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Abstract: Chemical-looping technology is one of the promising CO:z capture technologies.
It generates a CO2 enriched flue gas, which will greatly benefit CO2 capture, utilization or
sequestration. Both chemical-looping combustion (CLC) and chemical-looping gasification
(CLG) have the potential to be used to generate power, chemicals, and liquid fuels.
Chemical-looping is an oxygen transporting process using oxygen carriers. Recently,
attention has focused on solid fuels such as coal. Coal chemical-looping reactions are more
complicated than gaseous fuels due to coal properties (like mineral matter) and the complex
reaction pathways involving solid fuels. The mineral matter/ash and sulfur in coal may affect
the activity of oxygen carriers. Oxygen carriers are the key issue in chemical-looping
processes. Thermogravimetric analysis (TGA) has been widely used for the development of
oxygen carriers (e.g., oxide reactivity). Two proposed processes for the CLC of solid fuels
are in-situ Gasification Chemical-Looping Combustion (iG-CLC) and Chemical-Looping
with Oxygen Uncoupling (CLOU). The objectives of this review are to discuss various
chemical-looping processes with coal, summarize TGA applications in oxygen carrier
development, and outline the major challenges associated with coal chemical-looping in
iG-CLC and CLOU.
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1. Introduction

World energy demand has changed dynamically and is projected 37% higher in 2040 due to regional
growth in China, India, Southeast Asia, the Middle East, and parts of Africa and Latin America [1]. Coal,
low-carbon sources (nuclear and renewables), oil, and natural gas will almost equally supply energy
demands by 2040 because coal is abundant and its supply is relatively secure [1]. The future use of coal
faces challenges such as high efficiency, low pollution, and reduced CO2 emission. A major driving
force for the development of chemical-looping technology in coal utilization is to control carbon dioxide
(CO2) emissions. COz2 is a primary greenhouse gas and is widely believed to be responsible for climate
change. Chemical-looping is one of the promising CO2 capture technologies along with pre-combustion,
post-combustion, and oxy-combustion. It generates a COz-enriched flue gas, which will greatly benefit
CO2 capture and sequestration. It also has the potential to significantly reduce the energy penalty of CO2
capture from power plants. The techno-economic evaluation by Babcock and Wilcox Power Generation
Group, Inc. (B and W PGG), in collaboration with Ohio State University (OSU), shows that the 550
MWe commercial scale coal direct chemical-looping (CDCL) power plant, using an iron-based oxygen
carrier, captures 96.5% of the CO2 with a 28.8% increase in the cost of electricity [2].

Proposed chemical-looping processes include oxygen transport using oxygen carriers (MexOy-1/MexOy
or MeS/MeSO4) and COz transport using COz carriers (MeO/MeCO3) [3—5]. Oxygen transporting processes
are common in chemical-lopping and are the focus of this review. Chemical-looping is a cycling process
that uses an oxygen carrier to transfer oxygen from the air to the fuel via oxidation-reduction reactions.
Chemical-looping can be used to generate electricity in fuel combustion (chemical-looping combustion
CLC), hydrogen in fuel gasification (chemical-looping gasification CLG), chemicals, and liquid fuels.
Figure 1 shows a typical CLC process that consists of a fuel reactor and an air reactor [4]. In the fuel reactor,
a solid oxygen-carrier is reduced, thus providing oxygen for the fuel conversion. To close the loop, the
reduced oxygen-carrier is re-oxidized in the air reactor before beginning a new cycle. The reactions of
the fuel and oxygen carrier in the fuel and air reactors are shown in Reactions 1 and 2, respectively.

Fuel + nMexOy b nMexOy-l + H20 + CO2 (1)
MexOy-l +% 02— MexOy (2)

In these reactions, MexOy is the oxidized oxygen carrier and MexOy-1 is the reduced oxygen
carrier [6]. The gases generated from the fuel reactor are H2O and COz. The CO2 can be recovered and
sequestrated by condensing the H2O. The gases from the air reactor are N2 with unused O:. In the overall
reaction, obtained by combining Reactions 1 and 2, the fuel is combusted and CO:z is separated from N2
in the air [7]. Fuels in chemical-looping may be gaseous fuels (natural gas, refinery gas, syngas, efc.) or
solid fuels (coal, petroleum coke, and biomass). Chemical-looping combustion with gaseous fuels has been
mainly studied and developed in recent years and was reviewed by Adanez et al. [3] and Hossain and de
Lasa [8]. More recently, CLC research has focused on solid fuels because of rich solid fuel resources [9-22].
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Figure 1. Schematic of the chemical-looping combustion process, which is a cycling process
that consists of a fuel reactor and an air reactor [4].

Heat generated from CLC can be used to generate power. Depending on the oxygen carrier and fuel,
the reduction reaction (Reaction 1) can be endothermic (common) or exothermic. The oxidation reaction
(Reaction 2) is always exothermic. If Reaction 1 is endothermic, the heat required in the fuel reactor can
be provided by the solid oxygen carrier that is cycled between the fluidized beds [7]. In a proposed
integrated CLC-based power plant, the power generation steps are: (1) the outlet gas from the air reactor
drives the gas turbine or air turbine; (2) the flue gas from the fuel reactor drives the CO2 turbine; and (3)
the exhaust from the air turbine passes through a heater to generate low pressure steam which is used in
the steam turbine to generate extra power [8]. To maximize the turbine efficiency, high temperatures in
both the air and fuel reactors are ideal. As a result, the oxygen carrier operating at high temperature
is preferred.

