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Abstract

Chemical looping processes are characterized as promising carbonaceous
fuel conversion technologies with the advantages of manageable CO; capture
and high energy conversion efficiency. Depending on the chemical looping
reaction products generated, chemical looping technologies generally can
be grouped into two types: chemical looping full oxidation (CLFO) and
chemical looping partial oxidation (CLPO). In CLFO, carbonaceous fuels
are fully oxidized to CO, and H,O, as typically represented by chemical
looping combustion with electricity as the primary product. In CLPO, how-
ever, carbonaceous fuels are partially oxidized, as typically represented by
chemical looping gasification with syngas or hydrogen as the primary prod-
uct. Both CLFO and CLPO share similar operational features; however,
the optimum process configurations and the specific oxygen carriers used
between them can vary significantly. Progress in both CLFO and CLPO is
reviewed and analyzed with specific focus on oxygen carrier developments
that characterize these technologies.
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INTRODUCTION

Carbonaceous fuels, including both fossil fuels and biomass, are estimated to supply more than 80%
of the global energy consumption through 2040 (1). Their utilization can be generally grouped
into two reaction types: full oxidation and partial oxidation. Full oxidation, namely, combustion,
binds oxygen with carbon and hydrogen atoms, forming CO, and H, O, respectively. Maximum
thermal energy can be released through the full oxidation process for heat and power generation.
In contrast, partial oxidation binds a part of the carbon and/or hydrogen atoms with oxygen,
minimizing the formation of CO, and H,O. The partial oxidation products include synthesis gas
(syngas, a mixture of primarily CO and H,) and hydrocarbons with less oxygen content, such as
olefins and aromatic hydrocarbons, which are important intermediates for liquid fuel and chemical
synthesis. The current processes for both full and partial oxidation, however, are not sufficiently
efficient. Furthermore, the quantity and quality of carbonaceous fuels are rapidly declining. To
sustain these feedstocks, alternative fuel conversion technologies with low environmental impacts
and high energetic efficiencies are highly desired. The chemical looping technology promises to
be a transformational way for clean and efficient fuel conversion to electricity, hydrogen, and
syngas, as shown in Figure 1.

Conventional combustion approaches directly mix carbonaceous fuel feed with air, generating
a CO,-containing flue gas that is emitted to the atmosphere. Current concerns over climate
change bear relevance to CO, emission (2). The development of cost-effective CO; capture
techniques for fossil fuel combustion processes thus becomes important. The US Department
of Energy recognizes chemical looping combustion (CLC) or chemical looping full oxidation
(CLFO) as one of the most advanced electric power generation techniques in a carbon-constrained
scenario (3). Figure 2 shows a simplified process flow diagram of a coal-fired CLC system. When
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Figure 1

Chemical looping processes for carbonaceous fuels conversion.
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Figure 2

Simplified process flow diagram of a chemical looping combustion system.

considering the exergy of CLC and conventional combustion systems, CLC yields greater energy
conversion efficiency owing to the reduced irreversibility of the combustion reactions (4, 5).
The reaction path design prevents the direct contact of air with the fuel source, resulting in the
production of a concentrated CO, flue gas without the need to employ energy-intensive gas-gas
separation schemes. The CLC processes are capable of achieving more than 90% CO; capture
with less than 30% increment in the cost of electricity (6).

Partial oxidation of carbonaceous fuels provides a viable way to produce syngas, olefins, and
other chemicals. Among these products, syngas and hydrogen are considered core chemical inter-
mediates to produce other valuable products. Currently, steam methane reforming (SMR) is the
dominant industrial approach for syngas and hydrogen production. This conventional approach
requires a significant amount of steam (H, O/CH4 molar ratio of 1 to 3) to enhance the conversion
of CHy4 (7, 8). The excess steam promotes the water-gas shift reaction, resulting in a hydrogen-rich
syngas stream that is good for hydrogen production but is not desirable for methanol production
or Fischer—Tropsch synthesis. Furthermore, the energy penalty associated with steam generation
and condensation drastically decreases the thermal efficiency of SMR. Partial oxidation of methane
and autothermal reforming technologies have been commercialized for gas-to-liquid processes.
However, these technologies are costly, as they require high-purity oxygen from capital-intensive
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Simplified process flow diagram of a chemical looping gasification system for liquid fuel synthesis.

air separation units. Alternatively, in recent years, chemical looping partial oxidation (CLPO) has
emerged as an attractive approach to producing syngas and hydrogen from various fuel feedstocks,
such as natural gas and coal, including chemical looping gasification (CLG) and chemical loop-
ing reforming (CLR) (5, 9-11). Figure 3 shows a simplified natural gas—fueled CLG system for
liquid-fuel synthesis. CLPO requires minimal or no external steam as compared with the steam
requirements of SMR and has a potential to produce high-quality syngas with high CO and H,
concentrations and desirable CO/H, ratios.

As shown in Figure 4, CLFO and CLPO share similar characteristics in using metal oxides
(in most cases) as oxygen carriers to transfer oxygen from the air source to the fuel source. Both
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General schemes of chemical looping full and partial oxidation (x > y).

chemical looping systems consist of a reducer (or fuel) reactor and an oxidizer (or air) reactor.
Chemical looping processes use solid oxygen carrier materials, such as metal oxides or sulfates,
to indirectly provide oxygen for full or partial oxidation of the fuel in the reducer. The oxygen-
depleted oxygen carriers are then regenerated by a reaction with air in the oxidizer while releasing
heat for process duty and/or power generation. Although solid oxygen carriers are circulated
between two reactors for heat and oxygen transfer, the resulting gases are segregated, yielding a
high-purity CO,/syngas stream from the reducer and an O,-depleted flue gas from the oxidizer.
By this redox reaction scheme, minimal energy is consumed for high-purity CO, separation or
syngas production.

