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ABSTRACT: In this study MgO-promoted Fe
2
O

3
 hematite oxygen carriers were synthesized 

from various Mg sources and evaluated for methane chemical looping combustion. Particles 

suitable for fluidized bed flow reactor studies were prepared in the lab.  Cyclic CLC tests 

conducted in the fluidized bed with MgO promoted hematite showed better performance than 

that with hematite. Attrition resistance of laboratory prepared MgO promoted hematite was 

excellent. Reactivity and stability of the oxygen carrier materials were also tested in the 

thermogravimetric analyzer and bench-scale reactors. Scanning electron microscopy and energy-

dispersive x-ray spectroscopy, and x-ray diffraction were used to study the morphology and 
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elemental compositions present in the hematite and promoted hematite oxygen carriers prior to 

and following the multi-cycle chemical looping reaction. The incorporation of 5 wt% MgO led to 

an increased reaction rate and an increase in oxygen utilized as compared to the pure hematite 

oxygen carrier.  Possible reasons for the promotion effect by MgO were evaluated. These studies 

reveal that the best performing oxygen carrier was the 5 wt% MgO/Fe
2
O

3
 which exhibited no 

observed degradation in the kinetics and conversion performance in the methane step over 15 

reduction and oxidation cycles. The Mg promoted oxygen carrier also showed reduced coke 

formation as compared to the pure hematite carrier.  

Keywords: chemical looping, fluidized bed, fixed bed, MgO promoted hematite 

 

1.0 Introduction 

Chemical looping combustion (CLC) involves a two-step process in which a metal oxide 

(M
x
O

y
) oxygen carrier is used to transport oxygen to the fuel, avoiding direct contact between 

fuel and air. The CLC process has the advantage of producing sequestration-ready carbon 

dioxide (CO
2
) without the energy penalty or need for nitrogen separation required by 

conventional combustion technology. The important properties of oxygen carriers are the high 

reactivity for reduction and oxidation as well as high mechanical stability during the multi-cycle 

testing.   

Oxygen carrier development is critical for CLC where Fe
2
O

3
 has commonly been used as an 

oxygen carrier. Iron oxide has been known to show a slow reaction rate with CH
4
 and is a critical 

issue for Fe
2
O

3
-based carriers. It is also known that impregnated Fe

2
O

3
 on alumina exhibits high 

reactivity with CH
4
. [1] Many efforts have been made to develop oxygen carriers for the CLC 

technology [2]. Carriers that have been attempted include metal oxides such as CuO [3-11], 

Fe
2
O

3
 [12-16], NiO [12, 17-20], Mn

3
O

4 
[21-23], or CoO [24] supported on materials such as CeO

2
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[17, 25], Al
2
O

3 
[11, 18, 24, 26], MgAl

2
O

4 
[18, 19, 23, 27-29], SiO

2
 [22, 23, 30], TiO

2 
[31], ZrO

2 

[32], stabilized ZrO
2
 [19, 32], and bentonite clays [33, 34], for both gaseous (natural gas) and 

solid fuels (coal). The reaction of methane with the metal oxide oxygen carrier, shown in 

equation 1, occurs by the oxygen in the metal oxide reacting with methane to produce CO
2
 and 

H
2
O. Regeneration of the oxygen carrier, shown in equation 2, occurs when the reduced metal 

reacts with the oxygen in air to return the oxygen carrier to its oxidized state. 

4 2 2CH MeO CO Me H O   
    (1)

 

2Me O MeO 
      (2)

 

A suitable oxygen carrier should readily release oxygen to oxidize CH
4
 to produce CO

2
 and H

2
O. 

To design a commercially acceptable CLC process, it is critical to improve the oxygen utilization 

and reactivity of metal oxide materials. Therefore, development of more efficient oxygen carriers 

capable of a higher oxygen transfer rate in CLC of gaseous fuels is necessary. The oxygen carrier 

should exhibit high reactivity, capacity, high attrition resistance and cyclic stability during 

operation between 800–1000 °C. Avoiding carbon formation reactions by the reduced metal 

helps avoid the oxygen carrier deactivation process [35, 36]. In addition, the oxygen carrier 

should be inexpensive to manufacture and maintain.  

Several pilot scale tests [14, 37-39] have been conducted using iron-based oxygen carriers, but 

reactivity improvements are still necessary for a cost-effective process. NiO-based oxygen 

carriers have shown promising results in pilot scale tests, but they cause environmental concerns. 

Generally in the literature [11, 15, 16, 18, 19, 22-24, 28, 29, 31, 34], improvement of the oxygen 

transfer ratio and reactivity are attributed to a well-dispersed metal oxide upon a suitable support 

material to achieve stable multi-cyclic reduction-oxidation performance during the CLC reaction. 

To achieve the desirable combination of properties, attrition resistance, resistance to chemical 
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attack, high strength, and high reactivity, researchers have combined iron oxide with Mg-bearing 

inert support materials with some success. Of these oxygen carriers, a carrier composed of Fe
2
O

3
 

supported on MgAl
2
O

4
 shows high reactivity in the fluidized-bed reactor [40]. Other researchers 

have examined the optimal ratios of Fe
2
O

3
 (active) to MgAl

2
O

4
 (inert), as well as the most 

effective sintering temperatures and found that 60% Fe
2
O

3
 and 40% MgAl

2
O

4
 sintered at 1100 °C 

was the most suitable combination for an Fe-supported oxygen carrier [41]. In this work, we 

propose a new oxygen carrier using only 5 wt% MgO to promote the natural ore hematite with 

calcination temperature of only 800 
o
C.  

Work on use of promoters to enhance the reactivity of metal oxide oxygen carriers is limited. 

Addition of 5 wt% NiO to Fe
2
O

3
 significantly improves fuel conversion during methane CLC 

[42]. Catalytic conversion of methane to reactive intermediates by reduced Ni was attributed to 

the improved performance of Fe
2
O

3
. Improvement in performance of illmenite has also been 

observed after addition of 5 wt% NiO [43]. Oxygen carriers prepared with NiO and MgAl
2
O

4
 

also performed well [44]. Our previous research [45] also showed that the addition of 5 wt% 

ceria can enhance the reactivity of hematite significantly.  

Our laboratory results indicate that 5 wt% MgO can enhance the performance of the natural 

ore hematite (Fe
2
O

3
) during CLC reaction, were the inert (MgO) does not merely act as a support 

in this work. A similar design for an oxygen carrier using MgO as a promoter to increase the 

oxygen utilization has not been reported in the literature, though several studies use MgO as a 

support material for Fe
2
O

3
, which required the amount of MgO greater than 25 wt% [46, 47]. 