Coal chemical-looping processes are more complicated than gaseous fuels due to the properties of
coal. Coal is a heterogeneous material and consists of organic matter (carbon, hydrogen, oxygen,
nitrogen, and sulfur) and mineral matter (ash, subsequent to combustion and gasification) [23-25].
Effectively removing ash from the fuel reactor is challenging and inevitably results in losses of the
oxygen carrier [6,13]. Due to this, low cost oxygen carriers are preferred. Additionally, the ash may
impact the oxygen carrier by reducing the carrier lifetime [9]. Sulfur can cause losses in the reactivity of
the oxygen carrier [26]. For solid fuel chemical-looping, syngas chemical-looping combustion/gasification,
and direct solid fuel chemical-looping combustion/gasification are two major proposed technical
approaches. In syngas chemical-looping, coal is first gasified to syngas (mainly CO and H2). Then,
syngas reacts with the oxygen carrier as a gaseous fuel to combust or convert to Hz (syngas reforming).
Direct chemical-looping feeds coal into the fuel reactor. Reactions of coal pyrolysis, volatile oxidation,
and char oxidation take place in the same reactor. To achieve high CO: capture, the key targets for the
fuel reactor are: (1) high solid fuel conversion (i.e., no unconverted char in the solid products) and
(2) high gas conversion (i.e., no unconverted gases such as CO, Hz, and CHs in the flue gas) [13].
In general, high reactivity of the oxygen carrier and fuel is required. The complete conversion of volatiles
and char with high reaction rates are a few of the major challenges associated with this process.

Oxygen carriers are the key to the development of chemical-looping technologies. Two types of
oxygen carriers proposed in the literature are synthetic materials and natural minerals. Synthetic oxygen
carriers are generally composed of single metal oxides, combined or mixed metal oxides (usually first
row transition metal oxides of Ni, Fe, Cu, Mn, Co, etc.) and an inert support (Al203, SiO2, MgA1204,
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TiO2, ZrO2, etc.) [3]. The low cost natural minerals are iron ore, ilmenite, manganese ore, and
waste materials coming from the steel industry and alumina production (bauxite waste, combustion
ash, etc.) [3,15,16,27-34]. Synthetic oxygen carriers are commonly researched. The motivation for
developing natural minerals and waste residues is the low cost. In coal chemical-looping, ash can be
difficult to separate from the oxygen carrier. As a result, it is easy to discard ash and oxygen carrier
together. In general, natural minerals usually have lower reactivity than synthetic oxygen carriers.
Research on improving natural mineral reactivity with the addition of metal oxides or alkali and alkaline
metals (K+, Na+, or Ca+) has been reported [35-38].

Two coal direct CLC processes are in situ Gasification Chemical-Looping Combustion (iG-CLC) [6,18]
and Chemical-Looping with Oxygen Uncoupling (CLOU) [14]. In iG-CLC, the fuel gasification and
the syngas CLC take place in a same fuel reactor. Iron-based oxygen carriers have often been used in
1G-CLC [7,39—41]. In the CLOU process, gaseous oxygen released from the oxygen carrier combusts
the fuel. The fuel conversion rate in CLOU is faster than in iG-CLC because CLOU avoids the slow
gasification of fuel with H2O and/or CO: [14]. The major metal oxide systems identified for CLOU are
CuO/Cu20, Mn203/Mn304, and Co304/Co0O [14]. CuO has been tested in both iG-CLC and CLOU.
In CLOU, CuO is reduced to Cu20 at higher temperature (850—1000 °C). CuO releases oxygen in this
temperature range and the melting temperature of Cu20 is 1235 °C. CuO is reduced to Cu in iG-CLC.
Typically, low temperature (600 °C) and/or low CuO content (less than 20 wt.%) are used to avoid
agglomeration due to the low melting temperature of Cu (1085 °C) [10,42]. CLOU is especially
suitable for solid fuel although CuO/Cu20 systems have lower oxygen transport capacities compared to
CuO/Cu systems.

Thermogravimetric analysis (TGA) has been used in every step of the development of solid fuel
chemical-looping. First, research focused on identifying suitable oxygen carriers. TGA is commonly
used along with fixed bed and bubbling fluidized bed reactors. To develop Cu-based oxygen carriers
for CLOU, Instituto de Carboquimica (ICB-CSIC) tested 25 different carriers prepared using various
methods, CuO content and support materials [43—45]. TGA was used to study the reactivity of carriers
in reduction and oxidation. Mechanical stability and fluidization properties of the carriers were tested in
a batch fluidized bed. Next, efforts focused on scale-up and validation of oxygen carriers, reactor design,
engineering, construction, and operation. CLC processes typically use two interconnected fluidized beds
in both batch and continuous operation. TGA 1is also used to conduct comparison studies and provide
helpful kinetic information [46].