Oxygen carrier materials play a key role in determining the chemical looping product quality
and process efficiency. Extensive research has been conducted to develop desirable oxygen carrier
materials. To optimize the process, it is necessary to consider the key oxygen carrier materials
characteristics: redox reactivity, long-term stability, physical strength, toxicity, and production
cost. Thousands of oxygen carrier materials have been studied for CLFO/CLPO applications
(12, 13). During the early development of these applications, single metal oxides or sulfates
were considered as the active components in the oxygen carrier materials. Recent research
has been guided toward the use of multiple metal-based composite materials for improved process
performance. The development of oxygen carrier materials for CLFO and CLPO is reviewed
and discussed in the following sections.

OXYGEN CARRIERS FOR CHEMICAL LOOPING FULL OXIDATION
Single Metal-Based Materials

In the reduction step for CLFO processes, the oxygen carrier must provide adequate oxidation
capacity to fully convert carbonaceous fuels to CO, and H,O. Incomplete fuel conversion will
result in additional posttreatment steps, decreasing the overall process efficiency and increasing
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Figure 5

Gibbs free energy change of oxygen carrier reduction with 1 mol of CO.

the operating costs. The reduction extent of the oxygen carrier also affects the overall solids
circulation rate, which has a significant effect on the chemical looping process efficiency. In the
oxidation step, the oxygen carrier needs to be regenerated with minimal excess air usage to reduce
the associated air compression cost. The redox behavior of the oxygen carrier largely depends on
the thermochemical properties of its primary metal oxide.

Figure 5 illustrates the Gibbs free energy (AG) variation with temperature for CO and oxygen
carrier reactions calculated from HSC Chemistry. This figure is presented based on 1 mol of CO
reacting with the metal oxides/sulfates at 1 atm. Figure 5 provides information that can be used to
evaluate the reduction and oxidation potentials of oxygen carrier materials. The positions of the
lines in Figure 5 indicate relative reducing and oxidizing capabilities of different materials. During
the oxygen carrier reduction step, to fully convert fuels to CO; and H, O, the metal oxide/sulfate
lines must be located at lower positions in Figure 5. Based on this consideration, materials such
as Cu-, Mn-, Co-, Fe-, and Ni-based transition metal oxides and Ca-based alkaline earth sulfates
can be used for CLC applications.

Chemical looping with oxygen uncoupling metal oxides. Among the above-mentioned can-
didates in Figure 5, the CuO, Co3;0y4, and Mn,Os lines approach the O, line at temperatures
above 800°C, indicating that under high temperatures, these oxides can release O, to the gas
phase. The chemical looping process using these metal oxides for gaseous oxygen release is re-
ferred to as chemical looping with oxygen uncoupling (CLOU) (14). CLOU is advantageous for
fuel combustion applications because the reducer reactions are net exothermic and the CLOU
materials have higher reaction rates as compared with the reaction rates of metal oxides/sulfates
that use lattice oxygen for fuel reactions. The exothermic reaction eases the heat integration for
the entire process system, whereas the faster kinetics reduces the reducer size. Figure 5 shows
that, at high temperatures, Co;O4 and Mn,Ojs lines are below the line that corresponds to pure
O; reaction with CO. Thus, it is difficult to regenerate Co; O4 and Mn,O; using ambient air. The
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low—oxygen carrying capacities of cobalt and manganese oxides also prohibit their effective use as
oxygen carriers.

Copper oxides are considered promising materials for CLOU processes. The use of CuO
for chemical looping applications can be dated back to the mid-twentieth century (15). The
theoretical oxygen carrier capacity by weight is 10% from CuO to Cu, O and 20% from CuO to
Cu. Figure 5 shows that gaseous O, decomposition can occur only from CuO to Cu, O, though
Cu, O still possesses a high oxidation capability for full CO conversion. Studies indicate that the
Cu, O regeneration to CuO is slower than the reduction of CuO to Cu,O. From Figure 5, the
CuO line is close to the O, line, indicating that the ambient air has a small thermodynamic driving
force for Cu, O oxidation. Additionally, the formation of the CuO layer during the regeneration
step also reduces the diffusion process of O, that further slows down its reoxidation rate (16).

The ICB-CSIC (Institute of Carbochemistry/Instituto de Carboquimica, Consejo Superior
de Investigaciones Cientificas) group has extensively studied copper-based oxygen carriers using
various support materials and synthesis methods (17-22). For example, CuO supported with
Al, O3 oxygen carriers was synthesized using the impregnation method. The results showed that a
full methane conversion could be achieved. However, a significant amount (>80% wt) of support
materials coupled with carefully controlled operating temperature (<950°C) was needed to
accommodate the low copper-melting point (18). Specifically, when the CuO content is greater
than 20% by weight, particle agglomeration may occur, resulting in bed defluidization. A large
amount of support was also needed to reduce the possibility of forming Cu,S (20). The Chalmers
University research group indicated that at temperatures over 1,000°C, CuO and Al, O3 would
form a spinel structure of CuAl,Oy, resulting in a loss of the unique CLOU property. The
redox pair of CuAl,O4-CuAlO; is not stable, as CuAlO, has very slow oxidation kinetics and can
become inactive after several cycles (23). However, when CuO is supported on MgAl, Oy, this
compound can avoid the interaction between the primary and support materials, allowing for the
CLOU properties of CuO to be maintained (23). Using the freeze-granulation synthesis method,
Lyngfelt et al. (24) achieved a satisfactory CLC performance using methane and woody biomass
when ~40% CuO was supported by MgAl, O,. The CSIC group also identified that when using
mechanical mixing and pelletizing methods, the CuO content can be up to 60% and 40% with
MgAlL, O4 and ZrO, support materials, respectively, without inducing particle agglomeration
(22).