The studies described in this study have demonstrated that the addition of a small amount of 

MgO (< 25%) to the hematite ore does not increase the surface area of the hematite carrier, but 

significantly enhances the oxygen utilization of the Fe
2
O

3
-based carrier. This reactivity 

enhancement decreases when the MgO content is 40%. These studies also indicate that MgO 
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promotes the CLC reaction and does not act as a support to the oxygen carrier. Our work 

demonstrates that the unsupported mixed metal oxide consisting of MgO-Fe
2
O

3
 has a specific 

composition that exhibits superior reactivity compared to the pure Fe
2
O

3
 oxygen carrier. While it 

does not exhibit agglomeration after multi-cycle operation, it does prevent sintering, and it 

reveals that the addition of small amounts of an MgO to Fe
2
O

3
-based carriers results in highly 

reactive oxygen carriers in the CH
4
 CLC process. The superior reactivity enables the novel 

oxygen carrier to react with gaseous fuels and increases methane conversions, which may 

contribute to lowering the operating cost of the chemical looping combustion process.  

The purpose of this work is to assess the performance of the MgO-promoted hematite as 

compared to hematite under thermogravimetric analysis and in the fluidized-bed reactor. 

Characterization of the oxygen carrier using SEM-EDS and XRD analysis coupled with lab-scale 

flow reactor tests, and bench-scale fixed-bed and fluidized-bed reactor tests at 800 and 900 °C 

were also conducted.  

The chemical looping process is designed to produce heat and steam that could be used for 

various industrial applications. The power generation requires temperatures greater than 1000 

°C, whereas, the CLC reaction between 800 and 900 °C is suitable to generate steam for such 

applications as extracting heavy oils from tar sands. The choice of 800 °C to study the oxygen 

carrier reactivity reported in the current work places the application of this oxygen carrier within 

the temperature regime that is best suited for low-temperature steam industrial applications.  

 

 

 

2.0 Experimental Section 

2.1 Materials and Oxygen Carrier Preparation  
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The Michigan hematite used for these studies was obtained from Ward’s Natural Science 

(Rochester, NY). The purge gas between the oxidation and reduction cycles was Grade 2.0 

helium and/or argon from Butler Gas Products Co. Inc. The UHP-grade CH
4
 was during 

reduction from Matheson Tri-gas. The Grade 2.0 air was used for the oxidation cycle from Butler 

Gas Products Co. Inc.  

The oxygen carrier preparations are described elsewhere [45, 48]. The 5 wt% and 25 wt% 

MgO-promoted hematite oxygen carriers were prepared using commercial Mg(OH)
2
 (Aldrich), 

dolomite (Aldrich), and magnesium nitrate (Aldrich). Weight percentages reported here are 

based on MgO derived from various precursors, such as Mg(OH)
2
 and Mg-nitrate. The pure 

MgO material was obtained by calcining the Mg(OH)
2
 in a furnace at 800 °C. For comparison 

purposes, 5 wt% and 25 wt% Al
2
O

3
/hematite were also prepared by the impregnation method. 

Following calcination at 800 °C for 3 hours, the oxygen carrier samples were sieved to 100–300 

microns. The BET surface area and pore size of the oxygen carriers were measured using a 

Micromeritics ASP-2020 instrument.  

 

X-ray diffraction (XRD) analysis was carried out using a Panalytical PW 3040 X-Pert Pro 

SRD system equipped with a 60 kV PW 3373/00 3011/20 detector. The x-ray wavelength used 

was Cu K-1 at 1.54056Ǻ. The maximum resolution was 0.003° (2). System calibration was 

carried out using a polysilicon pressed disk with the Si(111) referenced to 28.443° (2). Sample 

data was acquired at 40 kV and 45 m Ǻ in a line-focus mode using a standard PW3071/60 powder 

diffraction stage. XRD patterns of the fresh and following 15 redox cycles were collected at 

room temperature. 
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2.3 Scanning Electron Microscope Energy-Dispersive X-ray Spectroscopy Analysis  

Scanning electron microscope (SEM) energy-dispersive x-ray spectroscopy analysis was 

conducted using a JEOL 7600 FESEM system interfaced to a Thermo-Electron System 7 

microanalysis system. The Thermo-Electron microanalysis system is equipped with a Thermo-

Electron Ultradry Energy Dispersive Spectrometer (EDS) and an EDAX Electron Backscatter 

Diffraction system. 

 

2.4 Thermo-gravimetric Analysis  

Thermo-gravimetric analysis (TGA) was conducted in a TA Instruments model 2050 thermo-

gravimetric analyzer. The samples were placed in a 5-mm deep and 10-mm diameter crucible. 

Approximately 85 mg of the metal oxide oxygen carrier was heated from ambient temperature to 

800 °C at a heating rate of 10 °C/min under N
2
 gas at a flow rate of 100 cm

3
/min. The sample 

temperature was maintained isothermally for 20 minutes prior to the multi-cycle testing. The 

reaction gases used during reduction were 20% CH
4
/balance N

2
, and air during oxidation, a total 

flow rate of 100 cm
3
/min. The weight change for the fully oxidized and reduced samples was 

used for calculating the oxygen utilization of the oxygen carriers.  

The mass-based reduction rate was determined from the thermogram profile during the 

reduction cycle and converting the data to the fractional reduction (X) defined by equation 3. 

o

o f

M M
X

M M





      (3) 

Where M is the instantaneous weight of the metal oxide, M
o
 is the initial weight before 

reduction, and M
f
 is the final weight of the carrier after reduction for 30 minutes. The mass-based 

reduction rate was calculated by differentiating the polynomial equation, according to equation 4. 

dX
Global Rate

dt
       (4) 
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2.5 Fixed-Bed Lab-Scale Flow Reactor Study  

The CLC studies were carried out using a Micromeritics Autochem HP lab-scale quartz 

reactor. The fixed-bed lab-scale flow reactor was operated in continuous flow mode where 1.0 g 

of sample was placed in the quartz glass reactor. The reactor effluent was analyzed using a 

Pfeiffer Omnistar™ mass spectrometer for the molecular ion responses corresponding to CH
4
 

(m/z = 16), H
2
O (m/z = 18), CO (m/z = 28), O

2
 (m/z = 32), Ar (m/z = 40), and CO

2
 (m/z = 44). 

The inlet flow of 100% Ar was maintained at a total flow rate of 60 cm
3
/min (space velocity 

9000 h
-1
) over the oxygen carrier at 101.3 kPa, while heating from 25 to 800 °C at a heating rate 

of 10 °C/min. The reactor temperature was maintained at 800 °C during the oxidation (air, 60 

cm
3
/min, 30 minutes) and reduction (20% CH

4
/balance Ar, 60 cm

3
/min, 30 minutes) cycles.  

