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Introduction

he term chemical looping was first used by Ishida
et al." in their description of a high-exergy efficiency

combustion process that engages redox reactions that
use metal oxides as reaction intermediates. The use of metal
oxides as intermediates in the redox reactions as applied to
processes that are noncombustive in nature can be traced to
work in the early 1900s.%* In this Perspective article, the
term chemical looping is used in a broad sense to describe
the nature of a reaction scheme in which a given reaction is
decomposed into multiple subreactions with chemical inter-
mediates that are reacted and regenerated.* The chemical
intermediates considered are limited to metal oxides. Fur-
thermore, the subreactions are ideally configured in such a
manner that the exergy loss of the process as a result of this
reaction scheme can be minimized. The term technology
platform refers to a set of technologies that have been devel-
oped for various applications but share a common underlying
basic concept. The concept of chemical looping is rooted in
the second law of thermodynamics and applied to the reduc-
tion of the process irreversibility and, hence, the enhanced
exergy efficiency of the process. The application of this
exergy concept for combustion systems was reported earlier
by Knoche and Richter.>® Ishida et al.' employed metal
oxides, such as NiO, CuO, Mn,O;, and Fe,03, as chemical
intermediates for combustion reaction applications. The unique
feature of the use of a metal oxide in a chemical-looping com-
bustion scheme is that CO, becomes an easily separable com-
bustion product, and thus, the requirement of parasitic energy
in its separation is low. Such a CO, separation feature has been
deemed important in recent years, particularly in the considera-
tion of global concerns over climate change.

As shown in Figure 1, growing interest in chemical loop-
ing has been evidenced by the sharp increase in the number
of publications on this topic since 1994 with numbers
obtained from the Web of Science. The increased interest in
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chemical-looping applications with metal oxides beyond com-
bustion has also been apparent because of the potential eco-
nomic benefits and commercial implications of chemical-
looping processes. Specifically, the chemical-looping concept
can evolve into a technology platform that yields a major
impact on the formation of a variety of products that influence
the fuel and chemical industries beyond the utility industry.*”*

In this article, the various types of chemical-looping reac-
tions are described, along with the evolution of chemical-
looping technology. This is followed by a discussion of the
advantages of the chemical-looping scheme compared to the
conventional scheme in process applications. The formula-
tion, physical and chemical properties, morphological varia-
tions, and ionic diffusion phenomena of both the pure and
composite metal oxide materials that are used as oxygen car-
riers are elaborated. Of equal importance to the oxygen-
carrier behavior in chemical-looping technology development
are the gas-solid contact pattern and the types of reactors
used in the processing of these oxygen carriers. Several Ohio
State University (OSU) technologies developed in recent
years are introduced, and their operational efficiencies, eco-
nomic impacts, and process applications are also illustrated.
This article also accounts for the knowledge required for
technological success, the information gap between the past
and the present, and the challenges and approaches for over-
coming them in the context of technology readiness, timing,
and the likelihood for commercial deployment.

Two Groups of Chemical-Looping Reactions

On the basis of current applications, chemical-looping
reactions with metal oxides can be categorized into two
groups. Group A refers to chemical-looping reactions involv-
ing CO, generation or separation, as given in Figure 2(a),
and group B refers to chemical-looping reactions involving
non-CO, generation, as given in Figure 2(b). Compared to
group B, group A has been studied more extensively.*®
Type A-I can be represented by the reactions between either
metal sulfate and metal sulfide or, more typically, metal
oxide and metal. In the process of the metal oxide reduction
reactions that take place in the reducer or fuel reactor, the
carbonaceous feedstock in gas, liquid, or solid form is fully
oxidized to CO,. The reduced metal oxide is then
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Figure 1. Cumulative number of records in the web of sci-
ence containing chemical looping or chemical-
looping in the topic.

regenerated in the oxidizer, combustor, or air reactor. When
the reoxidizing agent is air, heat and/or electricity can be
produced; when the reoxidizing agents are steam and/or

Type A-I

Syngas CO +H,

chemical looping

CH, or other
Carbonaceous
Fuels

Type B-1 Type B-11

CO,, hydrogen and/or CO can be produced. The regenerated
metal oxide circulates back into the reducer to complete the
loop. In type A-II, the metal in the metal oxide is an alkali
or alkaline earth, predominantly calcium. The type A-II reac-
tion involves the formation of metal carbonate (e.g., CaCOs3)
and metal oxide (CaO) through carbonation and calcination
reactions, respectively. The metal oxide undergoes the carbo-
nation reaction with CO, in the carbonator to form metal
carbonate. Through the addition of heat in the calcination
reaction, the metal oxide is regenerated from metal carbonate
after CO, is released. The regenerated metal oxide is then
recycled to the carbonator with the chemical-looping reac-
tions repeated.

The metal oxide regeneration processes for group B
reactions are similar to those for group A reactions. How-
ever, for the reduction process, they are different in that
group B reactions are not intended to produce CO,. In group
B, there are three types of reduction reactions in which
types B-I and B-II perform partial oxidation reactions with
the carbonaceous feedstock to form syngas, a mixture of
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Figure 2. (a) Group A chemical-looping reactions involving CO, generation. (b) Group B chemical-looping reactions involving
no CO, generation. Note: Me: metal; MeS: metal sulfide; MeO: metal oxide; MeSO,: metal sulfate; MeCO;: metal

carbonate.
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Table 1. Notable Technologies that Use the Chemical-Looping Principle

Process/developer Lane Lewis and Gilliland HYGAS CO, acceptor HyPr ring

Year 1910s 1950s 1970s 1960s-1970s 1990s

Looping types Type A-I Type A-I, CLOU Type A-I Type A-11 Type A-11

Feedstock Syngas Solid Fuel Syngas Solid fuel Solid fuel

Products H, CO, H, H, rich syngas H,

Net reaction CO +H,0=CO, +H, C+0, =CO0, CO+H,0=CO,+H, C+H,0=CO,+H, C+H,0=CO,+H,

Redox pair/looping Fe;04-Fe CuO-Cu,0 or Fe,O3- Fe3;04-Fe CaCO5-CaO CaCO5-CaO/Ca(OH),
materials Fe;04

Reactors Fixed bed Fluidized bed, Two-stage Fluidized bed Fluidized bed

moving bed fluidized bed

Gas-solid contact Gas-switching, Mixed/ Countercurrent Mixed Mixed
patterns solid fixed countercurrent

Process/developer ARCO GTG DuPont Otsuka Solar water splitting Steinfeld

Year 1980s 1990s 1990s 1980s 1990s

Looping types Type B-II Type B-1I Type B-1 Type B-1II Type B-III

Feedstock CH,4 C4Hio CH,4 H,O CHy, iron ore

Products C,H, C4H,0;3 Syngas H,, O, Syngas, iron

Net reaction 2CH; + O, = C4Hyp + 3.50, 2CH4 + O, =2CO + 4H, 2H,0 =2H, + O, 4CHy4 + Fe304 =

C,H, + 2H,0 = C4H,0; + 4H,0 4CO + 8H, + 3Fe

Redox pair/looping Supported Mn VPO Supported CeO, ZnO-Zn or Fe;0,4-FeO/Fe Fe;0,4-Fe
materials

Reactors Fluidized bed Fluidized bed Fixed bed Fluidized bed Fluidized bed

Gas-solid contact Cocurrent Mixed Gas-switching, solid fixed Mixed Mixed
patterns

CO and H,, and chemicals, for example, ethylene. The
type B-III reaction uses heat from solar or nuclear energy
to decompose the metal oxide to metal and oxygen in the
reducer. The reduced metal goes to the oxidizer/combustor
for regeneration to metal oxide. Water splitting to produce
hydrogen can be performed when the regeneration step
uses steam as the oxidizing agent. The type B-III operation
shows that the chemical-looping systems can be operated in
a renewable fashion without the use of fossil fuels.

Evolution of Chemical-Looping Technology

Some of the notable technology advances that use
chemical-looping principles for groups A and B reactions,
summarized in Table 1, are highlighted to indicate the major
milestones in the development of this technology. The use of

Steam!

the chemical-looping concept for type A-I reactions as a
technology was seen in the work of Howard Lane as early as
1904.>°7"! In the Lane process, shown in Figure 3, syngas
derived from coal gasification was first used to reduce iron
ores in a fixed bed, after which the inlet gas stream was
switched to steam, and the bed then performed the steam-
iron reaction to produce hydrogen. Hydrogen plants based on
such a redox process were initially used to fill hydrogen bal-
loons. They were then constructed throughout Europe and
the United States to produce 24,000,000 m® of hydrogen
annually by 1913. However, there were two major issues
that hampered the efficient application of this steam-iron
process: the incomplete conversion of the reducing gas and
the low recyclability of the iron ores. With the availability
of oil and natural gas in the 1940s, the steam-iron process
for hydrogen production became less competitive and even-
tually phased out.