Lab-scale reactor testing has focused on identification of suitable oxygen carrier materials with
favorable reaction kinetics, deactivation, and stability. In addition to monometallic oxides, combined or
mixed metal oxides have been investigated [13]. Mn combined with Fe, Ca, Mg, Ni, and Si form new
compounds with partial CLOU properties [47—49]. For coal iG-CLC, low cost oxygen carriers such as
ilmenite [6,39,50,51], iron ore [26,38,52], manganese ore [9,53], and industrial waste [28] have been
tested in two interconnected continuous fluidized bed (CFB) 0.5-100 kW reactors. Among the tested
oxygen carriers, ilmenite was often studied because it is cheap, has high reactivity with syngas, and has
good fluidization behavior [13]. For coal CLOU, a Cu-based carrier of 60% CuO with MgAl204 as a
support (Cu60MgAL) was tested ina 1.5 KW CFB [43]. All tests demonstrated the proof of the concept
of coal CLC.
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The objectives of this review are: (1) to give a brief introduction to different solid fuel
chemical-looping processes; (2) to summarize experimental lab scale studies on oxygen carrier
development for solid fuel chemical-looping processes, and (3) to discuss challenges in coal
chemical-looping combustion processes, including iG-CLC and CLOU.

2. Major Proposed Solid Fuel Chemical-Looping Combustion (CLC) and Gasification (CLG)
2.1. Major Proposed Solid Fuel Chemical-Looping Combustion Processes

Syngas-CLC and direct solid fuel CLC are two major types of chemical-looping processes [3]. In
syngas CLC, solid fuel (e.g., coal) is first pyrolyzed to char and volatile gas then gasified to syngas
(mainly CO and H2). The syngas reacts with the oxygen carrier, similar to gas fuels CLC
(Figure 2a) [13,54]. The heat required for the endothermic gasification reaction can come from the partial
oxygen combustion of coal or the CLC system. In the latter case, a gasifier is placed inside the air reactor.
This method has the difficulty of heat transfer between the two reactors. In direct solid fuel CLC, coal
is directly fed to the fuel reactor in a CLC process. Two of these direct processes are in situ Gasification
Chemical-Looping Combustion (iG-CLC) (Figure 2b) [6,18] and Chemical-Looping with Oxygen
Uncoupling (CLOU) (Figure 2c) [14]. For syngas CLC, pure oxygen needed for gasifying the coal is
separated from air and consumes energy. Furthermore, the requirement of an additional gasifier
dramatically increases the capital cost of the syngas CLC process [10]. Syngas chemical-looping
combustion reactors have been widely researched, so this review focuses on direct solid fuel CLC.
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Figure 2. Major reaction processes of solid fuels in chemical-looping combustion (CLC):
(a) Syngas-CLC; (b) in situ gasification CLC (1G-CLC); and (¢) CLC with oxygen uncoupling
(CLOU) [3].

In the iG-CLC process (Figure 2b), coal is physically mixed with the oxygen-carrier in the fuel
reactor. Prior to reaction with the oxygen-carrier, coal is devolatilized generating volatiles and char
(Reaction 3) [55,56]. The char is gasified in situ by H20 and/or CO2, supplied as a fluidizing agent, to
produce syngas (H2 and CO) (Reactions 4-5). In the fuel reactor, the carrier reacts with the volatiles
from pyrolysis and the syngas from char gasification (Reaction 1). In this process, char gasification is
the rate limiting step because gasification is slower than the syngas reaction with oxygen carriers [12].
Another important factor is properties of solid fuels (such as volatile content), which affects selection of
gasifying agent. The use of COz has been proposed for highly reactive solid fuels, such as low-rank coals
or biomass [12]. For high rank coals, steam is needed because of the slow gasification rate with COx.
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In the CLOU process (Figure 2¢), the oxygen-carrier in the fuel-reactor releases gaseous oxygen
(Reaction 6) resulting in solid fuel combustion. Like conventional combustion, coal is devolatilized to
generate volatiles and char, then the volatiles and char are combusted with gaseous oxygen (Reactions 3,
7-8). Compared to the iG-CLC process, CLOU avoids the slow char gasification step. CLOU is
considered a promising technology to burn solid fuels with COz capture [14]. Oxygen release from oxygen
carriers, coal pyrolysis, and char/syngas combustion all take place in the fuel reactor (Reactions 3, 6-8) [46].
Three of the major metal oxide systems identified for CLOU are CuO/Cu20, Mn203/Mn304, and
C0304/Co0O [14]. For these three metal oxides, oxygen uncoupling reactions (Reactions 9-11) are
endothermic. The overall reaction of carbon in the fuel reactor with copper or manganese oxide is
exothermic (Reactions 12—13) and the reaction with cobalt oxide is endothermic (Reaction 14) [43].
To date, great attention has been given to Cu-based and Mn-based materials mixed with Ca, Mg, Cu, Ni,
Fe or Si [47,48,57—-60].