 

2.6 Fluidized-Bed Flow Reactor Study  

The oxidation and reduction studies were carried out using a fluidized-bed reactor 

manufactured by Autoclave Engineers HR-160 Reactor Assembly (Model # 5010-2377/HR-

160). The column height of is 35.4 cm, and the diameter is 6 cm. The reactor column is made 

from Inconel SB-564 to withstand temperatures up to 900 °C and reacting gas-solid flows. A 

ceramic porous plate with 15–40 μm pores is used as the gas distributor. The setup is equipped 

with three electrical heaters installed around the reactor to heat the reactor to the target 

temperature of 800 °C. Methane in Ar was used for reduction at a flow velocity of 7.8, which is 

twice the minimum fluidization velocity.  

After the reduction reaction was completed (5 min), the system was purged with Ar, and air 

was introduced for 15 min. The reactor effluent was monitored using a Pfeiffer Omnistar mass 

spectrometer for the molecular ion responses corresponding to CH
4
 (m/z = 16), H

2
O (m/z = 18), 

CO (m/z = 28), O
2
 (m/z = 32), He (m/z = 4), and CO

2
 (m/z = 44). The inlet flow of 100% Ar was 
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maintained at a total flow rate of 7.8 LPM (space velocity 2293 h
-1
) over the oxygen carrier at 

111.3 kPa, while heating from 25 to 800 °C at a heating rate of 4 °C/min. The reactor 

temperature was maintained at 800 °C during the oxidation (3.9 LPM Air + 3.9 LPM Ar, 15 min) 

and reduction (5 % Vol CH
4
 balance Ar) cycles. Integrated molecular ion peaks for CH

4
, CO

2
, 

CO, and O
2
 were used for calculating the amount of these species during the CLC reaction.  

 

3.0 Results  

3.1 XRD and SEM-EDS Characterization of the OC Materials  

XRD analysis was performed on the promoted hematite oxygen carrier before and after 15 

oxidation and reduction cycles at 800 °C. The XRD diffraction patterns following 15 redox 

cycles of the 5% and 25% MgO(nitrate)/hematite, dolomite/hematite, and 

MgO(Mg(OH)
2
)/hematite are shown in Figures 1a, 1b, and 1c respectively. For comparison, 

XRD data for pure Fe
2
O

3
, MgO, and dolomite are also shown in Figure 1.  
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 Figure 1. X-ray diffraction patterns following 15 redox cycles at 800 °C for (a) 5% and 
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25% MgO(nitrate)/hematite, pure Fe
2
O

3
, and MgO, (b) 5% and 25% dolomite/hematite, pure 

Fe
2
O

3
, and pure dolomite, and (c) 5% and 25% MgO(Mg(OH)

2
)/hematite, and pure Fe

2
O

3
 and 

MgO. 

 

The pure MgO diffraction pattern shows five strong peaks at 36.8°, 42.8°, 62.2°, 74.5°, and 

78.5° (PDF: 01-079-0612, MgO database) shown in Figures 1a and 1c. The pure hematite 

diffraction pattern shows nine strong peaks at 24.1°, 33.1°, 35.6°, 40.8°, 49.4°, 54.1°, 62.4°, 

64.0°, 72.0° (PDF: 01-073-2234, hematite database) shown in Figure 1. Inductively coupled 

plasma mass spectroscopy (Galbraith Laboratories) and material safety data sheets data indicated 

that 99% of hematite is Fe
2
O

3
. The phases identified following 15 redox cycles on the promoted 

hematite OCs are MgO, Fe
2
O

3
, and MgFe

2
O

4
, which are similar to the XRD patterns of unreacted 

fresh samples. The presence of Fe
2
O

3
 in the reacted samples indicates that the OC could be re-

oxidized in the presence of MgO following the cyclic methane oxidation CLC reactions.  

The XRD diffraction patterns indicate some formation of MgFe
2
O

4
 [49], and MgO and Fe

2
O

3
 

were also observed. The XRD data indicates that only a fraction of MgO and Fe
2
O

3
 reacted to 

form MgFe
2
O

4
, regardless of the type of Mg-precursor material that was used in the preparation 

after having sintered at 800 °C for 3 hours, shown in Figures 1a, 1b, and 1c. Because the initial 

calcination temperature and the reaction temperature were relatively low (800 °C), the majority 

of MgO remained as MgO without forming other compounds with Fe
2
O

3.
 

SEM-EDS imaging (not shown) of the fresh and used 5% MgO/hematite revealed that the 

MgO remained evenly dispersed over the hematite material. Even dispersion of MgO on 

hematite is important for improving the reactivity of the OC hematite carrier.  

 

3.2 Oxidation-Reduction Experiments in the Lab-Scale Reactor  
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The data in Figure 2 illustrates the outlet concentrations (moles) of CO
2
 and CO per 100 g of 

carrier as a function of the reduction cycle at 800 °C for hematite containing both 5 wt% and 25 

wt% compositions of MgO derived from Mg-nitrate, dolomite, and Mg(OH)
2
. For comparison, 

the data for 5 wt% and 25 wt% Al
2
O

3
/hematite oxygen carriers and pure hematite are also shown 

in Figures 2a and 2b respectively. The 15-cycle chemical looping reduction and oxidation data 

demonstrates the stability of the oxygen carriers during the multi-cyclic testing. Mass 

spectroscopic analysis of the reactor effluent indicated that the reactivity of the OCs slightly 

increased with the number of cycles for both the hematite and the promoted hematite oxygen 

carriers. Table 1 summarizes the moles of CO
2
 and CO and the percentage of O

2
 used per 100 g 

carrier during the lab-scale reactor tests conducted at 800 °C. The pure hematite produced 0.17 

mol CO
2
 on the 15

th
 reduction cycle. The addition of 5% MgO to the hematite increased the 

amount of CO
2
 produced to 0.32 mol on the 15

th
 cycle, which corresponds to an increase in the 

amount of CO
2
 produced by 1.9 times for the MgO-promoted hematite, as compared to the pure 

hematite.  
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Figure 2. The amount of CO
2
 (open symbols) and CO (closed symbols) produced during the 

reduction cycles flowing 20% CH
4
/He at 800 °C, over (a) 5% dolomite/hematite, 5% 

MgO(Mg(OH)
2
)/hematite, 5% MgO(nitrate)/hematite, and 5% Al

2
O

3
/hematite and hematite, and 

(b) 25% dolomite/hematite, 25% MgO(Mg(OH)
2
)/hematite, 25% MgO(nitrate)/hematite, 25% 

Al
2
O

3
/hematite, and pure hematite oxygen carriers.  