In other efforts, Xu et al. (25) used inexpensive cement support materials and mechanical
mixing to prepare copper-based CLOU materials, which demonstrated good results. Song et al.
(26) attempted the synthesis of Al O3 -supported CuO materials using layered double hydroxides as
precursors. The formation of NaAlO; from residual sodium was noted to inhibit the formation of
Cu-Al compounds. Such a synthesis method can promote nanostructure formation and improve
the homogeneous dispersion of Cu cations, yielding better reactivity and stability for CLOU
applications.

Non-CLOU metal oxides. Nickel and iron oxides have been widely studied for CLC and tested
in many reactor configurations. As shown in Figure 5, they are located further away from the
CLOU materials region, and their lattice oxygen can be transferred to fuels via gas intermediates,
such as CO,/CO and H, O/H,. NiO possesses good reaction kinetics with gaseous fuels. However,
for a solid fuel conversion, this advantage becomes insignificant owing to the slow solid fuel
gasification reaction. Additionally, from Figure 5, the maximum CO conversion is 99.5% owing
to the close proximity of the NiO reduction line to the AG = 0 line. The high materials cost
and the health effects also deter the commercial use of nickel-based oxygen carriers in chemical
looping processes.
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Figure 6
Structures of (2) Fe; O3, (b) Fe3 Oy, (¢) FeO, and (d) y-Fe.

Iron oxides are cheap and nontoxic, with high melting points and high mechanical strengths.
From Figure 5, Fe,O; has a greater oxidizing capability than NiO, thus allowing iron oxides to
fully convert the carbonaceous fuel to CO, and H,O.

Iron oxide reactions with fuels are a complex process owing to their stepwise reduction from
Fe; 05 to Fe;Oy4, to FeO, and to Fe. Fan et al. (27-33) reported about the characteristics of
multiple oxidation states of iron and developed a countercurrent moving bed reactor system for
their application in chemical looping systems. The structures of iron oxides are shown in Figure 6.
Each oxidation state corresponds to a different crystal structure that includes rhombohedral (x-
Fe,O3), inverse spinel (Fe; O4), rock salt cubic (FeO), and body-centered cubic (Fe) structures. On
one hand, Fe; O3, Fe; O4, and FeO possess similar close-packed oxygen structures, which render the
redox transitions between each phase faster than that between the lower oxidation phases of FeO
and Fe (34, 35). On the other hand, even though there exists a minor variation from the hexagonal
close-packed structure to the cubic close-packed structure, Fe, O3 reduction to Fe; O4 could lead to
an irreversible structure change, such as volume expansion, as the reaction proceeds (36). Coupled
with the sintering effects at high operating temperatures, pure iron oxides can quickly lose reactivity
and oxygen-carrying capacity after the first several redox cycles. When suitable support materials
are added, the reactivity and recyclability of iron-based oxygen carriers can be drastically improved.
For example, Xiang et al. (37) studied iron oxide materials mechanically mixed with Al, O3 and
TiO, as supports. They showed that both supports provided stable reactivity and mechanical
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strength over three to ten redox cycles. They concluded that oxygen carriers with 60% Fe,O; and
40% AL, O; presented the best performance. The postexperimental results indicated that there
was no formation of inactive FeAl, O,. They attributed the oxygen carriers’ high reactivity to the
high porosity and surface area, which could increase the gaseous intraparticle diffusion and surface
reaction rate.

Phase separation is another cause for oxygen carrier materials degradation, as the iron phase
may segregate and sinter. To prevent this behavior, Liu & Zachariah (38) doped potassium to
Al, O;-supported iron oxides and showed improved reactivity, stability, CO, product selectivity,
and carbon deposition resistance. The K ions could assist in binding Fe and Al, thereby reducing
the potential for phase separation.

Li et al. (39) investigated TiO,-supported iron oxide oxygen carriers using an inert marker
experiment in combination with density functional theory (DFT) calculations. The results indicate
that pure iron oxide oxidation is dominated by Fe cation outward diffusion, whereas the TiO,-
supported iron oxide is dominated by O anion inward diffusion. These results are due to the
different structures between Fe,O; and TiO,, which create a considerable amount of oxygen
vacancies enhancing oxygen ion diffusivity. This phenomenon explains why the reactivity of Ti0,-
supported Fe, O3 can be maintained over multiple redox cycles while the pore volume and surface
area significantly decrease during this cyclic process.

Metal sulfates. Several chemical looping studies have been performed using CaSO, as an oxygen
carrier owing to its low cost and large oxygen carrying capacity. In Figure 5, the CaSOj, line is
above the NiO line. Therefore, the CO conversion is lower than 99.5%. Figure 5 also shows that
MgSO, has a higher oxidation capability than CaSOy. Limited research has been conducted for
MgSO;. A challenge to metal sulfate CLC processes is the potential sulfur release to the product
gas stream. Song et al. (40) studied the sulfur release mechanism for CaSO, and observed H,S
and SO, formation from the reducer and the oxidizer, respectively. At ~900°C, part of the sulfur
in CaSOy4 will be lost during the CaSO4-CaS cycle, and CaO will be accumulated in the system.
To reduce the sulfur release, Song et al. (41) synthesized an oxygen carrier with 7% Fe, O3 and
93% CaSOy, and the results showed that this modified material increased the fuel conversion to
CO, while reducing the H,S formation in the reactions.