Retorts filled
with iron ore™g

Brick fumace/

Air
Producer ‘ ‘ Coke
Gas Producer Air
(—

Hydrogen

Lean syngas

Figure 3. Steam-iron processes with a fixed bed.
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In the 1950s, a type A-I chemical-looping scheme was
proposed in patents by Lewis and Gilliland'*"® with iron
and copper oxides as the looping particles. The purpose of
their study was to examine the feasibility of chemical loop-
ing for CO, generation for the beverage industry. Different
types of reactors, such as fluidized beds and moving beds,
were mentioned as CO, generators, with copper oxide as an
oxygen carrier mentioned for CO, generation. The gas-solid
countercurrent flow pattern was proposed with the iron oxide
oxidation state swinging between Fe,O5; and Fe;0,.'% Some
experimental data with a small batch reactor and copper
oxide were reported in their patent.'> However, there were
no published experimental data on a continuous solids flow
system that substantiated the desired gas-solid contact pattern
or process per se in their work. Copper oxide used as an
oxygen carrier has been a focal research subject, and the
copper oxide materials have been referred to as chemical-
looping oxygen uncoupling (CLOU) materials in recent
literature.*

In the 1970s, the Institute of Gas Technology developed
the HYGAS process to convert coal and hydrogen into syn-
thetic natural gas by a methanation reaction.'"* The hydrogen
used in the HYGAS process was generated by a high-
pressure steam-iron process (type A-I) with the syngas as a
feedstock produced from coal gasification. Two-stage coun-
tercurrent fluidized-bed reactors were used for both the
reducer and the oxidizer to enhance the fuel gas, iron oxide
conversions, and mass and heat transfer. Synthesized iron
oxide particles consisting of 4% silica, 10% magnesia, and
86% hematite ore were used. Both the reactivity and the
strength of particles for this synthesized iron oxide were
improved over the iron ore used in the Lane process. Conse-
quently, the efficiency of the steam-iron reaction in the
HYGAS process was higher than that of the Lane process.
The HYGAS process was demonstrated on a pilot plant scale
but was not commercialized. The drawbacks of the HYGAS
process included a low metal oxide conversion, a low redox
rate, and incomplete syngas conversion.

In the 1960s and 1970s, the CO, acceptor process (type
A-II) was developed by Consolidation Coal Co. and later by
the Conoco Coal Development Co., who conducted pilot-
plant-scale studies.'® In this gasifier; syngas or hydrogen was
produced through the reactions of coal and steam with CaO
added to the reactor to remove CO, and enhance hydrogen
generation. Like the HYGAS process, the CO, acceptor pro-
cess was not commercially realized, in part because of eco-
nomic reasons, such as the low market price of natural gas
and the high capital cost requirements for the processes. Fur-
thermore, bituminous coals were difficult to handle, and
major agglomeration problems caused by the low-
temperature eutectic formation among fly ash and calcium
compounds in the gasifier and the regenerator were evi-
denced. These could only be resolved with operational tem-
perature and solid composition control. It was also noted
that the CaS-CaSO, redox cycle observed in the CO,
acceptor process was different from the typical redox cycles
based on metals/metal oxides. According to the concept of
the CO, acceptor process, the HyPr ring process (type A-II)
was developed in Japan for hydrogen production from coal
in the 1990s to 2000s.'®'” In the HyPr ring process, more
steam than that used in the CO, acceptor process was fed to
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the coal gasifier along with calcium oxide and oxygen to
facilitate the capture of CO, by calcium oxide and to assist
in the water-gas shift (WGS) reaction; this resulted in a
product gas stream of about 90% H, mixed with methane.
The solids from the gasifier consisted of mostly spent CaO
sorbents (CaCO3), and some unconverted carbon was intro-
duced to the regenerator along with oxygen. The heat gen-
erated from the combustion of the unreacted carbon
allowed the calcination reaction to be carried out for CaO
regeneration and released a high-purity CO, stream for
sequestration.

For group B chemical-looping reactions, in the 1980s,
Keller and Bhasin produced ethylene and ethane from meth-
ane in a redox process known as oxidative coupling of meth-
ane (OCM).18 In the OCM scheme, metal oxides were
sequentially and separately reduced by methane and reoxi-
dized by air. In major efforts in the adoption of the
chemical-looping concept to produce chemicals en route to
the production of liquid fuels via OCM (followed by oligo-
merization), ARCO Chemicals in the 1980s conducted
research and developed a type B-II pilot-scale system using
manganese composite metal oxides to convert natural gas to
olefins."”?” In this system, low-acidity materials, such as
silica, were used as supports for manganese to form braunite
(Mn;SiOy,) and increase the product selectivity. It was
observed that the addition of alkali components such as
sodium pyrophosphate further improved this selectivity.
These OCM reactions took place in fluidized-bed reactors
with a short gas-solid contact time, which was found to pre-
vent further oxidation of the desired product to CO,. The
ARCO activities were halted in 1990 in part because of a
lack of economic feasibility caused by the increased price of
natural gas.

Maleic anhydride production from butane by vanadium
phosphorous oxide (VPO; type B-II) was developed by
DuPont in the 1980s and 1990s.>' This process was devel-
oped from the bench scale to the pilot scale and, finally, to
the commercial scale. Its commercial operation, however,
was not successful because of the scale-up effects of the
circulating fluidized-bed (CFB) reactor on the reactant con-
tact time and the oxygen-carrier holdup in the CFB sys-
tem.”> More specifically, the insufficient oxygen-carrying
capacity of the VPO particles, coupled with their attrition/
breakage behavior due to the high-particle-flow require-
ments in the CFB system, principally contributed to the
inadequacy of this process for sustainable operation at the
commercial scale. The oxidation reaction of butane, thus,
relied in part on molecular oxygen introduced externally.
The outcome of the DuPont commercial operation under-
scores the importance of the viability of the oxygen carriers
in CFB system operation for chemical-looping process
applications.

In the 1990s, the partial oxidation of methane to syngas
with CeO, in a type B-I chemical-looping scheme was
attempted.”> CeO, was found to be an oxygen carrier with a
thermodynamically favored selectivity for CH, oxidation
toward CO and H,. Its slow kinetics and high carbon deposi-
tion properties could be resolved by the use of more sophis-
ticated oxygen-carrier materials.>*’ Solar-assisted metal
oxide thermochemical-looping processes, which coproduced
iron and syngas with the partial oxidation of methane with
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Figure 4. Exergy recovery analysis for two H, production schemes with a reaction temperature in Il of 1123 K.

Fe;0,4 in a high-temperature solar reactor, were also initi-
ated.”® It was found that although the fluidized particles
were effective in absorbing solar radiation, the high cost of
the solar energy conversion, the sintering and recrystalliza-
tion of metallic iron, and the low methane conversion con-
tributed to the slow development of this solar-based
chemical-looping process. Metal oxide redox pairs, such as
ZnO-Zn and Fe;04-FeO/Fe, were used for type B-III water-
splitting solar thermochemical cycles.”>® Recently, more
elaborate materials such as CoggsFe, 1504 and Fe,O3 com-
posite thin films supported on ZrO, synthesized with atomic
layer deposition indicated encouraging activities for isother-
mal water-splitting reactions in solar-based redox cycles.?!
Since the early 2000s, several pilot-scale units of
chemical-looping processes have been constructed for
renewed large-scale demonstrations of the technology. Nota-
bly, a 1-MWth chemical-looping combustion process is
being demonstrated at the Technical University of Darmstadt
in Germany with ilmenite as the oxygen carrier and with
coal as the feedstock. The reactors for both the reducer and
the combustor are circulating fluidized beds.*> The high-
pressure pilot syngas chemical-looping (SCL) process of
OSU is being demonstrated at the National Carbon Capture
Center (NCCC) at 250 kWth to 3MWth to produce hydrogen
with syngas derived from coal gasification or natural gas as
the feed.”® The reducer and oxidizer are moving-bed reac-
tors, whereas the combustor is a fluidized bed. Two pilot
plants are being developed for calcium-looping operations to
capture CO, from a flue gas stream. One is a 1.7-MWth
demonstration pilot plant in Spain operated by a consortium
led by the mining company HUNOSA.** Both the

calcination and carbonation reactors are a circulating fluid-
ized bed. The other is a 2-MWth plant in Taiwan, operated
by Industrial Technology Research Institute (ITRI), and is
conducted with both the calcination-carbonation and
calcination-carbonation-hydration schemes.® This is a dem-
onstration of OSU’s calcination and carbonation reaction
(CCR) process technology.®® ITRI’s CO, capture operation
is linked to a cement production plant nearby. Furthermore,
the installation at the Technical University of Darmstadt
used for chemical-looping combustion is also being used for
operation in the calcium-looping mode with one of the circu-
lating fluidized-bed reactors performing carbonation, whereas
the other circulating fluidized bed performs calcination in a
manner similar to the pilot unit in Spain.’’