 

Table 1. Moles CO
2
, CO produced during CH

4
 reduction and percentage O

2
 utilized during 

oxidation per 100g carrier during the lab-scale reactor tests at 800 °C. 
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Carrier Cycle 2 Cycle 15 Cycle 2 Cycle 15 Cycle 15 S 

100% MgO 0.018 0.011 0.0048 0.002 - - 

100% Dolomite 0.061 0.064 0.016 0.012 - - 

Hematite 0.14 0.17 0.032 0.032 4.5 84.2 

5% Al2O3/Hematite 0.12 0.12 0.017 0.019 3.3 86.3 

5% MgO(Mg(OH)2)/Hematite 0.28 0.32 0.002 0.004 98.7 

5% MgO(nitrate)/Hematite 0.32 0.24 0.001 0.006 6.1 99.7 

5% Dolomite/Hematite 0.25 0.26 0.002 0.004 6.6 98.6 

25% Al2O3/Hematite 0.23 0.13 0.06 0.05 4.9 73.4 

25% MgO(Mg(OH)2)/Hematite 0.25 0.28 0.003 0.003 9.0 98.9 

25% MgO(nitrate)/Hematite 0.25 0.24  0.001 7.7 99.4 

25% Dolomite/Hematite 0.18 0.22 0.02 0.02 7.4 90.1 

 

The presence of MgO also improved the CO
2
 selectivity during the CL reaction. The pure 

hematite produced 0.03 mol CO on the 15
th
 reduction cycle, shown in Figure 2a. The addition of 

5% MgO by Mg(OH)
2
, dolomite, and Mg-nitrate decreased the amount of CO produced to 0.004, 

0.004, and 0.006 moles respectively. For comparison, a 5% Al
2
O

3
/hematite carrier was prepared 

and tested for 15 reduction and oxidation cycles. The data in Figure 2a indicates that the addition 

of 5% Al
2
O

3
 decreases the amount of CO

2
 produced as compared to that with hematite. The 

decrease in CO
2
 production, upon the addition of 5% Al

2
O

3
 and as compared to the MgO, 

suggests that Al
2
O

3
 does not participate in promoting the combustion of CH

4
. BET surface area 

data indicated that the addition of Al
2
O

3
 or MgO did not increase the surface area (5 wt% 

MgO/hematite < 1.0 m
2
/g) of the oxygen carrier, as shown in Table 2. Thus, the improvement in 

oxygen carrier utilization upon addition of MgO, during the CH
4
 CLC reaction, has to occur by a 

mechanism other than surface area enhancement. 
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Table 2. BET surface areas and pore size of the prepared oxygen carriers. 

 

Fresh Reacteda Fresh Reacteda 

Carrier (m2/g) (m2/g) Pore Sizeb (Å) 

MgO (hydroxide) 13.3 - 99.9 - 

MgO (nitrate) 4.1 - 193.2 - 

Dolomite < 1.0 - 136.1 - 

Fe2O3 (Hematite) < 1.0 < 1.0 63.6 79.7 

5% Al2O3/Fe2O3 1.3 < 1.0 67 - 

25% Al2O3/Fe2O3 1.6 < 1.0 129.4 - 

5% MgO(nitrate)/Fe2O3 < 1.0 < 1.0 150.9 162.1 

25% MgO(nitrate)/Fe2O3 2.6 1.4 206.1 182.4 

5% MgO(hydroxide)/Fe2O3 < 1.0 < 1.0 290.8 141.0 

25% MgO(hydroxide)/Fe2O3 4.1 1.4 306.1 219.6 

5% Dolomite/Fe2O3 < 1.0 < 1.0 689.5 161.8 

25% Dolomite/Fe2O3 1.6 < 1.0 567.3 196.2 

  
a
 Reaction temperature 800 °C 

  
b
 Freshly prepared materials 

 

The 25 wt% MgO/hematite oxygen carrier (Figure 2b) produced 0.28 mol CO
2
 and 0.003 mol 

CO at 800 °C. This indicated that increasing the loading of MgO to 25% from 5% (Figure 2a) 

decreased the amount of CO
2
 produced, which could result from the decrease in the amount of 

Fe
2
O

3
 present. The 25 wt% MgO(Mg(OH)

2
)/hematite produced more CO

2
 than the 25 wt% 

dolomite and MgO(nitrate)-promoted hematite. Similar results were observed for the 5 wt% 

MgO-promoted hematite: the Mg(OH)
2
 outperformed the dolomite and MgO(nitrate)-promoted 

carriers. In addition, increasing the amount of MgO loading above 5 wt% did not significantly 

increase the amount of CO produced. For comparison, 25 wt% Al
2
O

3
/hematite carrier was also 

tested, and the data revealed that increasing the Al
2
O

3
 loading to 25 wt% increased the amount of 
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CO
2
 produced to 0.23 mol CO

2
 (from 0.12 mol CO

2
 on 5 wt% Al

2
O

3
/hematite) on cycle 2. 

However, this amount was lower than the amount of CO
2
 produced from the 25 wt% 

MgO/hematite carriers. Following multiple redox cycles, the 25 wt% Al
2
O

3
/hematite shows 

significant deactivation; the oxygen utilization at the end of the 15 reduction cycles was less than 

that of the pure hematite carrier.  

When the methane CLC reaction was performed with pure MgO, the amounts of CO
2
 and CO 

produced were significantly lower than that with hematite, as shown in Figure 3, indicating that 

MgO is not reactive for total oxidation of methane during the CLC reaction. MS analysis 

indicated that the addition of 5% MgO to the hematite oxygen carrier increased production of 

CO
2
 per unit time by 1.9 times, as compared to the sum of the CO

2
 produced per unit time when 

hematite and Mg oxides are tested separately. Thus the presence of MgO alone in the 

MgO/hematite carrier is not sufficient to account for the significant increase in CH
4
 combustion.  

 

 

  

Figure 3. Amount of CO
2
 produced during (a) reduction cycles flowing 20% CH

4
/He at 800 

°C over pure MgO, 5% MgO/hematite, and hematite oxygen carriers, and (b) one reduction and 

oxidation cycle at 800 °C in the lab-scale reactor with MgO and SiO
2
.  
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Figure 3b shows the MS analysis of the reactor effluent during one reduction and oxidation 

cycle at 800 °C in the lab-scale reactor. The MS intensity data in Figure 3b for the pure MgO 

shows low reactivity for both CO
2
 and CO formation during the reduction cycle. During the 

oxidation cycle, however, a large amount of CO
2
 was observed, suggesting that CH

4
 

decomposition to carbon occurred on the MgO surface, which led to its oxidation to CO
2
 during 

the oxidation cycle. For comparison, pure SiO
2
 was tested for 15 reduction and oxidation cycles. 