As discussed above, individual metal oxide or sulfate materials have been widely studied for
CLC applications, and yet, no desired single metal-based oxygen carrier has been identified for
practical use. To further improve the oxygen carrier performance, the use of multiple metal-based
materials was considered. For example, He etal. (42) proposed the use of bimetallic oxygen carrier
particles with two active phases, CuO and Fe;Os. A small amount (5%) of additional CuO could
significantly boost the solid fuel conversion by using its CLOU properties, whereas Fe; O3 could be
maintained as the main active phase to avoid CuO sintering and to facilitate hydrogen generation.
Inert support materials can be used to separate the two active metal oxides so they can behave
actively individually. Other approaches include forming composite materials from multiple metal
oxides, which is further discussed in the following section.

Multiple Metal-Based Materials

CLOU materials. Chalmers University conducted studies on multiple metal oxides to modify
the thermodynamic property of manganese-containing materials for CLOU applications. Binary
metal oxides tested included Mn-Fe, Mn-Ni, Mn-Si, Mn-Mg, and Mn-Cu; among them, Mn-
Fe compounds demonstrated desired CLOU properties (43—46). In these studies, the properties
of the Mn-Fe compound vary with the Mn content and operating temperatures. For example,
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Figure 7

Structures of perovskite A(INDB(IV)Os.

(MngsFe ), O3 bixbyite and (Mng gFeg ;)3 O4 spinel are a good redox pair at 850°C, with excellent
performance on methane and woody char (44). Further studies showed that low—Mn content
(20-40%) materials can release oxygen at temperatures above 900°C, whereas high-Mn content
(>50%) materials behave better at temperatures between 850°C and 900°C (45). Multiple redox
tests were also conducted that showed an increased reactivity over the cycles owing to volume
expansion and increased porosity (44). However, the volume expansion had a negative effect on
mechanical strength and particle integrity.

Ternary metal oxides are also studied, with a focus on the variants of CaMnOs_; perovskites.
Perovskite is a class of compounds with formulae of AII)B(IV)Os that are known for their high
oxygen conductivity, thermal stability, and other favorable properties (47-50). The structure of
perovskite is shown in Figure 7. Perovskite structures are selected in light of their oxygen non-
stoichiometry and fast oxygen-diffusion features. Furthermore, partial substitutions of atoms in B
sites were found to result in improved catalytic effects owing to the lattice defects (51). Researchers
developed complex oxygen carriers, such as La; _Sr,M,Fe;_,O3 (M = Ni, Co, Cr, Cu), to achieve
better reactivity. CaMnQOs_s was found to be capable of releasing oxygen at high temperatures
(52). Additionally, CaMnOs_s has a high mechanical strength, high melting point, and low cost,
as it can be synthesized from calcium and manganese oxides. However, CaMnOs_s is not stable
and can be easily decomposed to CaMn,O4 and Ca;MnO,_s. To maintain a stable perovskite
structure during the redox process and to further improve the performance, several metal dopings
have been considered, including Fe, Ti, Mg, Cu, and La (53-56). Among them, Mg could not sub-
stitute for the Mn site owing to its difference in ion size, and Cu-doped materials did not perform
well owing to their defluidization behavior. CaMng g75Ti.12503_5 has shown high conversions
with various fuels in a fluidized bed (53). However, the sulfur resistance of such compounds must
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be further improved. The sulfur in the fuel can react with the Ti-doped perovskite structure to
form CaSO; and accumulate during the redox cycles (56).

Non-CLOU materials. Several binary metal oxides have been examined based on their oxygen
carrier performance. Iron-containing materials are considered as the key metal oxides owing to
their low cost and reasonably good reactivity. Ferrites, usually MFe,; O4-type spinels, are used for
such materials. For example, redox cycles of NiFe, 04 and CuFe,O4 can be used for hydrogen
production and storage via steam iron reaction, and these materials have also been studied for
CLC applications (57). Kuo etal. (58) synthesized NiFe, Oy by ball milling and high-temperature
calcination. The resulting materials showed better performance than single metal oxides such as
Fe; 05 or NiO in terms of reactivity and recyclability. Wang etal. (59, 60) conducted both thermo-
dynamic and kinetic studies on CuFe, ;. They concluded the binary oxygen carrier performed
better with solid fuel than the single iron oxide-based materials. The reduced phases, depending
on the temperature and fuel, were found to be Cu, Cu; O, CuFeO,, and/or Fe;O4. Such phase
migration might lead to an irreversible structure change. Additionally, the formation of Cu,S and
Fe;SO4 was detected when reacting with high sulfur coke. These reactions affected the reactivity
and recyclability. Weimer et al. (61) used atomic layer deposition to synthesize CoggsFe; 1504
and Fe,O; composite thin films supported on ZrO,, which showed good activities for hydro-
gen generation. A similar compound was presented for solar-based redox cycle for isothermal
water-splitting reactions (62).

Naturally occurring minerals, such as ilmenite, have also been considered for CLC applica-
tions because of their low cost (63—66). For ilmenite, the redox cycles occur between Fe, TiOs
and FeTiOs;. Ilmenite exhibits a higher oxygen-carrying capacity compared with the redox cycle
between Fe, O3 and Fe; O4. Li et al. (67) conducted ab initio simulations showing that the energy
barrier for oxygen ion diffusivity in FeTiOjs is also significantly lower than that in FeO, which
suggested that faster kinetics could be obtained by using ilmenite. An activation and deactivation
phase could be observed in the redox cycles using ilmenite, which could be attributed to the phase
separation (65). The iron phase migrated to the surface during the oxidation of FeTiOs, whereas
the TiO; enlarged in the redox cycles, which could crack the ilmenite particle. The TiO, crystal
formation is part of the Becher process and is widely used for titania production.