Motivation in Modern Chemical-Looping
Process Development

The modern chemical-looping approach is motivated by
two factors: (1) the pressing need to mitigate climate change
because of CO, emissions with efficient and cost-/energy-
effective CO, capture from methods in the combustion of
fossil fuels®®**! and (2) the optimization of reaction schemes
to minimize the exergy loss involved in the chemical/energy
conversion system.>*#%43

CO; capture

Current coal combustion power plants require equipment
for the removal of such environmentally hazardous air pollu-
tants such as sulfur oxides, nitrogen oxides, fine particulates,
and mercury in the flue gas, and the installation of additional
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equipment for the capture of CO, may be required in the
future. The total amount of CO, produced from coal-based
power plants accounts for more than 40% of all anthropo-
genic CO, emissions.** CO, management involves three
steps: (1) capture, including separation and compression; (2)
transportation; and (3) sequestration. Among the three steps,
CO, capture is the most energy-consuming one.*> CO, repre-
sents about 15% of the flue gas stream from coal combustion
power plants, and the existing techniques for CO, capture
from pulverized coal power plants include the well-
established monoethanolamine scrubbing technology and the
chilled ammonia process.*®

Similar to solvent-based CO, scrubbing techniques, high-
temperature sorbents, such as limestone, potassium carbo-
nates, lithium silicates, and sodium carbonates, can be used
to capture CO, in the flue gas at elevated temperatures.‘”’48
With good heat integration, these solid sorbents can be effec-
tive in CO, capture. One heat integration scheme is of par-
ticular relevance and is based on the type A-II chemical
looping that uses hydrated lime, natural limestone, or re-
engineered limestone based sorbents at 600-700°C for CO,
capture.49 In the process, both CO, and SO, in the flue gas
are captured by the calcium-based sorbents in the carbonator
operated at about 650°C to form CaCOj; and CaSO3/CaSO,.
The carbonated sorbent, CaCOs, is then regenerated to a cal-
cium oxide (CaO) sorbent in the calciner at 850-900°C to
yield a pure CO, stream. In type A-I chemical looping, dis-
cussed earlier, the oxygen carrier is reduced by the fuel in
the first reactor (reducer or fuel reactor) and produces CO,
and H,O. The reduced oxygen carriers are then transported
to the second reactor (oxidizer, combustor, or air reactor)
where combustion takes place with air and the reduced oxy-
gen carrier is converted to its original oxidation state. During
the oxidation step, a large amount of heat is generated,
which can be used for electricity generation. Because air and
fuels are converted in separate reactors, the CO, generated
from the reducer is only mixed with steam and is readily
separable. The capital- and energy-intensive conventional
CO, separation step can be avoided.

Exergy loss minimization

The indirect fuel conversion in two separate reactors is
advantageous from a thermodynamic point of view for the
reduction of exergy loss. The exergy of a system is defined
as the maximum amount of usable work from the system
during a transformation that brings the system into equilib-
rium with a reference state.’® The ambient environment (at
273.15 K and 101.325 Pa) is commonly used as the refer-
ence state. The reference states for some chemical species
include: 400-ppm CO, in the air for CO and C; H,O for Hy;
and Fe,0; for Fe, FeO, and Fe;0,4. The exergy rate refers to
the ratio of the exergy to the enthalpy of the system. The
loss of exergy in a system implies the loss of utilizable
energy and can be mitigated by two approaches. The first
approach is done through thermomechanical means by recu-
peration of the discharged low-grade heat and/or by the gen-
eration of a larger amount of high-grade heat. The second
approach is through the use of the chemical intermediates
that recuperate heat in a circulatory reaction system. The
second approach is of close relevance to the chemical-
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looping processes.*>' As an example, Figure 4 shows two
schemes converting char (assumed to be pure carbon) to
hydrogen with steam. Scheme I in this figure represents a
traditional hydrogen production route where carbon is gasi-
fied and coupled with the WGS reaction. With the reference
states given previously, the exergy calculations for various
streams are shown in Figure 4. With the conventional route,
a 48.8-kJ exergy loss in the gasification/partial oxidation
step is seen. The WGS reaction leads to another 36-kJ
exergy loss. An alternative approach with the Fe-Fe;O4
chemical-looping method is considered in Scheme II in Fig-
ure 4 and consists of the following reactions:

C+0.395Fe;04+0.210, — 1.185Fe+CO, Q9]
3Fe+4H,0 — Fe3O4+4H, 2)

A small amount of O, is used in the first reaction to neu-
tralize the heat of the reaction. Because of the generation of

1400 1600
1 L 0

- <100

- -200

- -300

- -400

- -500

- -600

- -700

Standard Gibbs Free Energy of Reactions (kJ/mol O3)

-800 —_———— -800

400 800 800 1000 1200 1400 1600

Temperature (°C)

400 600 800 1000 1200 1400 1600

(b) 0 N 1 PR N I N 1 " 1 N 0
100 4 H ~-100

: A: Combustion L

-200 : L 200

-300 - -300

400 - -400

-500 + ~ -500

-600 ~ -600

C: Inert

2700 : L 700

800 o _____
400 800 800 1000 1200

Temperature (°C)

Figure 5. Modified Ellingham diagram for oxygen-carrier
materials: (a) Standard Gibbs free energy
changes (AG?) of some oxidation reactions and
(b) reaction zone division for chemical-looping
combustion and syngas production applications.

— -800
1400 1600

Standard Gibbs Free Energy of Reactions (kJ/mol O3)

DOI 10.1002/aic 7



Fe (a medium-exergy-rate chemical) from Fe;O, (a low-
exergy-rate chemical), a 52.4% lower exergy loss occurs in
step 1 (23.2 kJ) as compared to the exergy loss in a traditional
gasification step (48.8 kJ). The steam-iron reaction in step 2
of Scheme II in Figure 4 only needs a minimal amount of
low-grade heat, and zero exergy loss is achievable in this step
of the scheme. As a result, the net exergy loss for H, produc-
tion is reduced by 27%. The details of the exergy calculation
for this example and the other chemical-looping processes and
their impact on the process-intensification strategy for the
reduction of capital and operating costs are available in the
literature.*® The reduction of exergy loss with a chemical-
looping scheme can result in a thermal power plant efficiency
as high as 50% (lower heating value, LHV)."

Although extensive research is ongoing globally to sub-
stantiate the commercial potential of chemical-looping proc-
esses, for successful application of this technology,
considerable attention has been given to two key aspects:
one is concerned with the oxygen carriers,”*>* and the other
is concerned with the reactor c0nﬁgurations.4’8

Oxygen Carriers

In the reduction reaction for types A-I and B chemical-
looping systems, the lattice oxygen in the metal oxygen car-
rier is transferred to the fuel to perform full and partial oxi-
dation, respectively. The selection of the oxygen-carrier
materials and its synthesis method require a thorough knowl-
edge of the properties and intended applications of the oxy-
gen carrier, including the equilibrium phase behavior of the
metal oxides, kinetics of the redox reactions, temperature
and pressure effects, mechanical properties such as attrition,
recyclability, heat-transfer properties, process configurations,
reaction products, and potential formation of undesired prod-
ucts, such as from carbon deposition. Furthermore, for
chemical-looping processes to be commercially viable, the
materials and synthesis costs for the oxygen carriers must
be low.