The results indicate that SiO
2
 was unreactive for CO

2
 formation during reduction, and there was 

minimal decomposition of CH
4
 to carbon, as indicated by the small amount of CO

2
 produced 

during the oxidation cycle. These results indicate that the unique promotion effect of MgO, may 

be facilitated by the CH
4
 decomposition over the MgO to form carbon and H

2
, which may be 

intermediates for the reaction with Fe
2
O

3
.  

The percentage oxygen utilized was determined using the MS data for CO
2
 and CO during the 

CL reduction cycles at 800 °C. The percent oxygen utilized (calculated by equation 5) during the 

15
th
 reduction cycle for the 5 and 25 wt% MgO/hematite oxygen carriers are shown in Table 1.  

 
2

2

2

O

O

n
PercentageO Utilized

n Theoretical
      (5) 

where n
O2

 is the moles of oxygen used during the reduction reaction to form CO and CO
2
. 

n
O2

(theoretical) is the theoretical total amount of oxygen available in the oxygen carrier. The 

amount of oxygen used on the pure hematite carrier, during a 30-minute reduction time, on the 

15
th
 reduction cycle was 4.5% O

2
 (Table 1). The addition of 5% MgO, by impregnation of 

Mg(OH)
2
, to the hematite material resulted in an increase in O

2
 utilization to 8.1% as compared 

to the pure hematite. Adding 5% Al
2
O

3
 to hematite did not have any significant impact on 

oxygen utilization of the hematite. 

 The surface area increase on addition of 5 wt% MgO via nitrate, hydroxide, and dolomite 

was minimal (as shown in Table 2), yet the increase in oxygen utilization (Table 3) was 
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significant, indicating the mechanism of promotion by MgO is not due to surface area 

enhancement. The 25 wt% MgO/hematite carriers, listed in Table 1, also show an improvement 

in the amount of oxygen utilized during the reduction cycle. The 25 wt% Al
2
O

3
/hematite (Figure 

2b and Table 1) showed 8.2% O
2
 utilization in cycle two, but a significant deactivation occurred 

over 15 cycles that resulted in 4.9% oxygen utilization, which is similar to that of the pure 

hematite carrier but higher than that for 5 wt% Al
2
O

3
/hematite carrier. In contrast, the addition of 

25 wt% MgO to hematite improved the oxygen utilization of hematite and was stable during the 

15-cycle testing. MgO derived from different precursors improved the performance of hematite 

and CO
2
 selectivity. The Mg(OH)

2
-impregnated hematite showed greater reactivity than the 

magnesium nitrate and dolomite-promoted hematite carriers. The results of the lab-scale reactor 

study demonstrated significant enhancement of the reactivity and oxygen availability of hematite 

carriers by the addition of the MgO regardless of the MgO precursor material. MgO has a unique 

effect on promoting the performance of Fe
2
O

3
.  

 

Table 3. Oxygen transfer ratio (R
o
) of the oxygen carriers.  

 
  Ro   

Carrier Fuel Reactor (750 °C) (800 °C) (900 °C) CO2 Sel. Refs. 

Hematite 20% CH4/N2 Fix bed 0.018 0.027 0.06 84.2A This work 

Hematite 5% CH4/N2 Fluid bed - 0.02 - 71.4A This work 

5% MgO(Mg(OH)2)/Hematite 20% CH4/N2 Fix bed 0.014 0.080 0.14 99.4A This work 

25% MgO(Mg(OH)2)/Hematite 20% CH4/N2 Fix bed 0.010 0.084 0.12 99.4A This work 

5% MgO(Mg(OH)2)/Hematite 5% CH4/N2 Fluid bed - 0.045 - 86.9A This work 

5% Dolomite/Hematite 20% CH4/N2 Fix bed 0.017 0.052 0.066 99.4A This work 

25% Dolomite/Hematite 20% CH4/N2 Fix bed 0.022 0.051 0.065 95.4A This work 

5% MgO(Nitrate)/Hematite 20% CH4/N2 Fix bed 0.013 0.051 0.1 99.9A This work 
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25% MgO(Nitrate)/Hematite 20% CH4/N2 Fix bed 0.032 0.044 0.077 99.7A This work 

5% CeO2/Hematite 20% CH4/N2 Fix bed 0.024 0.037 0.11 90A [45]  

25% CeO2/Hematite 20% CH4/N2 Fix bed 0.031 0.042 0.14 79A [45]  

40% CuO/20% Fe2O3/Al2O3 20% CH4/N2 TGA 
 

0.14 0.14 - [50] 

Fe2O3–CuO/Al2O3 3% H2/Ar TGA 0.186 0.205 0.225 - [3] 

45%Fe2O3/Al2O3 15% CH4 Fluid bed 
  

0.013B - [15] 

60% Fe2O3/Al2O3 88% CH4 Fluid bed 
  

0.031B 70B [51] 

15% Fe2O3/Al2O3 25% CH4 Fluid bed 
  

0.015B 50B [1] 

40%NiO/Al2O3 15% CH4 Fluid bed 
  

0.084B - [15] 

10% CuO/Al2O3 15% CH4 Fluid bed 
  

0.02B - [15] 

40% NiO/MgAl2O4 
50% CH4, 50% 

H2O 
Fluid bed 

  
0.045B 90B [52] 

18% NiO/Al2O3 30% CH4/N2  
TGA, Fluid 

bed   
0.038B 60B [53]  

a
 800 °C reaction temperature 

b
 950 °C reaction temperature 

 

3.3 Reactivity of the Oxygen Carriers Investigated by TGA  

An important characteristic of the oxygen carrier is the oxygen utilization, also called the 

oxygen ratio, defined as R
o
 = (m

ox
 − m

red
) / m

ox
, where m

ox
 and m

red
 are the masses of the oxidized 

and reduced forms of the metal oxide, respectively. The weight change during thermogravimetric 

analysis of the promoted hematite and pure hematite oxygen carriers was used for calculating the 

oxygen ratio of the prepared oxygen carriers. The oxygen ratio during the reduction cycles while 

flowing 20% CH
4
/He at 800 °C, over the 5 wt% dolomite/hematite, 5 wt% 

MgO(Mg(OH)
2
)/hematite, 5 wt% MgO(nitrate)/hematite, and pure hematite are shown in Figure 

4a. The oxygen ratio for the 25% dolomite/hematite, 25% MgO(Mg(OH)
2
)/hematite, 25% 



  

 19 

MgO(nitrate)/hematite, and 25% Al
2
O

3
/hematite, and pure hematite oxygen carriers are shown in 

Figure 4b.  

 

Figure 4. Oxygen utilization during the reduction cycles flowing 20% CH
4
/He at 800 °C, 

over (a) 5% dolomite/hematite, 5% MgO(Mg(OH)
2
)/hematite, 5% MgO(nitrate)/hematite, and 

pure hematite, and (b) 25% dolomite/hematite, 25% MgO(Mg(OH)
2
)/hematite, 25% 

MgO(nitrate)/hematite, and pure hematite oxygen carriers.  