An optimal oxygen carrier should be determined based on its thermodynamic equilibrium,
recyclability, synthesis method, resistance to attrition, and materials cost. The above discussion
mainly focused on the oxygen carrier materials developed toward CLFO applications. Thursfield
etal. (11) recently reviewed the materials used for hydrogen production using the chemical looping
approach, whereas Li et al. (68) discussed possible oxygen carriers for syngas generation from
natural gas. The following section discusses the oxygen carrier materials for CLPO applications,
with a focus on syngas production.

OXYGEN CARRIERS FOR CHEMICAL LOOPING PARTIAL OXIDATION
Single Metal Oxide Materials

Ce0;. Ceria is a fluorite structure, which is considered to be favorable for rapid diffusion of
oxygen. Otsuka et al. (69) investigated the partial oxidation of methane to syngas with cerium
oxide in the 1990s. Their work defined the chemical looping scheme using lattice oxygen from
ceria for partial oxidation of methane and subsequent regeneration of the materials. The reaction
temperature for reduction of the oxygen carriers was greater than 700°C and ~500°C for regener-
ation. Thermodynamically, CH,4 oxidation with CeO, had a very high selectivity toward CO and
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H, with full CHy4 conversion. However, this reaction was characterized by slow kinetics. Otsuka
et al. (69) attempted to determine the rate-limiting step of the partial oxidation reaction. They
believed that H, formation and desorption were slower steps than the CHj splitting reaction or
lattice oxygen diffusion.

Assignificantamount of work has been conducted to enhance the ionic diffusivity of CeO,-based
materials. Various types of dopants have been incorporated into CeO; to increase its reactivity.
For example, introduction of Sn ions was found to be able to increase reactivity. Gupta et al.
(70) studied the effects of Sn ions using DFT calculations and found that Ce exhibits 4 + 4
coordination, whereas Sn exhibits 4 4 2 + 2 coordination. Because the metal-oxygen bond became
weaker owing to the doping effect of Sn ions, the oxygen ion diffusivity was enhanced significantly.
Furthermore, other types of metal oxides have also been discovered by researchers as promising
dopants for ceria to increase oxygen conductivity; however, they have not been tested for chemical
looping applications (71). Using y-Al, Os-supported CeO, with Pt and Rh promoters could also
increase the reaction rate as Pt accelerates the dissociation of the C-H bond (72). Mattos et al.
(73) introduced ZrO; to the Pt-CeO; system and found that the reaction rate increased. It was
suggested that Ce,Zr_,O, (x > 0.5) solution had a very high oxygen-storage capacity owing to
its cubic fluorite structure, which enhanced the reactivity. The Ce-Zr-O solid solution was also
a catalyst for the methane-reforming reaction (74). In some extreme cases, more ZrO,, PrO,, or
TbO, was incorporated into the CeO, oxygen carriers. It was assumed that oxides of fluorite-type
structure were critical for superior lattice oxygen reactivity and recyclability. Sadykov studied the
effect of Sm and Bi dopants for the partial oxidation of methane with CeO, and found that the Ce-
Sm-O solid solutions exhibited much higher reactivity and selectivity. However, Ce-Bi-O solid
solutions exhibited decreasing selectivity toward syngas (75, 76). Although considerable research
has been conducted along these lines with CeO, as the base material, carbon deposition on the
catalyst still must be overcome (77-80).

NiO. NiO is one of the most extensively tested oxygen carriers for both CLC and reforming.
The structure of NiO is similar to that of FeO. Because of its selectivity to CO, and H,O, the
NiO-to-fuel ratio must be controlled within a narrow range to generate the syngas with desirable
concentrations and negligible carbon deposition. Because it is known that pure metal oxides lose
their reactivity within a few cycles, most of the work with NiO as oxygen carriers for partial
oxidation focuses on the selection of favorable support materials. Using the freeze granulation
method, Johansson et al. (81) compared MgAl, O, and NiAl, Oy as supports. They found that
MgAl, Oy achieved a much higher methane conversion and had a lower tendency for carbon
formation. Because the freeze granulation synthesis method was not economically viable for large-
scale production, other oxygen carrier synthesis methods have been tested. Various preparation
methods were also evaluated; it was found that deposition—precipitation methods produced oxygen
carriers more resistant to carbon deposition than those prepared by dry impregnation (82). In
addition, spray drying could be a promising alternative, as this method produced oxygen carriers
with similar performance to that of oxygen carriers synthesized using freeze granulation (83). Zafar
et al. (84) further tested NiO on SiO; and MgAl, Oy supports in a thermogravimetric analyzer.
They found that SiO, reacted with primary metal oxides and formed stable unreactive silicates.
The formation of silicates resulted in a poor recyclability with a high reactivity in the first few
cycles. Lowering the reaction temperature alleviated the degradation but could not fully eliminate
this characteristic. They concluded that MgAl, O4-supported NiO performed best for both full
oxidation and partial oxidation (85). Additionally, different phases of Al,O; support have also
been tested. NiO with «-Al; O; support demonstrated the highest reactivity; NiO with y-Al, O;
had the lowest reactivity for the partial oxidation of methane. The low reactivity of Ni-y-Al, O3
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was attributed to the formation of NiAl,O4 (86). Additive materials have also been explored
to increase the performance of the Ni-based oxygen carriers. For example, a small amount of
Ca(OH), dopant was found to increase the particle strength and, hence, its attrition resistance.
MgO could also work as a promoter to increase the feedstock conversion at the early stage of the
reaction (83). Furthermore, some demonstrations in a fluidized reactor have also been carried out
for NiO-based oxygen carriers for partial fuel oxidation (86-89). This process is known as CLR
of methane. However, owing to the materials cost and other reasons, NiO is not likely to be the
material used for commercial CLPO use.