Thermodynamic analysis

The selection of metal oxides can be made on the basis
of a modified Ellingham diagram, as shown in Figure 5,4
where the standard Gibbs free energy change variations
with the temperature is given according to the following
reaction:

aMexOy+02=aMexO(_v+2/a) 3)

This is in contrast to the original Ellingham diagram, in
which the standard Gibbs free energies of the formation
of metal oxides are used. Note that in the modified Elling-
ham diagram, the reduction-oxidation pair that coexists at
equilibrium in eq. 3 are represented by a pair of a metal
and its adjacent metal oxide or a metal oxide and its adja-
cent metal oxide at a higher oxidation state, as defined in
the phase diagram of the metal oxides. On the basis of
the modified Ellingham diagram, metal oxide materials
can be grouped into several zones, depending on their
applications, as shown in Figure 5(b).>* The zones in the
figure are bound by three key lines represented by the fol-
lowing reactions:

8 DOI 10.1002/aic
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Reaction line 1: 2CO+0, =2CO, )
Reaction line 2: 2H,+0, =2H,0 %)
Reaction line 3: 2C+0O, =2CO (6)

Specifically, the materials in zone A given in Figure 5(b)
have strong oxidizing properties and can work as oxygen car-
riers for both full oxidation and partial oxidation. The molar
ratio of the lattice oxygen in the oxygen carrier to the fuel in the
feed determines whether the reaction is either partial or full oxi-
dation. For a given feedstock flow rate, less oxygen is required
for partial oxidation than for full oxidation. For the materials in
zone B, the reaction proceeds in partial oxidation, and an exces-
sive amount of oxygen carrier does not yield full oxidation.
Metal oxides in zone C cannot be used as oxygen carriers and
are considered inert materials. Although the modified Ellingham
diagram was developed for single metal oxides, a similar dia-
gram for complex metal oxides can be developed and likewise
applied. It should be noted that the modified Ellingham diagram
only provides the thermodynamic properties for metal oxide
materials. Other properties, such as reaction kinetics, also need
to be considered in the metal oxide selection.

Single and supported metal materials

Pure active metal oxide oxygen carriers deteriorate in their
performance over multiple reduction-oxidation reaction
cycles.55’56 Single metal materials, such as CaSO,4, with a
low cost and a high oxygen-carrying capacity have been
extensively studied. However, the reduction reaction of
CaSO, to CaS leads to sulfur leakage (in SO, form) and
CaO formation; this leads to decreased CaSO, reactivity and
recycability.”” Metal oxide oxygen carriers have a tendency
to sinter during high-temperature reactions, and this results
in reductions in the surface area and pore volume. Macro-
scopically, the oxidized gaseous products formed during the
reduction of the oxygen carriers move from the solid surface
to the bulk gas phase, whereas during the oxidation of the
reduced oxygen carriers, the reaction can occur on the sur-
face or in the inner part of the carriers. The reduction and
oxidation of pure active metal oxide oxygen carriers yield
volume contraction and expansion, respectively, accompa-
nied by the formation of micropores. Micropores formed
during the reactions facilitate reactive gas diffusion inside
the particle. At the grain level, reduction and oxidation reac-
tions occur via ionic diffusion.”® The ionic diffusion can
take place in three modes: (1) outward diffusion mode, (2)
inward diffusion mode, and (3) mixed diffusion mode. Most
reactions follow the mixed diffusion mode, where either the
inward diffusion mode or the outward diffusion mode domi-
nates. During the formation of the wistite and magnetite
phases from pure Fe, the outward diffusion of iron cations is
the dominant diffusion mode, whereas in the formation of
the hematite phase, the inward diffusion of oxygen anions is
the dominant mode.”” The diffusion mode can be altered by
the addition of a support material.®>"*> The addition of TiO,
to iron oxide facilitates the diffusion of oxygen anions; this
results in superior reactivity over multiple redox cycles.”® It
is noted that the oxygen ion diffusion energy barrier is sig-
nificantly lower in FeTiO3; compared to that in FeO. This
low energy barrier results in faster reaction kinetics of
ilmenite as compared to that of FeO; ilmenite ores are
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regarded as naturally occurring TiO,-supported iron oxide
oxygen-carrier materials.>®63-64

The morphological changes of iron oxide materials during
the redox reactions can be examined more closely at the
nanoscale or microscale for their effects on the reactivity
and recyclability in the chemical-looping systems. Figure 6
shows the scanning electron microscope (SEM) image and
energy-dispersive X-ray spectroscopy (EDS) mapping of the
iron oxide microparticles. The ionic diffusion of pure Fe dur-
ing oxidation creates a porous center, shown in Figure 6(a),
as opposed to the random pore distribution initially seen, as
given in Figure 6(b). During Fe oxidation, about a 25% vol-
ume expansion also occurs.®’ As shown in Figure 6(c,d),
during Fe oxidation, two types of nanostructures, nanowires,
and nanopores, are developed on the particle surface.®> The
formations of these structures are due to a stress-driven mass
transport, caused by volume expansion during oxidation.®®

These nanostructure formations are heavily dependent on the
positive or negative grain/crystallite surface curvature. They
disappear when oxidation is followed by reduction, which
occurs via outward diffusion of oxygen ions, and leads to
the formation of vacancies. The aggregation of vacancies
creates micropores throughout the particle volume and
causes the disappearance of these nanostructures. The voids
created inside the materials during the first oxidation-
reduction cycle lower the surface stress during the subse-
quent cycles. Hence, these nanostructures are only observed
during the first cycle. Fe materials, having undergone multi-
ple redox cycles, often form irreversible agglomerates
because of sintering effects. This effect causes the pure Fe to
be deactivated over time during redox chemical-looping
processes. In the case of a binary system, such as an Fe-Ti
alloy, increasing the number of redox cycles increases the
porosity of the alloy microparticle, as shown in Figure 7.

Fe

Figure 6. Characterization of the iron oxide microparticles: (a) SEM image of the cross section of Fe,0; particles after Fe oxi-
dation, (b) SEM image of the cross section of fresh Fe particles, (c,d) SEM images of nanowires and nanopores on
the top surface of the Fe,0, particles, (e) EDS mapping of O from part a, and (f) EDS mapping of Fe from part a.
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Figure 7. (a-c) Characterization of the Fe-Ti microparticles after one oxidation-reduction cycle. (a) SEM image of surface. (b)
SEM image of the cross section. (c) EDS mapping and spectrum of the surface. (d-f) Characterization of the Fe-Ti
particles after five oxidation-reduction cycles. (d) SEM image of the surface. (e¢) SEM image of the cross section. (f)

EDS mapping and spectrum of the surface.

Ti acts as a support material to the active Fe phases. The addi-
tion of Ti assists in reducing the sintering effect and enhancing
the porosity and lattice vacancies that promotes pore diffusion
and ionic diffusion. Hence, a binary system of Fe and Ti can
undergo multiple redox cycles and still maintain its reactivity.
Under high-pressure oxidation-reduction cycles, high-particle
porosity within the metal oxides is observed. These porosity
effects corroborate the faster redox kinetics observed at higher
pressures as compared to atmospheric pressures.®’

10 DOI 10.1002/aic
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The effects of the addition of support materials on the
ionic diffusion behavior and the morphology during redox
reactions can be further elaborated with two well-mixed sup-
ported oxygen-carrier systems: Fe,O3/TiO, and Fe,05/Al,03.
In these systems, Fe,Oj is the active metal oxide, whereas
TiO, and Al,O5 are used as support materials. Each of them
is subjected to 50 consecutive redox cycles. At the end of 50
cyclic reduction-oxidation reactions, a core-shell structure is
formed in the Fe,O3/Al,03; system. In the Fe,O5/TiO,
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system, the well-mixed condition of the metal oxides
remains. In the Fe,O3/Al,05 system, the redox reactions pro-
ceed with the diffusion of iron cations from the particle inte-
rior to the particle surface to form an Fe,Oz shell with
Al,O5 in the core.®® On the other hand, in the Fe,O;/TiO,
system, the redox reactions proceed with the diffusion of
oxygen anions; the active phase expands and shrink locally;
this maintains the well-mixed form of the Fe,O3/TiO, par-
ticles. For chemical-looping processes, oxygen carriers that
continue to be highly reactive over a long term of reactions
are desirable. The formation of the core-shell structure mani-
fests a phase separation that is undesirable for the recyclabil-
ity of metal oxide carriers. Generally, the metal oxide
oxygen carriers with support materials can minimize the vol-
ume contraction and expansion of the carriers upon reduction
and oxidation; hence, it is easy to maintain the integrity of
solid materials during the reactions.