 

The oxygen ratio during 20 minutes of reduction for the pure hematite oxygen carrier was 

0.027 on the 15
th
 reduction cycle. The addition of 5 wt% MgO to hematite by magnesium nitrate 

and dolomite increased the oxygen ratio to 0.052, whereas the Mg(OH)
2
-promoted hematite 
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shows an oxygen ratio of 0.08. Increasing the loading of MgO to 25 wt% did not significantly 

increase the oxygen ratio. Increasing the reaction temperature from 800 to 900 °C significantly 

affected the rate of reaction and increased the oxygen ratio as compared to the pure hematite 

carrier, shown in Table 3. The oxygen ratio of the promoted Fe
2
O

3
 carriers is better than that 

reported for other iron-based carriers. [1, 15, 54] 

Figure 5a illustrates the rate of mass conversion as a function of fractional mass conversion () 

computed for the 2
nd

 reduction cycle at 800 °C from TGA data for the 5 wt% MgO-promoted 

hematite and pure hematite oxygen carriers.  
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Figure 5. Reaction rates from TGA data at 800 °C as a function of (a) the mass-based 

conversion and (b) cycle number. 
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The pure hematite oxygen carrier showed a significantly lower reduction rate (0.30 min
-1
-

maximum) than MgO-promoted hematite. The rates of reaction for hematite and promoted 

hematite as a function of cycle number are shown in Figure 5b, for reduction cycles 2, 8, and 15, 

and the data indicates that the reactivity of both hematite and promoted hematite increased 

slightly with the increasing number of reduction cycles. 

The TGA thermogram profile for hematite showed only a 2.7% decrease in the carrier weight, 

following the 20-minute reduction, indicating that Fe
2
O

3
 was not fully converted to Fe

3
O

4
 during 

the 20-minute reduction period. The promoted hematite exhibited an initial rapid reaction with 

CH
4
, followed by a more gradual decrease in the rate at higher exposure times, shown in Figure 

5a. This effect may be due to two kinds of reactions taking place during the reduction of the 

oxygen carrier or due to the reaction of surface and bulk oxygen. The weight change of greater 

than 3 wt% in the 20-minute reaction time with MgO-promoted hematite oxygen carriers 

indicates that the MgO improved the reducibility of the hematite material, converting all Fe
2
O

3
 to 

Fe
3
O

4
 in less than 20 minutes. Some Fe

3
O

4
 was also converted to FeO during this reduction 

period. Increasing the MgO loading on hematite did not significantly increase the reactivity of 

the oxygen carrier. The promotion effect of the MgO resulted in the conversion of Fe
2
O

3
 to Fe

3
O

4
 

in a shorter reaction time, as shown in Figure 5a. The type of MgO precursor also had an effect 

on the rate as follows: MgO(hydroxide) > MgO(nitrate) > MgO(dolomite) > hematite. The 

corresponding reaction rates were 1.57 min
-1
, 1.44 min

-1
, and 1.34 min

-1
 respectively. 

To investigate whether the promotion effect by MgO is unique to the reaction with methane, 

TGA tests were also conducted with other reducing gases. Figure 6 illustrates a comparison of 

the oxygen ratio during fifteen reduction cycles in the TGA using 20% H
2
/N

2
 and 20% CH

4
/N

2
 at 

800 °C over the 5 wt% MgO/hematite and pure hematite. The data indicates that both the 

MgO/hematite and pure hematite oxygen carriers show a similar oxygen ratio under H
2
-

reduction, with MgO/hematite having slightly higher utilization after 7 cycles. In contrast, the 
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promotion effect of MgO is more significant during the reaction with methane, indicating that 

MgO promotes a unique reaction mechanism with methane. Our previous carrier studies with 

CeO
2
/hematite[45] indicated that CeO

2
-promoted methane decomposition to form intermediates 

that are reactive for CLC. The MgO promotion effect may also be proceeding via a similar 

reaction mechanism. 

 

Figure 6. Oxygen utilization during the reduction cycles flowing 20% H
2
/N

2
 and 20% 

CH
4
/N

2
 at 800 °C over 5% MgO/hematite and pure hematite oxygen carriers. 
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Mg(OH)
2
/hematite oxygen carrier was chosen as the best promoted oxygen carrier to be used for 

further testing in the fluidized-bed reactor.  

 3.4 Oxidation-Reduction Testing in the Fluidized-Bed Bench-Scale Reactor  

The attrition rates of the MgO-promoted oxygen carriers were tested using the ASTM 5757-11 

Method, “Determination of Attrition of FCC catalysts” in which fines were collected and 

weighed after 1, 3, and 5 hours. The attrition of the ExxonMobil FCC Catalyst was used as a 

baseline to compare attrition resistance of CLC carriers. The attrition index percentage is defined 

by the total mass of fines elutriated, divided by the initial sample mass. The FCC Catalyst 

attrition index was measured to be 5.77% (1 hour), 15.14% (3 hours), and 24.84% (5 hours). The 

hematite was measured to be 0.75% (1 hour), 2.12% (3 hours), and 3.06% (5 hours), and the 

promoted hematite was 3.31% (1 hour), 4.48% (3 hours), and 6.60% (5 hours). The attrition 

resistance for the promoted hematite was higher than the natural ore hematite, and significantly 

lower than the FCC catalyst standard. XRD analysis of the fines, from the promoted hematite 

OC, revealed both the MgO and Fe
2
O

3
 phases. 

 Evaluation of the MgO-promoted hematite for CH
4
 CLC reaction was performed in a bench-

scale fluidized-bed reactor. Gas with a composition of 5% CH4/balance-Ar at 800 °C was used 

during the reduction, and 50% air/balance-Ar was used during oxidation. The methane 

conversion (Figure 7a) and the outlet gas concentration profiles for CO and CO
2
 (Figure 7b) for 

hematite and MgO-promoted hematite was determined using MS analysis. The oxygen 

utilization was calculated from the oxidation products CO and CO
2
 (Figure 7c). The pure 

hematite showed a methane conversion of approximately 32% throughout the 15 cycle tests. 

Addition of MgO to hematite caused an increase in CH
4
 conversion to 55% for the first 5 cycles. 

A slight deactivation to 45% was observed at the 6
th
 cycle, but it remained stable through the 

remainder of the reduction cycles.  
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Figure 7. Fluidized-bed reactor data for (a) CH
4
 conversion, (b) moles of CO

2
 and CO 

produced, and (c) oxygen transfer capacity, during reduction cycle in 5% CH
4
/N

2
, at 800 °C. 