2MexOy < 2MexOy-1 + O2(g) (6)

volatiles + Oz(g) — CO2(g) + H2O(g) (7)

char (C) + Oz(g) — COx(y) (8)
4Cu0O < 2Cu20+ 0O

u0 - 2Cu2 2(g) ©)

AH®900 = 262.1 kJ/mol Oz
6Mn203 <> 4Mn304 + Ox(g)

10

AH®900 = 193.1 kJ/mol O2 (19)

2C0304 <> 6Co0 + Oz (11)
AH®900 = 406.7 kJ/mol O2

4CuO + C > 2Cu20 + O2(g) (12)
AH®900 = —132.9 kJ/mol O2

6Mn203 + C <> 4Mn304 + Oz (13)
AH®900 = —201.9 kJ/mol Oz

2C0304 + C < 6C00 + Oz (14)

AH®900 = 11.7 kJ/mol O2
2.2. Major Proposed Solid Fuel Chemical-Looping Gasification Processes

Syngas chemical-looping (SCL) and direct chemical-looping (DCL) are two methods for solid fuel
chemical-looping gasification to generate hydrogen, power, and liquid fuels [61]. In SCL, syngas from
coal gasification is converted to H2 by an iron-based oxygen carrier (Figure 3a) or a calcium-based
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carrier (Figure 3b) [61,62]. Chemical looping is used to enhance H2 and CO2 production as part of a
conventional gasification [63]. In the iron-based process, the syngas is converted into CO2 and H20 and
the iron oxide (Fe203) is reduced to a mixture of Fe and FeO at 750-900 °C and 30 atm in the fuel reactor
(Reactions 15-18). In the hydrogen reactor, the reduced oxide reacts with steam to generate H: at
500-750 °C and 30 atm (Reaction 19-20). The Fe3O4 generated from the hydrogen reactor is regenerated
to Fe203 through air combustion (Reaction 21). In the calcium looping process (CLP), the syngas is
converted to Hz in a carbonation reactor using CaO and water gas shift (Reaction 22) at
550-650 °C and 20-30 atm. At same time, removal of syngas contaminants (sulfur and HCI), CO2
capture, and reforming (Reactions 23-26) take place. The spent calcium sorbent is regenerated in a
calciner, while COz is produced at 800—1000 °C and atmospheric pressure (Reaction 27).

Fe203 + COg) — 2FeO + COxzg) (15)
FeO + CO(g — Fe + COxy (16)
Fe203 + Ha) — 2FeO + H20(g) (17)
FeO + Hag) — Fe + H20(g) (18)
Fe + H20O() — FeO + Hay) (19)
3FeO + H20(g) — Fe304 + Hayg) (20)
4Fe304 + O2(g) — 6Fe203 (21)
COg) + H20(g) <> COxg + Hagg) (22)
CaO + COz(g) — CaCOs3 (23)
CaO + COS(g) — CaS + COxg) (24)
CaO + H2S(g) — CaS + H20g) (25)
CaO + 2HClg) — CaClz + H20(g) (26)
CaCO3 — CaO + COx(y) 27)

In iron-based DCL (Figure 3c), coal is converted into CO2 and H20, while iron oxide (Fe203) is
reduced to a mixture of Fe and FeO at 750-900 °C and 1-30 atm in the fuel reactor [61]. Oxygen is fed
to the fuel reactor to partially combust the coal and to provide heat for the reduction reactions.
The hydrogen generation and oxide regeneration steps are similar to the iron-based SCL process in the
hydrogen reactor. The challenges associated with this processes include enhancement of reaction rates
and high-temperature solid handling [61]. Another proposed DCL (Figure 3d) is a parallel transformational
approach, which integrates coal gasification and the water gas shift reaction (WGS) in two solid particle
loops [63]. The first loop gasifies the coal and produces syngas using an oxygen carrier. The second loop
converts CO and H20 to CO2 and H2 through the WGS reaction and CO2 capture using a carrier,
such as CaO, which is the same as the SCL process.
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Figure 3. Major reaction processes of solid fuels in chemical-looping gasification:
(a) Iron-based syngas chemical-looping (SCL); (b) Calcium-based SCL and (c¢) Direct
chemical-looping (DCL); and (d) DCL with WGS and CO: capture [3,61].

In summary, the main reactions in solid fuel CLC and CLG are:
a. devolatilization/pyrolysis;
b. char gasification with steam and/or CO2;
c. char and volatiles combustion;
d. gaseous fuels (H2, CO, CHa4, volatiles) react with oxygen carriers;
e. oxidation of reduced oxygen carriers with air/O2 or steam.

Kinetic data is often obtained from TGA, fixed bed, and fluidized bed studies. For reaction kinetics,
both activation energy and the reaction order are required. The most frequently used kinetic models of
gas-solid reactions are the shrinking core model, changing grain size model, and nucleation and nuclei
growth models [3].

3. Oxygen Carriers Development and Application of Thermogravimetric Analysis (TGA)

TGA is commonly used along with fixed bed and bubbling fluidized bed reactors in the development
of CLC technologies. Thermogravimetric analysis has the benefit of fast and cheap testing with the
control of experiment conditions, such as temperature and gas environment. Additionally, TGA not only
measures sample weight loss but also the evolved gas composition when combined with analysis
equipment, such as a mass spectrometer (MS) [27]. However, TGA also faces challenges and has
limitations. The heating rate of TGA is generally slow compared to a real CLC reactor. The reactivity of
oxygen carriers in a real CLC reactor should be much faster than the reactivity obtained from TGA.
Additionally, TGA has limited gas-solid contact resulting in potential mass transfer limitations in
chemical looping studies.