Active binary systems or mixed metal oxide based oxygen
carriers have garnered considerable interest recently. Ferrites
[M Fe; .04 (M = Ni, Co, Zn, or Cu, 0 <x < 1.5)] are becom-
ing a particularly popular choice for oxygen carriers. Most
ferrites have a spinel structure. NiFe,O,, synthesized from
Fe,05 and NiO by ball milling and high-temperature calcina-
tion, exhibited improved reactivity and recyclability for
hydrogen production from the steam iron reaction.®” NiFe,0,
has also been tested as an oxygen carrier and catalyst for the
partial oxidation of methane to syngas. Because nickel is
known to be an effective catalyst for steam methane reform-
ing (SMR), the idea of using mixed metal oxides as oxygen
carriers in the first stage and the generated metallic nickel as
a catalyst for the second stage of SMR is of practical inter-
est. The redox reactions of Fe-Ni systems involve complex
morphological variations because of the ionic diffusion and
volume expansion phenomena. Oxidation of a binary Fe-Ni
system is represented by an Fe,Oj-rich shell and an NiO-
rich core formation with the volume expansion upon oxida-
tion during the first redox cycle.®>’® This is a result of Ni
having a faster oxidation rate and smaller volume expansion
rate than Fe during oxidation. Ni ions react with oxygen first
and remain in the core, whereas Fe ions tend to diffuse out
of the core; this is driven by the ionic concentration gradient
of Fe and the high volume expansion rate of Fe to Fe,Os.
However, the core-shell structure disappears with uniform Fe
and Ni distribution in the particles after multiple redox
cycles.

CLOU and perovskites

In certain oxygen carriers, molecular oxygen can be
released in sufficient concentrations, and this can provide
effective oxidation reactions for the fuels. Metal oxides that
possess this property are noted as CLOU materials. A high
reaction rate for the oxidation reaction of the fuel is an
advantage of these CLOU materials.”"’® Typical CLOU
materials include CuO, Co3;04, and Mn,05; they have disad-
vantages in terms of their melting point, environmental
health, and oxygen-carrying capacity, respectively. In recent
years, binary CLOU and metal oxide materials have been
studied.”>"* For example, copper ferrites (Cu,Fe; 0,4, with
0.3<x<1.5) were tested for methane partial oxidation.
They had a lower CH4 conversion and selectivity compared
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to iron oxides and showed no carbon deposition. The
reduced phases consisted of Cu, Cu,O, CuFeO,, and/or
Fe;0,, depending on the reaction conditions. For these mate-
rials, the phase migration, together with the formation of
Cu,S and FeSO, during the reaction with high-sulfur-content
fuel, may lead to irreversible structural changes and may
deteriorate the recyclability.

As indicated, variations in the ionic diffusivity and mor-
phological properties play important roles in determining the
recyclability of the oxygen carriers during the reduction-
oxidation cycles. Knowing that the structure of the perov-
skite materials can provide excellent electron and ionic con-
ductivities, considerable studies have been devoted to the
use of perovskite materials, either alone or in combination
with other active metal oxides or support for use as oxygen
carriers. Perovskite materials have a general formula of
ABOj; and are characterized by nonstoichiometric oxygen
with a high oxygen diffusivity.”>~”® For example, CaMnOs5_s,
which can be synthesized from calcium oxides and manga-
nese oxides, was found to have a desirable reactivity, strong
mechanical strength, and high melting point. However, the
perovskite structure of CaMnOj3_s is not stable and tends to
decompose to CaMn,0,4 and Ca,MnO,_s in a reducing envi-
ronment. To improve its performance, several types of tran-
sition metals, including Fe, Ti, Mg, Cu, and La, were used
as partial substitution of Mn atoms.®*®! The substitution of a
part of Mn with Ti has indicated improved oxygen-carrier
performance. It was found that the substituting metal ions
needed to be of a similar size as Mn; otherwise, the segrega-
tion of metal ions could take place in the particle. Thus, Mg
was found to be an undesirable candidate as a substituting
atom for the B site.

In addition to the type of CaMnOs5_s perovskite materials,
the type of AFeO; (A = La, Nd, and Eu) perovskite materials
has also been synthesized and tested.*” Two stages of the
reaction process were observed during the reaction of AFeO;
with methane. A significant amount of CO, was formed in
the first stage, although a high-purity syngas was generated
in the second stage. Among these three perovskite materials,
the highest yield of syngas was obtained with LaFeOj; as the
oxygen carrier. With the addition of a small amount of other
components, the performance could be further improved.
More metals could be included in the substitution for perov-
skite materials as in La;_Sr,M,Fe; O3 (M = Ni, Co, Cr, or
Cu).® Complex metal oxides materials have also been used
for chemical-looping reactions with specific applications to
hydrogen generation.®* The fundamental nature concerning
the interplay of various metal ions for complex materials is
more difficult to probe aside from the complexity involved
in the synthesis and the cost associated with their practical
use.

Reactor Configurations

The reducer and combustor are two key reactors in
chemical-looping systems. Considering type A-I and type B-
I chemical-looping systems with iron-based metal oxides as
oxygen carriers, the combustor is uniquely suited with a flu-
idized bed or a riser because of its good mass and heat trans-
fer properties. The reactions in the combustor are
intrinsically fast and thermodynamically favored. In contrast,
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Figure 8. Equilibrium phase diagram for the Fe/FeO/Fe;0,/Fe,0; system for redox reactions with CO,/CO (solid lines) and

H.O/H. (dashed lines).

the reduction reactions are relatively slow and thermody-
namically limited. An optimum design of a reducer with a
thermodynamically favored gas-solid contacting pattern is
thus desired. The design of chemical-looping reducers under
continuous solids flow conditions can mainly be classified on
the basis of the contacting patterns of the fuels and oxygen
carriers, including mixed contact, cocurrent contact, and
countercurrent contact. The flow pattern in the mixed contact
can be represented by a single fluidized bed, whereas that in
the cocurrent contact and countercurrent contact can be rep-
resented by a moving bed or a series of fluidized beds. It is
noted that fixed beds under solid batch conditions can also
be used with gaseous feedstock for the reducer and combus-
tor operations.&sf88 However, it can be used only when the
gas flow control at high temperatures can be properly imple-
mented at the feedstock feeding point and product discharg-
ing point of the reactors. Depending on the type of the
reactor used, the oxygen-carrier particle size can vary from
50 yum to 5 mm.

Small-scale systems for chemical-looping combustion
have been extensively studied including the french institute
of petroleum (IFP) 10-kWth chemical-looping combustion
(CLC) system (France); the Chalmers University of Technol-
ogy 10- and 100-kWth CLC system (Sweden); the Instituto
de Carboquimica 1.5-, 10-, and 50-kWth CLC system
(Spain); the Vienna University of Technology 120-kWth
CLC system (Austria); the Korea Institute of Energy
Research 50-kWth CLC system (Korea); the Southeast Uni-
versity 1-, 10-, and 50-kWth solid-fuel CLC system (China);
the Western Kentucky 10-kWth CLC system (US); and the
University of Utah 100-kWth CLC system (US).*~'%!
Among these studies, the feedstock of primary interest has
been solid fuels, such as coal and gaseous fuels, such as syn-
gas and natural gas. Challenging factors in the design of a
reducer for a solid-fuel chemical-looping system include the
kinetics of the solid-fuel gasification and the solid-fuel resi-
dence time. In fluidized-bed reducers, the fluidizing gas is
usually CO, and/or steam; this also serves as an enhancing
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gas to promote solid-fuel gasification kinetics. To increase
the residence time of a solid fuel, the contact pattern in
fluidized-bed reducers can be altered. For example, a spouted
bed can be used to provide a longer residence time for solid-
fuel reactions.”’ ™ In some systems, a carbon stripper has
been added between the reducer and oxidizer to separate and
recycle unconverted char discharged from the reducer.”*”?
However, this is a remedial step in overcoming the char dis-
charge to the combustor directly from the fluidized bed and,
thereby, enhances the carbon-capture efficiency. This step
also assists in the separation of ash from the oxygen carrier
before the combustor is entered. The channeling behavior of
the fluidized bed also provides a direct path for leakage of
the volatiles from the reducer; this then requires a separate
volatile treatment device outside the reducer.