Fe;0;. Similar to NiO, Fe, Os is another type of material that has been widely tested for chemical
looping applications. Unlike NiO, the multiple oxidation states of Fe,O; provide unique advan-
tages for fuel partial oxidation when coupled with a favorable reactor design. Nakayama et al. (90)
found that Fe,03/Y,0; with Rh,Os as a promoter produced a high purity of syngas with 54%
methane conversion. Steinfeld & Kuhn (91) proposed the coproduction of iron and syngas via
partial oxidation of methane with Fe; Oy in a high-temperature reactor heated using solar thermal
energy. This scheme could be altered to produce syngas and hydrogen if iron was regenerated
with steam. Thermodynamically, Fe;O4 and CH4 produce syngas with 67% H, and 33% CO at
1,027°C; however, the results did not show the equilibrium composition at the given experimental
conditions (92). Fan et al. (92-95) demonstrated that an Fe,O3-based oxygen carrier can generate
syngas at a concentration higher than 90%, balanced by CO; and steam, with full fuel conversion.
In their unique moving bed reactor configuration, the reactor is designed to operate with minimal
carbon deposition and without the use of steam. The feedstock can be methane, biomass, coal,
and other types of carbonaceous fuels, and the H,/CO may vary from 1:1 to 3:1 depending on the
feedstock and operating conditions. Compared with NiO, iron oxides require a higher operating
temperature for achieving complete methane conversion (>99%).

Other metal oxides. In addition to the three most widely studied metal oxides, CeO,, NiO, and
Fe, 03, several other metal oxides have been proposed as oxygen carriers for CLPO, including
WO; and ZnO. Kodama et al. (96) found that WO; could oxidize methane to CO and H, with
high selectivity without carbon deposition or without the formation of WC phase at 1,000°C.
When ZrO, was used as the support material for WO3, the reactivity could be improved owing
to reduced grain size and improved dispersion of tungsten oxide. They further tested WO5/ZrO,
in a solar furnace at temperatures of 900°C-1,000°C, and the results showed that the methane
conversion was higher than 80% and the CO selectivity was higher than 76% (97). The CH,
oxidation by ZnO also generated syngas with a 2:1 H,-to-CO ratio, and it was found that the
ZnO conversion could be 90% at 1,327°C in a 5-kW prototype solar furnace. The reaction was
found to be very fast. However, Zn existed in a gaseous state at high temperatures, and thus a
fast quenching step was required (98). Similar studies have been carried out on MgO, SiO,, and
TiO,; however, presently, none of them have practical use (99-101). Complex metal oxides made
up of different single metal oxides were attempted to achieve more favorable performance than
the performances demonstrated in single metal oxides. These results are discussed below.

Complex Metal Oxide Materials

Perovskite. Perovskite materials have been widely studied for many different applications and
have also been considered as promising oxygen carrier materials for methane partial oxidation to
syngas. Wei et al. (102) investigated the performance of La;_,Sr,MO; (M = Mn, Ni;x = 0-0.4)
and La;_,Sr,MnOj_, synthesized by the autocombustion method, as oxygen carrier materials.
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They were able to obtain 75% CO selectivity at 16% CHj conversion with a H,/CO molar ratio
at 2.5:1 at 800°C. Furthermore, they investigated the effect of partial substitution of La by Sr,
which resulted in an increase in reactivity and a decrease in selectivity. Dai et al. (103) synthesized
AFeOj; (A = La, Nd, Eu) via the sol-gel method and found that there were two stages of reactions
for methane partial oxidation. In the first stage, there was a significant amount of CO; formation,
and in the second stage, the reactions had a high selectivity toward syngas. Among these three
perovskite materials, LaFeO; showed the highest selectivity. The conversion of methane and
selectivity toward syngas increased with temperature. At 900°C, the methane conversion could
be as high as 65% with more than 90% selectivity toward syngas if using LaFeO; as an oxygen
carrier (103). These findings encouraged further studies of LaFeO; as the base structure for
methane conversion. Various methods for LaFeOj; synthesis have been investigated, mainly by
using different complex agents, including citric acid and glycine (104). Mihai et al. (50) proposed
multiple synthesis methods and found that LaFeOs prepared by a DL-tartaric acid-aided method
possessed a large surface area and good reactivity. With the addition of a small amount of Sr,
Lag9Sro1FeO; was found to produce even higher reactivity. They reasoned this improvement was
due to increased oxygen vacancies induced by heteroatoms. Furthermore, many other types of
additives have been incorporated to increase the reactivity. For example, Nalbandian et al. (105)
found that Lag 7Srg 3 Cro s Fe 95 O3 mixed with 5% NiO gave excellent performance for methane
partial oxidation.

