80 

redox catalyst, the surface atomic percentages were similar to the bulk molar ratio and after 

cycling there were no significant changes in the surface composition.  On the fresh 20-80-

Na2WO4 redox catalyst, both Na and W are enriched as seen on previously studied Mg6MnO8 

and manganese silicates based redox catalysts[34,35].  The as-synthesized Na and W enrichment 

factor (observed surface % divided by bulk %) were 4.92 and 4.87 respectively. Also, there were 

twice as many Na atoms observed as W atoms on the near surface of the fresh 20-80-Na2WO4 

redox catalyst. The is the same ratio of Na to W in sodium tungstate. When comparing the fresh 

and cycled 20-80 redox catalysts there were no substantial differences. The cycled 20-80-

Na2WO4 redox catalyst had slightly lower Na and Fe surface atomic percentages when compared 

to the fresh 20-80-Na2WO4 redox catalyst, but there was a significant enrichment of W and loss 

of Mn which led to a decrease in the Na to W atomic surface ratio (~2 to 0.7). The decrease in 

this ratio is due to the loss of the Na2WO4 phase which was confirmed through XRD analysis of 

the cycled 20-80-Na2WO4 redox catalyst (Figure S1). After ethane ODH reaction testing, the 

Na2WO4 phase was replaced by and (Fe,Mn)WO4, NaFe(WO4)2 and NaFeO2 phases. Unlike 

previously studied redox catalysts[34,35,53], the increase in ethylene yield was not due to the 



formation of a physical layer of Na2WO4 around the base redox catalyst. Instead, the primary 

reason for increased selectivity of the promoted redox catalysts was likely to be the suppression 

of Mn and Fe cations, and hence nonselective oxygen species, through the enrichment of Na and 

W on the surface of the redox catalyst.  Further analysis of the XPS spectra, as discussed below, 

provides additional insights on the change in redox catalyst selectivity before and after Na2WO4 

promotion. 

 

Table 2: Near-surface atomic % on fresh and cycled catalysts (oxygen and carbon free 

basis)  

Catalyst Fe% Mn% Na% W% 
20-80: fresh 13.21 86.79 0 0 
20-80: cycled 16.05 83.95 0 0 
20-80-Na2WO4: fresh 7.88 52.53 26.47 13.11 
20-80-Na2WO4: cycled 5.79 37.98 23.09 33.14 

  

 The Mn 2p3/2 peak for the fresh and cycled redox catalysts can be seen in Figure 6a. For 

the fresh redox catalysts, both the 20-80 and 20-80-Na2WO4 had an overall Mn 2p3/2 peak 

position of 641.2 eV which is consistent with Mn3+. The cycled 20-80 redox catalyst had the 

same peak position as the fresh 20-80 redox catalyst, but the peak position shifted down by 0.5 

eV for the cycled 20-80-Na2WO4 redox catalyst, indicating a slight decrease in the oxidation 

state for the near surface Mn cation. This shift was also seen on previously studied Mg6MnO8 

redox catalysts[34]. Figure 6b compares the Fe 2p3/2 spectra for the fresh and cycled redox 

catalysts. On fresh 20-80 redox catalyst, the Fe 2p3/2 peak was at 710.9 eV which corresponds to 

Fe3+ and promotion with Na2WO4, caused the Fe 2p3/2 peak to shift down by 0.5 eV. When 

comparing the fresh and cycled redox catalysts, there were no changes observed in the Fe 2p3/2 

peak positions. While small differences in the Fe and Mn oxidation states were observed on the 



Na2WO4 promoted redox catalysts, the primary effect of the Na2WO4 promoter is the decrease in 

Fe and Mn and enrichment of Na and W species on the surface of the redox catalyst leading to 

increases in ethylene yield. This matches with previously observed results which indicated that 

the over oxidation of methane, ethane and other hydrocarbon species can be suppressed when 

both sodium and tungsten are present on the surface of the redox catalyst.[34,35,53,60–62].   

 



 

 

Figure 6: XPS spectra of a) Mn 2p3/2 peak and b) Fe 2p3/2 of fresh and cycled redox catalysts 

Heat of Reaction Analysis 

 A potential challenge for CL-ODH is the endothermic reaction that occurs in the ODH 

reactor[31]. Our previous studies indicate that ethane ODH on Na2WO4 promoted Mn oxide 

redox catalysts proceeds via ethane cracking in parallel with selective hydrogen combustion[34]. 