The oxygen-carrier conversion with a fluidized-bed
reducer is constrained by thermodynamic limitations. To
illustrate, consider the conversion of iron oxide in a
fluidized-bed reducer and a countercurrent moving-bed
reducer for CO combustion. The comparisons can be made
through the examination of the phase diagram of iron oxide
in the presence of CO and CO,, as shown in Figure 8. In a
well-mixed fluidized-bed reducer, the gas inside the bed and
in the bed outlet is rich in CO,, and thus, the Fe,O5 cannot
be sufficiently reduced as reflected by the iron oxide phase
diagram. As an example, to achieve a 99.99% CO conver-
sion from the fluidized-bed reducer, the Fe,Os; cannot be
reduced to an oxidation state lower than Fe;O,; this corre-
sponds to a solid conversion of no more than 11.1%. In con-
trast, in a moving-bed reducer with a countercurrent gas-
solid contacting pattern, Fe,O3 can exit the reducer with an
oxidation state lower than Fe;O,4 with a fresh CO feed coun-
tercurrently flowing to it. Under the countercurrent moving-
bed operating conditions, more than 99.99% of CO can be
converted, and the solids can be reduced to an FeO/Fe mix-
ture. This correspond to a solid conversion of around
50%.'"%* The same principle can be applied to the processing
of other gaseous feedstocks, including H,, CHy, and coal/
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biomass volatiles. For a given fuel input, the Fe,O3 circula-
tion rate in a countercurrent moving-bed reducer is less than
25% that of a fluidized-bed reducer. The ash separation can
be readily achieved inside the solid-fuel moving-bed reducer
because of the particle size difference between the oxygen
carrier and ash. This further reflects the advantage of the
countercurrent moving-bed operation for type A-I
applications.4

For type B-I applications for syngas production, a well-
mixed fluidized-bed reducer possesses a wide residence time
distribution range; this yields a mixture of oxygen carriers in
various states of reduction. For iron-based oxygen carriers,
high oxidation states produce a syngas of low purity,
whereas low oxidation states produce a syngas of high
purity. However, the low oxidation states of iron-based oxy-
gen carriers tend to catalyze the carbon deposition reactions.
Gas channeling in a fluidized bed can produce a gas mixture
consisting of unreacted fuel and syngas at the reactor outlet.
Alternatively, in a moving-bed reactor with a cocurrent gas-
solid flow pattern, the residence time distribution and the
extent of the oxygen-carrier conversion can be accurately
controlled while preventing carbon deposition.®”'% At the
inlet of the reactor, the high concentration of fuel feed reacts
with the high-oxidation-state metal oxides. At the reducer
outlet, carbon deposition can be prevented or minimized
because of the low concentration of unreacted fuel. When
the reduced oxygen carriers consist of a redox pair in zone
B, as shown in Figure 5, full oxidation of the fuel can be
prevented, and syngas can be generated. Thus, significantly
improved gas and solid conversions over the fluidized bed
can also be achieved when a cocurrent moving bed is used
as the reducer for gasification applications.

0OSU Chemical-Looping Technologies

OSU has actively engaged in chemical-looping technology
development since the mid-1990s. The chemical-looping
technologies developed at OSU are continually evolving in
scale and range from bench scale to pilot scale. One central
feature of OSU technologies for types A-I and B-I is the use
of a moving-bed reducer reactor. OSU technologies are capa-
ble of converting carbonaceous feedstocks, including coal,
natural gas, liquid hydrocarbons, biomass, petroleum coke,
and char, into products such as heat, electricity, syngas,
hydrogen, and chemicals with inherent CO, capture. Five
OSU chemical-looping technologies have been developed
and demonstrated at the subpilot or pilot-scale operation: the
calcium-looping process (CLP), the CCR process, the SCL
process, the coal-direct chemical-looping (CDCL) process,
and the shale-gas-to-syngas (STS) process. The coal-to-
syngas (CTS) process has been demonstrated at the bench
scale.

CLP: type A-II

The CLP produces hydrogen (H,) while simultaneously
removing CO, in the WGS reaction using a calcium-based
sorbent. Calcium hydroxide [Ca(OH),] is used to overcome
the equilibrium limitation of the WGS reaction. In addition
to CO, removal through the formation calcium carbonate
(CaCOs;), the process also removes sulfur (H,S + COS) and
halide (HCI/HBr) impurities to form, calcium sulfide (CaS),
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and calcium halide (CaX). The process parameters can be
adjusted to produce a syngas suitable for fuel/chemical syn-
thesis by the Fischer-Tropsch reaction. The CaCO; formed
in the WGS reactor is then calcined to regenerate CaO and
produce a sequestration-ready CO, stream.'®* Such regenera-
tion, however, requires the calcination temperature to be
above 900°C; this results in the significant sintering of CaO.
The sintered CaO is then reactivated by hydration to form
Ca(OH),. This constitutes the basic three-step CLP for H,
production.

The process concept has been verified on a laboratory-
scale fixed-bed reactor and on a subpilot scale entrained-bed
reactor for the integrated WGS reaction, and CO, capture,
and sulfur and halide removal.*® The continuous flow of
Ca(OH), and simulated syngas has been tested at the subpi-
lot scale, which has a residence time on the order of sec-
onds. The isothermal, subpilot-scale experiments conducted
at 600°C in the absence of any WGS catalyst at atmospheric
pressure resulted in about a 70% H, product purity (on a
steam-free basis) and the complete removal of CO, gener-
ated from WGS. The Ca(OH), also holds an advantage over
conventional CaO sorbents, in that it aids the WGS reaction
by providing an additional source of steam upon decomposi-
tion at the reaction temperature. At high pressures (ca. 21
atm), fixed-bed results have obtained a high CO conversion
with more than 99% H, purity at near stoichiometric steam-
to-carbon ratios.'®

The CLP technology has been evaluated for techno-
economic feasibility by comparison with US Department of
Energy (DOE) baseline reports for an oxygen-blown coal-to-
hydrogen plant and methane-to-hydrogen plant with
SMR."%"1% The process simulation results for the CLP tech-
nology were derived with the same assumptions as were
used for the corresponding baseline cases.'” """ The base-
line first-year cost of H, from coal and with a conventional
CO, capture technology is $3.15/kg.'”” The corresponding
first-year cost of H, from coal with CLP technology is
$2.77/kg H,."% The SMR case with CLP technology gives
the first-year cost of H, as $ 1.99/kg H,.'%° This is a signifi-
cant improvement over the $ 2.20/kg H, cost reported in the
baseline case with SMR technology. Overall, the CLP tech-
nology reduces the cost of hydrogen production by 10-12%
when compared to the conventional CO, capture and WGS
technologies.

CCR: type A-I1

The carbonation calcination reaction process is for post-
combustion carbon dioxide control.>*® The CCR process
uses a solid sorbent in a three-reactor loop to simultaneously
remove both CO, and SO, from postcombustion flue gas
streams whereas also producing additional electricity. The
solid sorbent source is limestone or calcium carbonate
(CaCOs3). In the CCR process, CaCOj; is first decomposed
into calcium oxide (CaO) and CO, in a calciner in a similar
manner as that in the CLP. This decomposition reaction is
endothermic and requires oxycombustion to generate a
sequestration-ready stream of CO,. An intermediate high-
temperature hydrator is then used to convert CaO to
Ca(OH),; it operates at temperatures between 300 and
500°C. The resulting solid Ca(OH), is used to remove CO,
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Figure 9. OSU SCL subpilot plant for hydrogen generation and CO, capture: (a) syngas conversion and carbon monoxide con-
centration at the reducer gas outlet and (b) hydrogen and carbon dioxide concentrations at the oxidizer gas outlet.

and SO, from a flue gas stream. In the carbonator, the
Ca(OH), reacts with CO, to form CaCOs and SO, to form
calcium sulfate (CaSO,). The solid loop is then complete.
The formed CaSO, is inert in the CCR process and, if not
removed through a purge stream, will accumulate over multi-
ple cycles. The purge stream reduces the circulation of
inerts, such as CaSQy, ash, and limestone impurities.

The CCR process has been conducted at the 120-kWth
scale with a mixture of coal and natural gas to produce the
flue gas.*® The carbonator was an entrained-bed reactor. The
single-cycle experiments were used to obtain the relationship
between the calcium-to-carbon (Ca/C) molar ratio and extent
of CO, and SO, removal. A 90% CO, removal was achieved
at a Ca/C molar ratio of 1.3 with calcium hydroxide. Over
multiple cycles, no reduction in the CO, removal perform-
ance was observed. As noted earlier, the CCR process was
demonstrated by ITRI at the 2-MWth scale.”> ASPEN PLUS
process simulations on the high-temperature CCR process
have been repor‘[ed.&36 The base power plant results follow
case 11 of the DOE baseline report.'® The CCR process
was modeled on the basis of DOE energy system analysis
guidelines.'” """ The CCR process requires 150 MWe of
auxiliary power, mainly for CO, compression and air separa-
tion, but an additional 500 MWth of high-quality heat is
generated by the CCR process, and thereby, the energy pen-
alty for the CCR process is minimal.