MxFn;—xO04(M = Ni, Co, Zn, Cu, 0 < y < 1.5). Fe;0, has attractive reaction properties but
also has a low selectivity toward CO. To improve performance of the oxygen carrier, a series of fer-
rites have been synthesized from Fe; O4 and various types of metal oxides. For methane partial ox-
idation, Kodama et al. (106) investigated oxygen carriers made up of three ferrites: Nip39Fe; 6104,
Cog390Fes 6104, and Zng 30Fe; 61 O4. Under the same experimental conditions, Cog 30Fe; 61 O4 and
Zng39Fe; 6104 showed poorer performance as compared with the performance of Fe;O4, but
Nig 39Fe; 6104 demonstrated a significant improvement in performance, with CO yields of 22.0%
and CO selectivity of 72.2% at 827°C. The sintering properties of the oxygen carriers were also
studied for ZrO, as a support for Nig 39Fe; 41 O4 ata 2:1 weight ratio (106). However, low methane
conversion and high carbon deposition were observed under this ZrO, -supported condition (107).
Because Ni was also widely used as a catalyst for SMR, Sturzenegger et al. (108) studied Ni-ferrite
as both an oxygen carrier and a SMR catalyst. At the early stage of reduction, Ni-ferrite performed
as an oxygen carrier, and at the late stage, Niin the reduced phase acted as a SMR catalyst. An excess
steam was used so that there was minimal CO in the gaseous product owing to the water-gas shift
reaction. Cha etal. (109) studied Cu,Fe;_,04/ZrO; as oxygen carriers, with x varying from 0 to 1.5
for syngas generation. Adding Cu to Fe;O4 decreased CHy conversion and selectivity. However,
carbon deposition was eliminated when 0.3 < x < 0.7. Their results indicated Cu was effective in
enhancing the gasification reaction rate of deposited carbon and thus was beneficial to preventing
coke formation or carbon deposition at the cost of decreasing methane conversion and CO selec-
tivity (109). In addition, by substituting a portion of the Zr with Ce, the reaction rate for the syngas
generation could be enhanced. Of the compositions studied, Cug ;Fe; 304/Ce-ZrO; (Ce/Zr) was
found to have the best performance, with no deactivation observed within 10 cycles (110).

The materials discussed above represent the majority of oxygen carrier formulas studied.
Another composition that has been investigated is NiO-Cr,03;-MgO. This composition showed
promising behavior for methane partial oxidation for several redox cycles without significant
carbon deposition. The relatively low reaction temperature, i.e., 700°C, was also an advantage.
Further, adding Cr,Os assisted in preventing the formation of NiMgO, and also reduced the
reaction temperatures (111). To summarize, oxygen carrier materials to be employed with
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industrial applications are likely to be composite metal oxides because these composite materials
have shown favorable reaction behavior and can overcome some of the drawbacks of single metal
oxides. However, significant research is still needed to develop a robust oxygen carrier that can
provide a high fuel conversion and concurrently a high selectivity toward syngas.

PRINCIPLES FOR OXYGEN CARRIER SELECTION

The oxygen carrier designed for the chemical looping system is expected to undergo multiple redox
reaction cycles with minimal loss in physical integrity and chemical reactivity. In the reduction
step, the oxygen carrier donates a suitable amount of lattice oxygen for fuel conversion and product
production. In the oxidation step, the depleted oxygen carriers are replenished with air while heat s
released for autothermal operation. Such cyclic behavior requirement calls for certain properties to
be implanted into the oxygen carrier. Extensive research has been conducted on the oxygen carrier
material screening for chemical looping systems with a focus on individual aspects, such as oxygen-
carrying capacity, fuel conversion, reactivity, recyclability, mechanical strength, heat-carrying
capacity, melting point, and resistance to carbon deposition and contaminants. However, the
applications for full oxidation and partial oxidation require some distinct oxygen carrier properties
so that the product selectivity can be properly controlled. The following section discusses the
thermodynamic principle for selecting active metal oxides toward various applications.

The Ellingham diagram has been widely used in metallurgic studies as a useful tool to determine
the relative metal oxide reduction potential at different temperatures, as shown in Figure 8 (112).
This diagram can be further adapted for discerning metal oxides as oxygen carrier materials for
various chemical looping processes (92, 93). As illustrated in Figure 9, materials are sorted into
several zones according to their oxidation capability and their potential use as oxygen carriers
for CLFO and CLPO. It should be noted that because most chemical looping processes are
operated at temperatures higher than 750°C, the thermodynamic properties for metal oxides at
low temperatures are not discussed here. These materials zones are outlined by the following three
key reactions:

Reaction line 1: 2CO + O, = 2CO,

Reaction line 2: 2H, + O, = 2H,0

Reaction line 3: 2C + O, = 2CO

Zone A: Metal oxides in this region stay above reaction lines 1 and 2. They generally have
strong oxidizing properties and can work as oxygen carriers for both CLFO and CLPO. Metal
oxides in this region include NiO, CuO, CoO, Fe; O3, and Fe; Oy, as discussed in the section of
Oxygen Carriers for Chemical Looping Full Oxidation.

Zone B: Metal oxides in this region stay above reaction line 3 and below reaction lines 1 and 2.
They are able to work as oxygen carriers for CLPO but not for CLFO owing to their moderate
oxidizing properties. Metal oxides in this region include CeO,, as discussed in the section on
Oxygen Carriers for Chemical Looping Partial Oxidation.

Zone C: Metal oxides in this region stay below reaction line 3. They cannot be used as oxygen
carriers and are considered as inert materials. Metal oxides in this region include Cr,Os and SiO;.

Transition Zone: Metal oxides in this zone stay between reaction lines 1 and 2. They are
considered as possible CLPO materials with a significant amount of H,O generated in the syngas
product. Metal oxides in this region include SnO,.

From Figure 9, it is noted that methane is not thermodynamically stable at temperatures
higher than 750°C, where methane decomposition to C and H, is a spontaneous reaction. Thus,
the reaction line of 2CHy 4+ O, = 2CO + 4H, does not play an important role in determining
zones of oxygen carriers. Metal oxides in Zone C have low oxidation capability and thus cannot
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Figure 8

Ellingham diagram for oxygen carrier comparison (111).

be directly used for chemical looping applications. However, they can be used as inert support
materials or active components together with materials in Zones A and B, forming composite
oxygen carriers. The interaction among these metal oxides can have a negative or positive effect
on the performance of the oxygen carrier. For example, CuO in Zone A and Al, O; in Zone C would
form CuAl, Oy, resulting in a loss of copper oxide’s unique CLOU property (23). FeO in Zone B
and TiO; in Zone C could form FeTiOs, prompting oxygen ion diffusion and thus increasing the
oxygen carrier reactivity (67). This highlights the importance of knowing the various solid phases
present in the oxygen carrier, as it can alter the performance of the oxygen carrier.
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Zone of metal oxides for chemical looping.