TGA has extensively been used to test the reactivity of oxygen carriers (fresh or used) with
an isothermal method. In a TGA study, a small amount of oxygen carrier, with or without solid fuel, is
typically loaded into a crucible and placed under an inert/reducing (N2, H2/N2) or an oxidizing (air,
02/N2) gas environment. The reactions mainly take place after the sample temperature is raised to the
desired value. Mass and heat transfer limitations are factors affecting the reaction rate in addition to the
oxygen carrier and fuel. There are several suggestions to improve mass/heat transfer and the accuracy
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of the tests. The crucible selected for TGA should be as flat as possible or made of a mesh material.
For example, a platinum wired mesh basket of 14 mm diameter and 8 mm height [45,64]. Initial tests
are performed to study the effect of the sample weight and the gas flow rate on the reaction rates in the
TGA [45]. Reaction gas may also be pre-heated to the test temperature before being introduced to the
TGA [45].

3.1. Important Oxygen Carrier Characteristics

Important oxygen carrier characteristics are: (1) sufficient oxygen transport capability; (2) high
reactivity for reduction and oxidation reactions and maximum fuel conversion; (3) low attrition and
fragmentation to minimize losses of elutriated solids; (4) high melting point to avoid agglomeration and
have good fluidization; (5) low cost, which is decisive factor for large scale industrial applications;
(6) long lifetime; (7) negligible carbon deposition; and (8) low toxicity and environmentally-friendly
characteristics [3,8,65]. For inert support materials, stability, surface area, and attrition resistance are
important. In the development of oxygen carriers, all of these characteristics should be considered and
balanced. Oxygen carrier selection is done based on the fuel (natural gas, coal, biomass, efc.) and the
desired chemical-looping process (combustion, gasification, efc.).

For solid fuel chemical-looping processes, primarily oxides of Ni, Fe, Mn, and Cu have been
studied [7,14,38,40,41,66—70]. Nickel oxide is expensive and easily deactivated by sulfur from coal. As
a result, it is not suitable for solid fuel processes. Fe-based oxygen carriers have been mainly used in iG-
CLC processes. Iron and manganese oxides are relatively cheap and are also available from natural ores
and from industrial waste [31]. Ilmenite is used in many studies because it is cheap, has reasonably high
reactivity with syngas in fluidized bed systems, and has good fluidization behavior. Copper oxide has
high reactivity and releases gaseous oxygen at high temperature so it is often used in CLOU, even though
it is more expensive compared to Fe-based oxygen carriers. Mn-based oxygen carriers can also be used
in CLOU. Mn is cheaper than Cu but Mn-based materials have a lower rate of oxygen release compared
to Cu-based materials [71]. A Cu-based carrier (40%CuO/ZrO2) for CLOU was compared to a Fe-based
carrier (ilmenite) for iG-CLC with solid fuels in a fluidized bed [72]. At 95% conversion of the fuel (coal,
petroleum coke or wood char), the conversion rate for CLOU was 3 to 15 factors faster than iG-CLC [72].
Oxygen carriers used for iG-CLC are discussed in more detail in Sections 4.1 and 4.2.

3.2. Lab Scale TGA Studies for Reactivity and Recyclability of Oxygen Carriers

TGA is commonly used to screen and characterize oxygen carriers in lab scale studies [73]. Table 1
lists experimental lab scale studies on oxygen carrier development for coal chemical-looping processes
using TGA. For the CLOU process, TGA was used to study the oxygen transport capability (Roc),
recyclability, reactivity of reduction and oxidization reactions and the impact of temperature and oxygen
concentration on carrier reactivity [43,73]. The oxygen transport capability (R.c) is calculated in
Equation 28, where mox is the mass of the fully oxidized carrier and m.q 1s the mass of the reduced carrier
(CuO has been reduced to Cu20) [73]. TGA can be used to determine the oxidation and reduction
reactivity of the oxygen carriers under controlled conditions [73]. The oxygen carrier oxidation and
reduction conversion is shown in Equations 29 and 30, respectively.
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Table 1. Experimental lab scale studies on oxygen carrier development for coal chemical looping process using TGA.
Oxygen carrier (OC) Process Fuel Sample wt. (mg) Heating rate (°C/min) TGA application TGA test condition Ref.
Copper content determination 15% Hy/N,, 850 °C
Oxygen transport capacity N,, 1000 °C
Fresh or used carrier Reduction Ny, 1000 °C; oxidation air 1000 °C
60 wt.% CuO + MgAL Oy reactivity, recyclability 5 cycles
CLOU NA 50 Not reported [73]
(100-200 pm) Effect of temperatures on carrier Reduction N,, 900 °C, 950 °C, 1000 °C;
reactivity oxidation air 900 °C, 950 °C, 1000 °C
Effect of oxygen concentrations Reduction Ny, 1000 °C, 0, 1.5, 4, and 11% O,;
on carrier reactivity oxidation air 900 °C, 4, 11, and 21% O,
Coal char (<150 pm, Reactivity Reduction N, 900 °C; oxidation air 1000 °C
60 wt.% NiO/NiALOy4 10
CLC prepared at 900 °C 15 Reduction 50% H,/N,, 900 °C; [74]
(125-180 pm) (OC/char: 50/2-3.5 by mass) Recyclability
for 7 min) oxidation air 900 °C, 5 cycles
Iron ore IG-CLC NA 50 Not reported Used carrier reactivity 15% Ha/N,, 950 °C [29]
Pure metal oxide Reduction N, or CO,, 700-1000 °C;
Illinois #6 150 Reactivity
(CuO, Fe,0;, Co304, NiO, CLC 15 oxidation air 900 °C or 1000 °C [75]
(100 pm) (OC/coal: 15-22.5 by mass)
and Mn,05) Recyclability Fresh coal every cycles, 8 cycles
Solid fuel (PRB 10-50 (OC/coal: 75/25,
Pure metal oxide (CuO) coal, wood, PE) OC/PE: 75/25, 30 Reactivity Reduction N, or CO,, 850 °C [76]

(50-150 pm)

OC/wood: 90:10 by mass)
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R =1— red
oc — (28)
My, —M
Xpeg = —————
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m — Myeq
Xoy = 1—Xppg = —————
ox red ox — Mred (30)

where m is the mass of the sample at each time; mox is the mass of the sample fully oxidized, and myeq is
the mass of the sample in the reduced form.