SCL type A-I process

The SCL process converts gaseous fuels such as syngas
and natural gas by the high-temperature cyclic reduction and
oxidation of iron oxide based oxygen carriers.'"*!''*!!3 The
process can be designed to cogenerate heat and hydrogen
while producing a sequestration-ready CO, stream. Clean
syngas from a conventional gasifier is introduced into a
countercurrent moving-bed reducer. In the reducer, the syn-
gas is converted to steam and CO,, and the oxygen carriers
are reduced. The reduced oxygen carriers are first partially
oxidized with steam in the oxidizer, thereby producing
hydrogen, and then, it is completely reoxidized with air in
the combustor. The oxidation reactions are highly exother-
mic, and the heat generated is partially used to generate
electricity via steam turbines. Thus, CO,, H,, and heat are
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generated in three separate reactors; this obviates the need
for any downstream product separation.

A comprehensive analysis at OSU established that iron
oxide is an ideal choice for an oxygen carrier, both from the
process performance and economic standpoints.33 The reac-
tors in the SCL process are designed based on comprehen-
sive thermodynamic analysis and kinetic modeling,'**'"?
and the SCL process has been successfully operated for over
300 h in an integrated 25 kWth subpilot unit for the cogener-
ation of heat and hydrogen with a greater than 99.9% purity

Figure 10. Photo of the OSU high-pressure SCL pilot plant
at the NCCC in Alabama for hydrogen generation
and CO, capture.
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with 100% carbon capture and nearly 100% syngas conver-
sion.'"? Figure 9 presents results from a three-day operation
of the subpilot unit. It shows steady, continuous, high-purity
CO, and H, generation from the reducer and oxidizer gas
outlets, respectively. Analysis of the OSU SCL process has
shown that it can reduce the cost of electricity production
with CO, capture by 11% and the cost of H, production by
7-9% over the corresponding baseline cases,'07-108.114

OSU constructed a pilot-scale SCL demonstration facility
processing syngas as a feed from a Kellogg Brown and Root
(KBR) transport gasifier at the NCCC in Wilsonville, Ala-
bama. Figure 10 is a photo of the 250-KWth to 3-MWth
pilot plant, which is in operation under pressurized condi-
tions (up to 15 atm).

CDCL type A-I process

The CDCL process converts solid fuels, such as coal or
biomass, to products such as electricity and/or hydrogen with
CO, capture.115 116 Coal is injected into the reducer, and this
is divided into two sections, as illustrated in Figure 11. The
coal decomposes into volatiles and char in the reducer after
it is injected. In the upper section, the volatiles moving
upward react with the downward-flowing oxygen carriers. In

(a)
100 [~
< > —— Ha
Start-up Test #1 Steady state —e— CO
performance C0z
80 - e CH4
9“3 Hz
& e
g
]
g 4or Cco
= meseasam
o
(&)
20
COz
0 ~ re————— e
1 1 1 1 1
100 150 200 250 300
Time (min)
(b)
14
100 e
CHa conversion CO/COzratio ~, | 12
—~ 80}
o
< 10
c
3=
£ 60 8
g e
§ ——=a—— H2/COratio rf:“
g CO/CO:2 ratio -6
g wr e Methane conversion
@
£
% -4
0r Ha/CO ratio ~_
2
0 .1/
1 1 1 L 1 1 1 0
100 120 140 160 180 200 220 240

Time (min)

Figure 12. Performance of the OSU shale gas (methane)-to-
syngas (STS) subpilot unit operation: (a) syngas
compositions and (b) methane conversion and
hydrogen-to-carbon monoxide ratios.

the lower section, the slow solid-solid reaction between char
and the oxygen carriers is facilitated with an enhancing gas,
such as steam and/or CO,. The enhancer gas gasifies the
char, which is then oxidized to CO, and H,O by the oxygen
carriers. The moving-bed reducer design ensures full fuel
conversion and achieves a high oxygen-carrier conversion.
Table 2 summarizes results from various bench unit and sub-
pilot unit tests. A 25-kWth fully integrated subpilot
chemical-looping facility with complete zone sealing and
nonmechanical valves for gas and solid circulation control
has been operated. A successful 200-h continuous subpilot
run achieved nearly complete coal conversions to CO, and
steam with no solid circulation or gas flow issues observed
throughout the run.''> A pilot plant is being constructed by
the Babcock and Wilcox Power Generation Group, Inc.

Table 2. Summary of the OSU’s Bench and Small Pilot-Scale Unit Testing Results that Use Different Fuels for CO, Capture

Bench scale (2.5 kWth)

Subpilot (25 kWth)

Coal volatile Coal char Coal Coal
Type of fuel CO,H, CH, |Lignite Bituminous PRB Illinois #6  Anthracite =~ Metallurgical coke =~ PRB  Illinois #6
Fuel conversion (%) 99.9 99.8 94.9 95.2 >97 >95 95.5 81 99 70
CO, purity (%) 99.9 98.8 99.2 99.1 — — 97.3 99.85 98 97
“PRB: powder river basin sub-bituminous coal.
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The CDCL process can be directed toward electricity pro-
duction, H, production, or a combination of the two prod-
ucts. Comprehensive techno-economic simulations have been
reported for the CDCL system.”G’117 The simulation results
were derived on the basis of experimental performance
parameters.115 The process economic calculations for the
electricity generation case were computed with the method-
ology and assumptions specified in the DOE baseline report
and in the DOE’s Quality Guidelines for Energy System
Studies.'"®*""""''8 The estimated first-year cost of electricity
(COE) for an iron-looping plant with the CDCL technology
was 78.4 $/MWh.""” This value was 33% greater than a base
pulverized coal combustion plant without carbon capture
($58.90/MWh) but 22% lower than the first-year cost of
electricity of a monoethanolamine plant ($ 100.90/MWh).
The percentage increase in COE has been projected to meet
the DOE’s target of more than 90% CO, capture while keep-
ing the increment in COE to less than 35%.

STS and CTS type B-I processes

The STS and CTS processes are more recent develop-
ments with similar reactor configurations; hence, both proc-
esses are described together. However, the processes vary in
the feedstock used, and so different operating schemes are
used.

STS Process. The STS chemical-looping process was
developed for the production of high-purity syngas from
feedstocks, such as shale gas or other gaseous fuels.®7193
The STS conversion is facilitated in a single step by the don-
ation of a lattice oxygen from an iron-titanium composite
metal oxide (ITCMO). The ITCMO circulates in an autother-
mal loop similar to the SCL. and CDCL processes described
previously. The STS process is characterized by a cocurrent
downward gas-solid moving-bed reducer reactor. The
ITCMO conversion is controlled to ensure high CO/CO, and

H,/CO ratios in the product syngas and to prevent carbon
deposition.

The STS process has been successfully tested in a
subpilot-scale moving-bed reactor system with methane as
the feedstock.®’” A methane conversion of greater than 99%,
a CO/CO, molar ratio of about 9:1, and a H,/CO molar ratio
of about 2:1 was observed. Figure 12 shows the CH,4 conver-
sion and gas composition results from the subpilot tests. The
techno-economic feasibility of the STS process was com-
pared against an autothermal reformer that converted natural
gas to a syngas stream.%” The performance of the autother-
mal reformer, which gave a syngas purity of 83% and no
electricity production, was reported in a DOE baseline
report.''” The STS process operates at 10 atm and produces
a syngas purity of 92% while producing excess electricity
that can be used to satisfy parasitic energy requirements. For
an equivalent amount of syngas specification (H,/CO ratio),
the chemical-looping system has a higher selectivity. The
higher intrinsic selectivity coupled with the lower steam con-
sumption and no molecular oxygen requirement make the
STS process a promising alternative to conventional systems.

CTS Process. The CTS chemical-looping process was
developed for the production of high-purity syngas from coal
or other solid-fuel feedstocks.'” Figure 13 shows a two-
reactor chemical-looping gasification scheme of the CTS
process. The CTS process uses a cocurrent contact mode
with an oxygen carrier to achieve a high conversion of the
carbonaceous fuel. The overall aim is to generate a syngas
stream with an appropriate H,/CO ratio (ca. 2) such that it is
suitable for downstream processing to produce liquid fuels
and chemicals. To produce a suitable H,/CO ratio, natural
gas, water/steam, or even light hydrocarbons may be intro-
duced together with a coal/solid-fuel feedstock in the
reducer. The conventional approach gasifies the fuel to
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obtain an H,/CO ratio that is close to the intrinsic value of
the ratio in the fuel used. If a hydrogen-deficient fuel such
as coal or biomass is used, the H,/CO ratio is increased with
either the WGS reaction or a separate reforming step such as
in the autothermal reactor. The WGS reaction reacts H,O
with the CO in syngas to produce CO, and H,. This
increases the H,/CO ratio of the syngas at the cost of carbon
utilization as the CO, produced is separated before down-
stream processing. In cases where an additional reforming
step is required, the overall cost of chemical/liquid fuels pro-
duced increases because of the increased capital and opera-
tional costs.