For CLFO or combustion applications, the primary metal oxides should be selected from Zone
A. The major merit of the CLFO systems is the ability to achieve in situ CO, capture with reduced
cost. CO, purity associated with the oxygen carrier is an important property because of its direct
impact on the energy conversion efficiencies and the commercial viability of the CLFO system.
The selection of the active metal oxide influences the maximum fuel conversion and CO, purity
achievable based on thermodynamic constraints. To elaborate, from the reaction thermodynamics,
using iron- or copper-based oxygen carriers can result in 100% fuel conversion to CO, and H, O,
whereas using nickel oxide— or calcium sulfate-based oxygen carriers can yield at most 99% fuel
conversion with considerable amounts of CO leakage. For solid fuel conversion, metal oxides
with CLOU features are preferred, as they can release gaseous oxygen for carbon gasification.
However, the stability of CLOU materials must be further improved.

There are typically two approaches to reach the targeted syngas products in the CLPO pro-
cesses. The first approach is to use oxygen carriers in Zone A. For oxygen carriers in Zone A,
which are applicable to both partial oxidation and combustion, the amount of oxygen transferred
from the oxygen carrier to the fuel species determines whether the product is syngas or CO,
and H,O. Partial oxidation of fuel requires less oxygen transferred from the metal oxides than
in full combustion for a given feedstock. For metal oxides in Zone A, such as NiO, the syngas
yield increases initially until the stoichiometric ratio for methane partial oxidation is exceeded.
The syngas yield decreases afterward owing to the oxidation of syngas to CO, and H,O. The
conduct of CLPO in existing fluidized bed reactors usually adopts this approach. As an example,
in CSIC’s circulating fluidized bed-based CLR process, the air consumed in the combustor was
adjusted to produce a mixture of NiO and Ni at approximately 70% Ni and 30% NiO rather
than 100% NiO. The partially regenerated oxygen carriers were then reduced by methane in
the reducer to a composition of 80% Ni and 20% NiO (87). The circulation rate for the oxygen
carrier materials in this approach would be substantial because of the low oxygen-carrier capacity.
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In addition to the low oxygen-carrier conversion, excess steam was introduced into the reducer to
suppress the carbon deposition because metallic nickel also served as an effective catalyst for the
methane decomposition reaction. Further, the syngas composition varies significantly with nickel
oxide conversion and thus is difficult to control using materials in Zone A. The second approach
is to adopt metal oxides in Zone B. The syngas composition is dominated by H, and CO with
oxygen carriers in Zone B owing to their thermodynamic restriction. For metal oxides in Zone B,
such as CeQO,, syngas yield increases linearly, reaching the maximum at the stoichiometric ratio
for partial oxidation, and remains constant. For metal oxides that have multiple oxidation states,
such as iron oxides, the syngas yield line shows an integrated pattern of individual syngas lines
of Fe; O3 (Zone A), Fe;O4 (Zone A), and FeO (Zone B). Reactions conducted in the moving bed
reactor are suggested to employ this approach to better control the metal oxide reduction extent
and syngas composition (92). In a moving bed reactor, the synergistic effects of the fuel and the
oxygen carrier in Zone B may yield a steady syngas product while the oxygen carrier oxidation
state varies. Further, such a scheme could assist in inhibiting methane decomposition by using a
certain range of oxygen carrier composition, even without the need of external steam. It is noted
that the adapted Ellingham diagram provides only a thermodynamic indication of the possibility of
metal oxides acting as oxygen carriers. The reaction kinetics, reactant stoichiometry, gas-solid flow
dynamics, contact time, and reactor design altogether determine the actual reaction performance.

SUMMARY

Recent advances in oxygen carrier materials development for CLFO and CLPO processes are
discussed in this review. Based on the thermodynamic properties, oxygen carriers for CLFO can
be grouped into metal oxides with CLOU features and metal oxides without CLOU features.
Generally, the former group exhibits a higher rate of reactions, whereas the latter group exhibits
a higher stability in cyclic reactor operation. Metal oxides have also been investigated for CLPO
application under different operation conditions. Most of the oxygen carriers being considered
for CLC and CLG are single metal oxides, e.g., NiO and Fe, O3, supported by inert materials,
e.g., MgALL O4, A, O3, TiO;, and SiO,. Complex metal oxides, such as materials with perovskite
structures, are considered at the lab-scale operation, where they are synthesized and tested with
superior performance as compared with the performance of single metal oxide materials. However,
considerable opportunity for improvement exists for these materials, particularly with respect to
durability, cost of materials, and synthesis techniques for sustainable performance. A general
approach for predicting the feasibility of metal oxides as oxygen carriers for CLFO and CLPO
process applications is illustrated in light of an adapted Ellingham diagram.

In addition to the metal oxide particle properties and performances discussed above, reactor
design, specifically gas and solid contact modes, is another important factor governing the success
of chemical looping systems. The reactor design requires comprehensive understanding of the
thermodynamic properties of the oxygen carrier materials, their reaction kinetics, and the flow
dynamics of fluid and particles in the reactor. Further, the oxygen carrier development and reactor
design should also be considered from the overall process system point of view. It is anticipated
that with appropriate oxygen carrier development coupled with desired reactor configurations,
chemical looping systems can be efficiently applied for generation of a variety of products from
gaseous, liquid, or solid carbonaceous feedstock.
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