The reactivity of single cycle reduction-oxidation reactions for coal char and NiO/NiAl2O4 oxygen
carriers were tested using TGA [74]. NiO/NiAl2O4 oxygen carrier with 60%NiO by mass (N6AN1306)
and particle sizes of 125-180 um was prepared using a sol-gel method. Coal with particle sizes under
150 um was heated in an electric muffle furnace at 900 °C for 7 min to make coal char. The coal char
and oxygen carrier mixture (~10 mg) with a char to oxygen carrier mass ratio of 3:50 was used. Using
an isothermal method, the reduction and oxidation reactions were conducted at 900 °C in N2 and at 1000 °C
in air, respectively. The sample was first heated to 900 °C at a heating rate of about 15 °C/min under N2
with a gas flow rate of 100 mL/min then held at that temperature. When the sample weight was nearly
constant, air was added to the TGA and the temperature was increased to 1000 °C. Figure 4 shows the
sample weight percentage of the initial weight vs. time in black and temperature vs. time in red [74].
In N2, the sample weight started to decrease rapidly around 850 °C, which means that char reacted with
oxygen carriers at high temperature >850 °C. The reaction generates gases (H20 and COz) and reduced
Ni (Reaction 31) with a theoretical weight loss 83.3%. The final char and oxygen carrier after 180 min
lost approximately 86.5% of the initial weight in N2 At these conditions, the reduction reaction is
considered to be nearly complete. After air was added, the sample weight first decreased rapidly due to
the residual char combustion with Oz, then increased rapidly to 96% when the reduced Ni oxidized by
reacting with Oz in the air (Reaction 32).

NiO + CxHyO; — Ni + COz2() + H20(g) 31
Ni + % O2 — NiO (32)
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Figure 4. Weight change (TG) of single cycle reduction-oxidation reactions of coal char and
NiO/NiAl204 oxygen carriers [74].
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Multiple-cycle TGA reduction-oxidation reactions of NiO/NiAl204 oxygen carrier (N6AN1306) were
tested at 900 °C in 50% H2/N2 for reduction and oxidation in air. Hydrogen was used to reduce the
oxygen carrier instead of coal char because the cyclic feed of char particles is impossible using TGA.
Another problem with testing multiple-cycle reduction-oxidation reactions in TGA is the difficult
separation of ash from the residual oxygen carrier particles. Interaction between the ash and oxygen
carriers may take place in TGA. Although TGA is not ideal for cyclic reduction-oxidation reaction
studies, this method can provide useful information for evaluating oxygen carriers with coal char and
the physical performance of the oxygen carrier [74]. In this test, the oxygen carrier was heated to
900 °C in 50% H2/N2 and held at that temperature until the weight of carrier remained constant. After
the reduction reaction was finished, the TGA reaction chamber was filled with inert gas N2 to purge out
any remaining hydrogen. The oxidation reaction was started by feeding air into the TGA at 900 °C. This
cycle of reduction and oxidation was repeated five times. Figure 5 shows the carrier mass changes vs.
time in black and the temperature vs. time in red during the test. The sample mass (percentage of initial
sample) after each reduction cycle was 87.40%, 87.07%, 86.82%, 86.68%, and 86.54%, respectively.
The overall reduction of the sample increased gradually, which may be due to the formation of large
inner pores from thermal shock and chemical reaction. Similarly, the overall oxidation of the sample
decreased gradually. The sample mass after each oxidation cycle was 100.07%, 99.88%, 99.71%,
99.61%, and 99.58%, respectively. This may be caused by the volatilization of parts of the metal Ni
during the reaction cycles. The differences between the oxidized mass and the reduced mass at each
cycle were 12.67%, 12.81%, 12.89%, 12.93%, and 13.04%, respectively. As a result, the reactivity of
the oxygen carrier increased slightly over the five-cycle reduction-oxidation tests [74].
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Figure 5. Weight change (TG) of multiple cycle reduction-oxidation reactions of NiO/NiAl2O4
oxygen carriers and hydrogen/air [74].