The pure hematite produced 7.9 moles CO
2
 and 1.8 moles CO on the second cycle. The 

amount of CO
2
 produced decreased to 4 moles on the 15

th
 cycle, and the amount of CO increased 

to 2 moles. The addition of MgO to hematite improved the amount of CO
2
 produced (11.1 moles 

on cycle 2) as compared to the pure hematite (7.9 moles). The MgO-promoted hematite showed 

a decreasing trend of CO production with increasing number of cycles. Analysis of the 

combustion products CO and CO
2
 indicated that the oxygen utilization was approximately 1.75% 

for the pure hematite on the 15
th
 cycle. The presence of MgO increased the amount of oxygen 

utilized to 4.5% on the 15
th
 cycle, which is an enhancement of 2.6 times in carrier performance as 

compared to the pure hematite carrier. The MgO promotion effect in the fluidized-bed tests is 

consistent with the bench-scale fixed-bed studies.  
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methane percent combustion for the reaction with methane. Our previous kinetic analysis of 

TGA data [55] indicated that the reaction mechanism of methane-hematite changes after 

incorporation of MgO. In addition to this, when CH
4
 was introduced to pure MgO, a negligible 

amount of CO
2
 and CO were produced during reduction (Figure 3a), and a large amount of 

carbon was produced (Figure 3b) as evidenced by the CO
2
 formation during oxidation. The 

oxygen utilization of MgO is near zero for methane reduction, suggesting MgO does not directly 

participate in the CLC reaction.  

MgO could enhance the oxygen transfer capacity and reactivity of hematite with methane in 

several ways: 

1. Enhancement of pore structure by MgO 

2. MgO acting as support 

3. Modification of the bulk structure of Fe
2
O

3 
by MgO 

4. Enhancement of formation of reaction intermediates by MgO for methane combustion that 

facilitate the formation of reaction products. 

Enhancement of the pore structure of hematite by MgO—The average pore size, measured 

from N
2
 sorption data, is shown in Table 2. Based upon the N

2
 sorption data, the average pore 

size significantly increased when MgO was incorporated with the hematite ore. The increase in 

reactivity of MgO/hematite carriers may be partially related to the increase in pore size of 

hematite after the addition of MgO. However, the highest increase in pore size was observed 

with dolomite, whereas the Mg(OH)
2
-promoted hematite had the best reactivity. The 25% 

MgO/hematite samples also had larger pore sizes, but the 5% MgO/hematite still showed better 

performance. In addition, the reacted samples prepared with Mg(OH)
2
 showed a lower pore size 

following a 15-cycle test, but the reactivity improved through the 15 cycles. Therefore, the 
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reactivity differences cannot be fully explained by the increase in pore size of the freshly 

prepared carriers.  

MgO precursors had a larger pore size than Fe
2
O

3
. When MgO resides on the surface of the 

Fe
2
O

3
, the pore size measurements may reflect the pore size of MgO and not necessarily that of 

the MgO/Fe
2
O

3
 system. Thus, the diffusion limitation of Fe

2
O

3
 may not be affected by the pore 

size increase of MgO on the surface of the oxygen carrier. Note that MgO was incorporated into 

the natural hematite only after it was crushed to the desired size range, and MgO is more likely 

to reside on the surface of hematite. This is different from the incorporation of inert supports in 

oxygen carrier preparations in which both inert and metal oxide are initially mixed as fine 

powders before agglomerating to obtain the desired pellet sizes, and inerts will also reside in the 

bulk of the pellets.  

MgO acting as a support—Because the amount of MgO required to show the promotion 

activity was approximately 5 wt%, and the surface area of hematite after incorporation of MgO 

did not increase, MgO is unlikely to act as a support to increase the reactivity of hematite. 

Generally, inert supports are used for better distribution of the active component to have better 

accessibility to the reactive gas. To achieve this, either the active component is deposited on the 

support or the support material (>25 wt%) is mixed well with the active component during the 

pellet preparations. Thus, most of the support resides in the bulk of the pellet not necessarily on 

the surface. In the current work, the MgO was impregnated on the hematite pellet, and most of 

the MgO may reside on the surface of the hematite pellet. The addition of 5 wt% alumina did not 

improve the reactivity of Fe
2
O

3
, which indicated that MgO has a unique promotion activity. 

Modification of bulk structure by MgO—Previous work by Li et al. [56] has shown that the 

TiO
2
 support can modify the bulk structure of Fe

2
O

3
 to enhance the oxygen release from Fe

2
O

3
. 

These oxygen carriers were prepared by mixing the TiO
2
 powders with Fe

2
O

3
 powders prior to 

pelletization. Thus, TiO
2
 is well mixed in the bulk structure with Fe

2
O

3
. The pellets were sintered 
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at 1200 °C for 48 hours. In the current work, MgO was added to the pellets of hematite natural 

ore (not prior to pelletization) and calcined at 800 °C for 3 hours. Structural changes in the bulk 

of the solid specifically due to lattice substitutions generally require high temperatures (>1100 

°C), high solid-solid contacts in the bulk, and long calcination times. Because MgO resides 

mainly on the surface of hematite, and calcination was conducted for 3 hours at 800 °C, it is 

unlikely that lattice substitutions of bulk Fe
2
O

3
 can occur in the present work. Thus, it is not clear 

whether the improved oxygen ionic transfer mechanism can explain the enhanced reactivity of 

the Fe
2
O

3
 by MgO. In addition, if MgO improved the oxygen ionic transport of bulk hematite, it 

should also promote the reaction with H
2
. However, a similar promotion effect was not observed 

during H
2
 testing (Figure 6). 

Enhancement of formation of reaction intermediates that facilitate the formation of reaction 

products by MgO—Our data indicated that MgO promoted the methane CLC reaction but not the 

H
2
 CLC, as shown in Figure 6, which suggests that the promotion activity may be due to a 

modified reaction mechanism unique to methane. Catalytic decomposition of methane by 

transition metals, such as Ni, Co, and Fe [ ], are reported in the literature. Studies have 

shown that the incorporation of Mg in Ni catalysts increased the rate of methane decomposition 

[64]. The promotion of the decomposition of CH
4
 may improve the oxygen transfer rate of Fe

2
O

3
 

by interacting with reactive carbon-containing intermediate species. In our previous work [ ], 

the improvement in combustion performance was achieved by incorporation of CeO
2
, which 

promoted the decomposition and partial oxidation of methane-producing carbon, CO, and H
2
, 

which were reactive toward Fe
2
O

3
. The current data suggests that, unlike with CeO

2
, partial 

oxidation of CH
4
 does not occur on MgO. When the oxygen was introduced, following the 

reaction with methane, a significant amount of CO
2
 was observed, as shown in Figure 3b, which 

indicated that MgO promotes methane decomposition similar to CeO
2
.   
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In the absence of the MgO, methane appears to react directly with Fe
2
O

3
 to form CO

2
 and CO 

via reactions 6–8. All of the reactions are thermodynamically favorable above 700 °C.  