Even though the overall two-step CL-ODH process is exothermic, the endothermic reduction of 

the redox catalyst with H2 in the ethane conversion step makes the ODH reactor endothermic for 

all the redox catalysts reported to date. The necessary heat for the ODH reactor is supplied from 

the circulation of the redox catalysts through the regenerator. In one potential configuration with 

Mg6MnO8 based redox catalyst, the operating temperature of the regenerator needs to be 100°C 

higher than the ODH reactor. Since the re-oxidation of the redox catalysts is exothermic, this 

temperature difference allows thermal energy be carried back to the ODH reactor through 



sensible heat of the redox catalysts. If the heat of reaction in the ODH reactor was less 

endothermic, the heat requirements of the ODH reactor would be easier to meet. This can lead to 

(i) decreased redox catalyst circulation rate; and/or (ii) decreased temperature differences 

between the two reactors. Both can result in additional capital and energy savings for CL-ODH. 

With this in mind, dual TGA/DSC measurements were performed to determine the heat of 

reduction of the mixed Fe-Mn oxides to assist the identification of redox catalysts with decreased 

endothermicity for ethane conversion. The average heat of reduction determined by dual 

TGA/DSC measurements are summarized in Table 3. 

  

Table 3:  Heat of reduction from dual TGA/DSC measurements and HSC chemistry 

Redox Catalyst Dual TGA/DSC (kJ/mol O) HSC Chemistry (kJ/ mol O) 
20-80 -14.26 -14.53 
50-50 2.40 1.74 
60-40 4.75 7.16 

 

Table 3 also included the estimated heat of reduction calculated from HSC Chemistry 

assuming the redox catalyst was reduced from the spinel phase to the monoxide phase. This 

assumption was based of TGA measurements, which indicated that the reduction of the bixbyite 

to the spinel phase was irreversible and the sample primarily cycled between spinel and 

monoxide phases (Figure S2). The transition from the bixbyite to the spinel phase was also seen 

on XRD spectra of the redox catalysts after the TGA/DSC measurements (Figure S3).  

As can be seen from Table 3,  there was good agreement between the DSC results and 

HSC calculations. As the iron content of the redox catalysts increases, the heat of reduction 

became more endothermic. This was because the reduction of Fe3O4 to FeO with H2 is 

endothermic (28.85 kJ/mol O) while the reduction of Mn3O4 to MnO is exothermic (-25.38 



kJ/mol O). Only the 20-80 redox catalyst had the desired exothermic heat of reduction, but for 

CL-ODH applications, it would be better to compare how the heat of reduction changes as the 

catalyst is reduced. In Figure 7, the cumulative average heat flow per mol of O released is plotted 

versus the weight of O donated normalized by the initial redox catalyst weight (see supporting 

information file). All of the redox catalysts initially had a highly exothermic heat flow. As 

additional lattice oxygen was donated, the cumulative average heat flow became less exothermic 

(Figure 6a). The 60-40 redox catalyst had the highest exothermic peak, which is likely due to the 

hematite phase that was detected from XRD measurements (Figure S3). As expected from the 

previous heat flow data, the average heat flow for the 20-80 redox catalyst was exothermic 

regardless of the amount of oxygen donated while the average heat flows for the 50-50 and 60-40 

redox catalysts become endothermic after extensive oxygen donation. All redox catalysts were 

initially able to offset the endothermicity for ethane cracking (143 kJ/mol C2H6 at 850 °C) at low 

oxygen donation. Therefore, we focused on the initial reduction of each of the redox catalysts 

(Figure 7b). Here it was seen that the 60-40 redox catalyst was able to donate the most amount of 

lattice oxygen (0.16 wt%) while maintaining exothermic or heat neutral during the CL-ODH 

step. This is followed with 20-80 (0.14 wt%) and 50-50 (0.12 wt%) redox catalysts.  Despite the 

higher exothermicity during the initial reduction, the 60-40 redox catalyst was a less desirable 

candidate than the 20-80 redox catalyst from a process development standpoint.   

 



 

 

 

Figure 7: Cumulative average heat flow per mol of O donated for the un-promoted redox 

catalysts. a) The complete integrated range for each redox catalyst. b) The first weight percent 



donated for each the redox catalysts. Positive average heat flow is exothermic and negative 

average heat flow is endothermic. 

 

Since CL-ODH in principle just decouples an overall exothermic ODH reaction into two-

steps, the regenerator reactor would supply the heat, if necessary, to offset the endothermic 

reaction in the ODH reactor.  In Figure 8, the heat of reaction in the ODH and regenerator 

reactors utilizing the 20-80 redox catalyst are plotted versus the oxygen capacity of the 20-80 

redox catalysts. For the first 0.14% of the oxygen capacity, the heat of reaction in the ODH 

reactor was exothermic, so all of the heat from the regenerator could be used to generate low 

pressure steam [31]. Additional oxygen donation leads to an overall endothermic ODH reactor, 

but at 1% oxygen capacity donated, only 30.8% of the heat from the regenerator reactor is 

needed for the ODH reactor (111 kJ/mol O vs 360 kJ/mol O). As such, both the heat of reaction 

and ethane ODH results indicate that the 20-80-Na2WO4 is promising for a CL-ODH process. It 

is therefore further studied in an ASPEN Plus® model.  