In the CTS process, coal and iron oxide composite par-
ticles flow downward along the reducer. In the reducer, the
oxygen carrier partially oxidizes the fuel to syngas, whereas
the composite metal oxide as oxygen carrier is reduced. Coal
ash and impurities are treated in a similar manner as to those
described for the CDCL process. The CTS process elimi-
nates the need for an air separation unit, a WGS reactor, and
an acid gas removal unit as compared to the conventional
coal-gasification process. This significantly reduces the capi-
tal and operational costs for syngas production. The CTS
process has been tested successfully on a bench-scale level.

Conclusions: Progress, Challenges, and
Future Outlook

In a broad sense, the looping species can be in a gaseous,
liquid, or solid form. However, when the feedstock of partic-
ular interest is a carbonaceous material, the looping species
would mainly be metal oxide based materials in particulate
form. The chemical-looping operation embodies all of the
elements of particle science and technology including parti-
cle synthesis, particle reactivity and mechanical properties,
flow stability and contact mechanics, gas-solid reaction, and
system engineering. The nature of the reaction path design
can be either partial or full oxidation; this enables the devel-
opment into novel technology platforms and generates a
variety of products ranging from electricity and hydrogen to
olefins and liquid fuels through process intensification.

Progress

The chemical-looping concept was conceived and prac-
ticed as early as the 1900s. Early interest was mainly in the
production of hydrogen.z’3 It was discontinued a short while
later until the 1960s to 1970s when it was applied to the
generation of synthetic natural gas.>®'* The discontinuity
and the shift in interest showed a close connection to the
low efficiency of the earlier processes, the limited supply
and high prices of the feedstock and/or the low prices of the
products. The interest in the chemical-looping concept and
its applications resurfaced in the 1980s in light of the interest
in enhancing the exergy efficiency in solid fuel combustion
and later in the effective capture of CO, from carbonaceous
fuel.*'** Currently, with an abundant supply of shale gas/
natural gas in the United States and the necessity of using
coal for electricity generation in other countries, the prospect
of converting natural gas or coal for combustion and gasifi-
cation applications with chemical-looping processes in place
of the traditional processes has brought a renewed excite-
ment to this technology application.
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Challenges

Despite extensive engagement in their development,
chemical-looping processes have not been successfully dem-
onstrated commercially to date. The reasons are principally
two. The first is concerned with the oxygen carriers, namely,
their inadequacy in reactivity and recyclability, physical
strength and attrition resistance, and oxygen-carrying
capacity. The second is connected with the solid circulatory
systems, specifically the lack of design know-how on high-
solid loading flows, nonmechanical devices, and gas-solid
reactors for achieving high oxygen-carrier conversions. The
earlier use of active pure metal oxides or natural mineral
metal oxide materials for oxygen carriers did not recognize
the importance of the cation and anion diffusion mechanism;
associated phase-separation phenomena; metal oxide support,
which helps provide lattice vacancies to facilitate the ionic
diffusion; and void, cavity, or micropore creations through
vacancy migration, agglomeration, and sintering to facilitate
molecular pore diffusion. Thus, the reactivity of oxygen car-
riers could not be maintained for many cycles of the redox
reactions. Furthermore, the lack of effective methods in the
synthesis of robust oxygen carriers to sustain their morpho-
logical variations during the cyclic reactions and their physi-
cal stresses during the circulation hampered the utilization of
a solid flow system in carrying out the chemical-looping
operation. The unsuccessful commercial development and
operation of DuPont’s chemical-looping butane oxidation
process for the production of maleic anhydride in the 1980s
and 1990s serves as a reminder of the importance of viabil-
ity—both of the chemical and physical properties of the
metal oxide oxygen carriers in the entire scale-up procedure.

An earlier design of the reducer reactors was based on
fixed-bed reactors, whose scaling prospect was limited
because of their use in high-temperature switching valves.>
For a large-scale solid circulation system, the control of a
solid circulation rate cannot be made without nonmechanical
valves, and the operating principles for nonmechanical
valves, such as L valves, were not known until the 1970s
and 1980s."° Thus, earlier efforts on the scale-up of high-
temperature, continuous solid reactive circulation systems
were also severely limited in chemical-looping applications.
Furthermore, the early design of the solid circulatory system
neglected the consideration of the thermodynamic properties
of the metal oxides, which are manifested in the behavior of
their phase diagram. The phase diagram of the metal oxide
illustrates the relationship of the specific oxidation states of
the metal oxide and their equilibrium oxidized gas composi-
tions. The gas-solid contact pattern in the reduction reactors
could not be optimally configured without the recognition of
such phase diagrams.

Future outlook

Extensive recent research and development efforts have
been focused on the design and synthesis of oxygen-carrying
particles and the understanding of the ionic transport phe-
nomena of metal oxide materials in the redox reactions.
Much progress has been made in the science and engineering
of these materials, including the oxygen uncoupling materi-
als that release molecular oxygen and the complex ferrites
and perovskite materials that enhance the reaction kinetics
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through augmentation of electron and/or ionic transfer. The
work accomplished from this progress has significantly rem-
edied the earlier causes of failure indicated previously.

The configuration of the gas-solid contact pattern for the
reduction reactor design by consideration of the metal oxide
phase diagram can contribute to the achievement of a high
oxygen donor capacity for the oxygen carrier and, hence,
reduce the solid circulation rate required for given feedstock
loading condition. With thermodynamic properties of com-
plex metal oxide composite materials becoming available,
reactors can be now better designed for high oxygen-carrier
conversions. Fluidized beds and moving beds are two main
types of reactors considered for large-scale reducer opera-
tions. Much progress has been made in the operation of
fluidized-bed reducers with ongoing large pilot demonstra-
tions. Although either type of reactor, in a single or an
assembly reactor arrangement, can achieve the same reactant
conversion, process economics eventually come into play in
the determination of the optimum reactor configuration. In
this regard, because of the use of a single reactor with a
fixed reactor volume and feedstock loading, the analysis
indicates that higher gas and solid conversions can be
achieved with a moving-bed reducer compared to that with a
fluidized-bed reducer. This analysis can be substantiated by
the experimental data on the reactant conversion and product
generation for both full oxidation and partial oxidation con-
ditions. For example, with ilmenite as the oxygen carrier, the
typical extent of coal conversions for full oxidation as
reported with fluidized-bed reducers was 70-80%,'21-122
whereas for the moving-bed reducers, they typically were
greater than 90%.''>'?*!** For partial oxidation with
fluidized-bed reducers, the typical carbon efficiency of meth-
ane conversion to syngas with nickel oxides was 50—
60%,'>>'** and that with ilmenite was about 60%.">” With
ITCMOs with moving-bed reducers, the typical carbon effi-
ciency of methane conversion to syngas was greater than
85%.%

The concept of chemical looping has existed for over a
century. Recently, there has been a renewed interest in
developing and commercializing chemical-looping technolo-
gies because of the potential of generating valuable com-
modities with inherent carbon capture. From the
development of chemical-looping concepts to the demonstra-
tion of pilot-scale units, global research from academia and
industry has advanced the status of chemical looping. OSU
has developed a chemical-looping technology platform that
comprises six processes that generate a variety of products,
including electricity, syngas, hydrogen, chemicals, and liquid
fuels, with CO, capture. With extensive technological
advancements in solid handling, particle synthesis, and reac-
tor design, the outlook of chemical-looping technology is
promising.

Final remarks

Overall, for chemical-looping combustion and gasification
applications, the solid circulating systems with nonmechani-
cal devices and zone seals are of little commercial risk and
are scalable. The development of a large-scale circulating
system or a CFB system that processes massive solid flows
well, exceeding that of conventional FCC systems, is
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challenging but attainable. The key challenge to the commer-
cialization of the chemical-looping processes and timing for
its deployment is, however, on the robustness and the eco-
nomic readiness of the oxygen carriers in their long-term
viable operation. The “long term” refers to the timescale on
the order of several months, whereas the “viable” refers to
the chemical (e.g., oxygen-carrying capacity and recyclabil-
ity) and physical (e.g., attrition resistance and flowability)
properties that can be sustained in this long-term timescale.
With much known now and continued extensive worldwide
research and development efforts on oxygen carriers, chal-
lenges to meeting such stringent property requirements
should not be unsurmountable. It is projected that the first
commercial chemical-looping process will emerge from
shale gas/natural gas based applications. The prospect of its
timing may likely be in the near future.
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