 

4 2 3 2 3 4 212 8 2CH Fe O CO Fe O H O   
  ,800 171.3o

r CH kJ mol 
 (6)

 

4 2 3 3 4 23 2 2CH Fe O CO Fe O H   
   ,800 221.1o

r CH kJ mol 
 (7) 

4 3 4 23 2CH Fe O CO FeO H   
   ,800 276.9o

r CH kJ mol 
 (8) 

 

When MgO is present, it promotes CH
4
 decomposition and may contribute to additional 

reactions (9–13) with Fe
2
O

3
, as shown below. These reactions are also thermodynamically 

favorable above 700 °C. 

 

4 2

MgOCH C H 
        (9) 

2 3 2 3 4

6 1 24
2 7

3 3 3
C Fe O CO CO Fe O   

 ,800 248.1o

r CH kJ mol 
 (10) 

3 4 22 3 9C Fe O CO CO FeO   
  ,800 389.1o

r CH kJ mol 
 (11) 

2 2 3 2 3 43 2H Fe O H O Fe O  
   ,800 5.3o

r CH kJ mol  
 (12) 

2 3 4 2 3H Fe O H O FeO  
   ,800 50.5o

r CH kJ mol  
 (13) 

 

When Fe
2
O

3
 is present, the carbon and H

2
 formed by MgO may react with Fe

2
O

3
 (Reactions 10–

13) enhancing the overall methane CLC reaction.  

X-ray diffraction analysis (Figure 1) revealed that the addition of MgO to Fe
2
O

3
 resulted in the 

some formation of MgFe
2
O

4
, but the most significant phases were MgO and Fe

2
O

3 
because the 

calcination temperatures were low (800 °C), and MgO was added to the surface of the hematite 
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pellets. Studies have shown that MgFe
2
O

4
 may also participate in the CL reaction (under 5% H

2
), 

by releasing oxygen during reduction [49]. Our studies have shown that during the reaction with 

methane, the oxygen transfer capacity of MgFe
2
O

4
 is significantly lower than that with Fe

2
O

3
 (not 

shown). Assuming that all of the MgO added to the hematite formed MgFe
2
O

4
, 4% of the oxygen 

available may be derived from MgFe
2
O

4
.  

Based upon the reactor tests, the addition of MgO to hematite resulted in an increase in O
2
 use 

by 2X (Figure 7c) during the second cycle. The amount of O
2
 available in the MgFe

2
O

4
 does not 

adequately explain the increase in O
2
 utilization in the MgO-promoted hematite carrier, even if 

MgFe
2
O

4
 is more reactive than Fe

2
O

3
. The XRD data showed some of the MgO/Fe

2
O

3
 oxygen 

carriers remaining as the MgO and Fe
2
O

3
 phases following 15 oxidation and reduction cycles at 

800 °C. Therefore, the high activity of the MgO/Fe
2
O

3
 carrier is most likely due to the 

cooperative participation of MgO sites, which produces intermediate species—carbon and H
2
—

that facilitate the further reduction of the Fe
2
O

3
 oxygen carrier, according to reaction steps 10 

through 13. Previous work has shown that the addition of 5 wt% NiO to Fe
2
O

3
 significantly 

improved the fuel conversion during methane CLC [ ], and catalytic conversion of methane to 

reactive intermediates by reduced Ni was attributed to the improved performance of Fe
2
O

3
. 

Improvement in fuel conversion on NiO/alumina after addition of MgO has also being reported 

previously [ ], and the authors related this to the formation of MgAl
2
O

4
 at calcination 

temperatures of 1300–1600 °C, which is different from the present work.  

In methane CLC, Fe
2
O

3
 gets reduced to states such as FeO and Fe that act as catalysts for 

carbon formation by catalytic decomposition of methane. In general, this carbon formation 

reaction is not favorable for the CLC process [33, 36] because this carbon cannot be oxidized 

due to unavailability of oxygen in the vicinity. In the present work, we propose that carbon 

formation takes place prior to reduction of Fe
2
O

3
 at the MgO site (Figure 11 and Table 5), and 
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oxidation of carbon can take place using the oxygen from the metal oxide (Fe
2
O

3
) in the vicinity 

of MgO.  

MgO can easily be prepared using naturally occurring dolomite, and Fe
2
O

3
 can be obtained as 

naturally occurring mineral hematite, limonite, magnetite, and taconite. We have also 

demonstrated that it is possible to use a naturally occurring low-cost dolomite/hematite mixture 

as a potential oxygen carrier.  

This study has revealed that the redox mechanism of MgO and Fe
2
O

3
 may provide an 

important link in enhancing the combustion of CH
4
 for a CLC reaction. The material contact was 

more significant when the materials were prepared by a liquid impregnation method as compared 

to a solid mixing method. This may be a reason for carriers prepared with Mg(OH)
2
 to perform 

better than those prepared with dolomite. The key feature of MgO is to improve the reactivity of 

the natural ore hematite as a promoter and not necessarily act as a support material to increase 

the surface area. Promotion activity may be due to a combination of several effects, but the 

activation of methane to form reaction intermediates may be the main contributor.  

5.0 Conclusions 

TGA, lab-scale flow-reactor data, and bench-scale flow-reactor data indicated that the addition 

of 5% MgO to the hematite oxygen carrier significantly improved the oxygen transfer capacity of 

hematite for methane CLC and correspondingly increased the amount of CO
2
 produced, as 

compared to the pure hematite oxygen carrier. The addition of MgO via different sources 

(hydroxide, dolomite, and nitrate) resulted in different oxidation efficiencies of hematite. The 

MgO prepared by the impregnation route using Mg(OH)
2
 resulted in the most significant 

improvement in the oxygen transfer capacity of the hematite carrier. The carrier prepared for 

fluidized-bed tests had a high attrition resistance. Both oxygen utilization and attrition resistance 
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remained stable during multi-cycle fluidized-bed tests. The surface area changes were minimal 

and XRD data also indicated minimal phase changes upon addition of MgO, indicating that the 

promotion is due to a chemical effect. The addition of MgO enhanced the rates of reduction of 

Fe
2
O

3
 significantly and was consistent with the improvement in the amount of oxygen used for 

reaction. The product analysis during the flow reactor data indicated that MgO promotes a CH
4
 

decomposition reaction to form carbon and hydrogen. When Fe
2
O

3
 is present in the vicinity of 

the MgO, the carbon may be readily oxidized and converted to CO
2
, while H

2
 is converted to 

H
2
O.  
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