3.3. Comparison of Oxygen Carrier Reactivity Using TGA with Large Scale Fluidized Bed Studies

Large scale chemical-looping studies use two interconnected fluidized beds in both batch and
continuous configurations. Comparison studies using TGA may provide helpful information on the
reactivity of fresh and used oxygen carriers [29,73,77]. A continuous 500 Wth iG-CLC unit, consisting
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of two interconnected fluidized bed reactors and a fluidized bed loop seal, has been used for CLC [29].
Tiega iron ore from a hematite mine in Tiega (Zaragoza, Spain), a low cost oxygen carrier, and various
coals (lignite, bituminous, and anthracite) were tested at 875-930 °C. The oxygen demand of the Tiega
iron ore was lower than two other promising Fe-based oxygen carriers: ilmenite and a Fe-enriched sand
fraction from alumina production (Fe-ESF). All three carriers were tested in the same unit. The high
reactivity of Tierga iron ore with gases present in the fuel reactor (CO,H2,CH4) may be a reason for its
lower oxygen demand. This is especially true when compared to the ilmenite [29]. The high CaO content
of Tiega iron ore may also enhance coal gasification and result in the higher reactivity [78,79]. TGA was
used to test fresh and used oxygen carrier reactivity. The reduction reaction was conducted in 15% H2/N2
at 950 °C [29]. The results of this study showed no reactivity changes between activated and
50 h used iron ore.

3.4. Kinetic Studies of Oxygen Carriers and Solid Fuels Using TGA

TGA has been used extensively to study the reduction and oxidation kinetics for oxygen carriers along
with fixed bed and batch fluidized bed reactors. The reaction kinetics are mainly affected by the choice
of oxygen carrier, particle size (both oxygen carriers and solid fuels, 70 pm to 2 mm), temperature
(600-1000 °C), and fuel [10]. In general, the reactivity of Cu, Ni, and Co oxides is higher than that of
Fe. Oxygen carriers prepared by impregnation methods typically have higher reactivity compared to
carriers prepared by physical mixing methods. This occurs because the preparation method may affect
the degree of dispersion of the active phase (e.g., CuO) on inert support materials in the oxygen
carrier [64,80]. The active phase tended to concentrate on a particle’s exterior and accumulated more as
the active phase increased [80]. The impregnated carrier may have a slightly higher degree of dispersion
of the active phase than the physically mixed carrier. Addbez-Rubio et al. studied the kinetics of
Cu-based oxygen carriers (Cu60MgAl) for CLOU using TGA [46]. The reduction of CuO to Cu20 was
done under a mixture of N2 + Oz and the oxidation of Cu20 to CuO was done under Oz. To calculate the
activation energy of these reactions, the effect of temperature on reaction rate must be evaluated.
For CuO/Cuz0 systems in CLOU, reduction is typically done in the temperature range of 875—-1000 °C
and oxidation is done between 850—1000 °C. The oxygen carrier conversion was calculated for reduction
and oxidation as shown in Equations (29) and (30), respectively. The reaction rate for reduction and
oxidation are calculated from TGA conversion data using Equations (33) and (34), respectively.

ered

(—Trea)oc = Roc d (33)
t
ax
(Tox)oc = Rocd_ox (34)
t

where Roc 1s the oxygen transport capability, X is the oxygen carrier conversion, and ¢ is the time. From
the conversion vs. time curves for reduction and oxidation, at various temperatures, the maximum
reaction rate may be calculated. The reduction reaction rate is given by Equation (35):

(—Trea)oc = k1if (X) (35)

where £ is the temperature dependent kinetic constant and f(X) is the oxygen carrier conversion. The
global activation energy for these reactions is obtained from the Arrhenius relationship between r and
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temperature. To study the impact of oxygen concentration on reaction rates, the O2 concentration was
selected between 0-9 vol % for reduction and 1.5-21 vol % for oxidation. The reaction rate is presented
in Equation (36):

(—Trea)oc = k2 (Coz,eq - Coz)f(X) (36)

where Co: is the O2 concentration at each time and Cozeq is the O2 concentration at equilibrium.
Equations 35 and 36 are also valid for oxidation reactions. Typical activation energies for reduction and
oxidation are approximately 270 kJ/mol and 32 kJ/mol, respectively [46]. The reaction order was 0.5 for
reduction and 1.2 for the oxidation. The nucleation and nuclei growth model with chemical reaction
control was used to describe the oxygen carrier conversion with time. A Langmuir-Hinshelwood model
was used to investigate the effect of the oxygen concentration on reduction and oxidation reaction rates.

Experimental results and kinetics obtained from TGA provide some useful information for the design
and operation of chemical-looping process. However, it cannot be directly applied to real reactors in
chemical-looping due to the low heating rate of TGA. The TGA heating rates are typically less than
200 °C/min. Most proposed reactors for chemical-looping are fluidized beds. The heating rate in a
fluidized bed (~1000 °C/sec) is typically higher than TGA (~100 °C/min). Oxygen carrier/fuel particles
take a much short time in a fluidized bed (~1 s) to reach the reaction temperature (1000 °C) compared
to a TGA (~10 min). As a result, the actual reactivity of oxygen carriers in a CLC reactor should be
much faster than the reactivity obtained from TGA [76].

4. Challenges and Research on Direct Coals Chemical-Looping Combustion

There are several critical issues with the coal-direct chemical-looping process. These issues are
oxygen carrier particle reactivity, char reaction enhancement, gas and solid conversion, the fate of
pollutants and ash, heat management, and integration [4]. Sulfur contained in coals may play
an important role in the CLC process because sulfur poisons the oxygen carrier activity. The effect of
sulfur on the oxygen carrier requires further study in the future [3,26]. Separating ash from the oxygen
carrier is also a challenging issue. One of the most promising approaches is to use cheap oxygen carriers,
such as natural minerals or industrial waste products, so the ash and oxygen carrier may be discarded
together [16,66].