 

Figure 8: Average heat flow for the ODH and regenerator reactor for the 20-80 redox catalyst.  

Positive average heat flow is exothermic and negative average heat flow is endothermic. 

 

Process Analysis 

 The CL-ODH system is proposed to be operated in a circulating fluidized bed (CFB) 

scheme, where the redox catalyst circulation rate (Rcat) is crucial as the redox catalyst supplies 

the necessary heat to offset the endothermicity of the ODH reactor. There are two important 

factors which govern the circulation rate of redox catalyst in the system: 1) oxygen release from 

the redox catalyst supplying the heat via selective hydrogen combustion (∆HSHC) and 2) ∆T 

between the ODH reactor and regenerator providing sensible heat. Optimization of these factors 

can allow for adiabatic operation of the ODH reactor, providing a more efficient operation, 

which adds to the energy savings for the process.  

 



The Fe-Mn system provides an exothermic SHC, as shown in Figures 7 and 8, which can 

reduce the overall ∆H of the ODH reactor. This can lower the required Rcat values (mass of redox 

catalyst circulated/hr). To analyze the effects of the observed heat flows, the ODH reactor is 

simulated using ASPEN Plus®. For the ODH reactor, with a fixed ∆HSHC and oxygen capacity, 

the temperature of the regenerator (or redox catalyst feed) is varied, till the ODH reactor reaches 

850oC. This leads to a data set of  projected solids circulation rate (Rcat) vs ∆T (between the 

regenerator and ODH reactor).  

 

Figure 9: Projected solid circulation rates of the Fe-Mn redox catalyst system (20-80) for CL-

ODH and the corresponding reactor temperature differences (at 1500 MWth feedstock processing 

capacity). Corresponding data on coal chemical looping combustion (CLC) system are also 

shown as references. [63] 
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Rcat values (ktonne/hr) are calculated for a 1500 MWTh ethylene production plant which 

corresponds to an annual ethylene production of approximately 1 million tonnes. The selected 

points are mapped on Figure 9, plotted as Rcat vs ∆T. CLC of coal has been well documented in 

literature and is used as a reference [55,63–66]. Ilmenite is chosen as the reference oxygen 

carrier for the CLC systems. Based on the available literature, circulation rates for a 1500 MWTh 

capacity CLC system are also plotted in Figure 9.  

As one would anticipate, low oxygen release (or oxygen capacity utilized) for CL-ODH 

would correspond to large solids circulation rates mainly due to the needs to supply adequate 

lattice oxygen for ethane conversion. This leads to high circulation rates and low temperature 

difference between reactors. Increasing oxygen release from the Fe-Mn oxides can lower solids 

circulation from an oxygen supply standpoint. However, this leads to increased endothermicity in 

the CL-ODH reactor and hence requires a higher reactor temperature difference. Overall, the 

tunable heat of reaction for mixed Fe-Mn oxide redox catalysts, as a function of oxygen release, 

allows the flexibility of adjusting reactor temperature differences and solids circulating rates. 

Moreover, under a similar reactor temperature difference, the projected solids circulation rate for 

CL-ODH is comparable or slightly lower than that required for CLC of coal, indicating its 

potential technical feasibility.  

Conclusion 

 This study explored mixed iron manganese redox catalysts for the CL-ODH of ethane. 

Three molar ratios (Fe-Mn) were studied: 20-80, 50-50, and 60-40. XRD analysis indicated that 

all as-synthesized redox catalysts contained a mixed (Fe,Mn)2O3 phase. Ethane ODH reaction 

testing showed that after promotion with Na2WO4, the 20-80 redox catalyst achieved high 

ethylene yields (62.21%) and a low selectivity towards COx species (3.15%). XPS results 

showed that both sodium and tungsten were enriched on the surface of the 20-80-Na2WO4 redox 



catalyst. Continuous redox cycling induced the formation of (Fe,Mn)WO4, NaFe(WO4)2 and 

NaFeO2 phases in addition to the mixed Fe-Mn oxides which acted as the oxygen carrying 

phases. These results indicated that near surface tungsten and sodium synergistically suppressed 

the deep oxidation of hydrocarbons. Dual TGA/DSC measurements indicated that a 20-80 redox 

catalyst had an exothermic heat flow during reduction indicating that it can help offset the 

endothermic nature of ethane cracking. ASPEN Plus® simulations indicate that the Fe-Mn redox 

catalyst can significantly lower the solids solid circulation rate when compared to traditional coal 

CLC processes. Moreover, the circulation rate and reactor temperature difference is tunable by 

varying the amount of oxygen extraction from the redox catalyst.  Overall, the 20-80-Na2WO4 

redox catalyst is a promising oxygen carrier for a CL-ODH process and can lead to reductions in 

energy consumption and emissions from ethylene production.    
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