4.1. Challenges and Recent Research on the iG-CLC Process

The selection of a suitable oxygen carrier is a key factor for CLC technology development. Oxygen
carriers based on Fe, Ni, and Cu for mainly gaseous fuels have been extensively investigated and
reviewed by Adanez et al. [3] and Hossain and de Lasa [8]. These oxygen carriers have been investigated
for coal iG-CLC because coal is first pyrolyzed/gasified to syngas and then the syngas reacts with the
metal oxide. For large scale industrial applications of coal CLC, the availability of low cost oxygen
carriers is very important. Low cost oxygen carriers with sufficient reactivity for the coal CLC are
preferred due to coal ash. Ash may deactivate the oxygen carrier or cause loss of oxygen carrier with the
ash when it is separated from the oxygen carrier. Natural minerals and industrial wastes from industrial
steel and alumina processes are inexpensive and attractive oxygen carriers for coal CLC.
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In a lab-scale batch fluidized bed reactor, ilmenite (FeTiO3/Fe2TiOs) and a synthetic Fe based oxygen
carrier (60 wt % Fe203 and 40 wt % MgAL204) with solid fuels (five coals and one petroleum coke) were
investigated at 950 °C with 50% of H20 [12]. Figure 6 showed the produced gas concentrations after
condensations water vs. time during the reduction of 40 g Fe203/MgAl204 (a) and 40 g ilmenite (b) with
0.2 g petroleum coke. The two carriers had similar the concentrations (CO2, CH4/SO2, and CO). The
ilmenite and synthetic oxygen carriers reacted well with all fuels and showed similar reactivity. The
surface of both fresh and used carriers was analyzed in a scanning electron microscope (SEM). Both of
the used carriers had rougher surface compared to the fresh ones. The BET surface area of the used
ilmenite increased to 0.58 m?/g from the fresh ilmenite 0.11 m?/g. For the synthetic carrier, the surface
area of used one decreased to 0.76 m*/g from the fresh one 8.58 m?/g. All of them mean the interior
particle structure changes for both carriers. The synthetic carrier had sintering problems which also
occurred for gaseous fuels [70] but its reactivity interestingly remains high. There was no agglomeration
for the synthetic carrier but minor agglomeration for the ilmenite. This agglomeration happened at the
high temperature of 1000 °C during a period of defluidization. Companhia ValedoRio Doce (CVRD)
iron ore with a bituminous coal was investigated in a laboratory fixed bed with pressure (0.1-0.6 MPa)
at 970 °C [81]. High pressure improved gas conversion with CVRD iron ore. By increasing pressure,
higher CO:z concentration and lower fractions of CO, CHa4, and H2 were obtained. After several cycles,
the particles were analyzed using a scanning electron microscope and energy dispersive X-ray
spectroscopy (SEM-EDX). The particle became porous but the structure and size of particles maintained
same. The crystalline phase had no changes even though there was very little coal ash deposited on
the carrier.

Natural minerals and industrial waste from industrial steel and alumina processes have been tested in
pilot scale reactors. Selected coal iG-CLC tests in two interconnected continuous fluidized bed (CFB)
reactors (0.5-100 kW) are listed in Table 2. The following is a summary of these iG-CLC tests.
A Norwegian ilmenite oxygen carrier (natural iron-titanium oxide) and coals (lignite, bituminous,
and anthracite) were tested in a 0.5 KW continuous CFB reactor at Instituto de Carboquimica
(ICB-CSIC) [6,39,50]. The same unit and coals were also used to evaluate Fe-enriched sand fraction
(Fe-ESF) oxygen carrier, generated in the alumina production from bauxite [28] and Tiega iron ore from
a hematite mine in Tiega (Zaragoza, Spain) [29]. The results showed that all these three are the
promising Fe based oxygen carriers oxygen for coal combustion. Tiega iron ore has higher reactivity
compared to other two carriers of ilmenite and Fe-ESF. Australian natural iron ore with Shenhua
bituminous coal and sawdust were also tested in a 1 KW CFB reactor [26,38,52]. Nickel-based oxygen
carrier (NiO/Al203) was tested with Shenhua bituminous coal in a 10 KW CFB reactor [68]. [Imenite
and manganese were tested with bituminous coal and petcoke in a 10 KWw CFB unit at Chalmers
University of Technology [9,53]. Ilmenite was also tested with Colombian bituminous coal in a 100 KW
CFB unit with a circulating fluidized bed fuel reactor [51]. Among the tested oxygen carriers, ilmenite
with iron oxide as the active phase has been extensively tested. [lmenite has high conversion to syngas
(CO and H2) and moderate CH4 conversion in a batch fluidized bed [11]. Ilmenite reactivity for fuel
gases (Hz, CO, and CHa) is higher after calcination and activation than fresh ilmenite [82].



Energies 2015, 8

10622

Table 2. Pilot scale tests of the coal direct CLC process in two interconnected continuous

fluidized beds reactors.

Temperature
Oxygen carrier Fuel Process Size (kW) * Reference
in fuel reactor
Ilmenite 870-950 °C [6,39,50]
Lignite bituminous,
Bauxite waste (Fe-based) iG-CLC 05 [15,28]
anthracite coal 870-930 °C
Tiegra iorn ore [29]
Ilmenite,
Bituminous coal, petcoke iG-CLC 10 950 °C [9,33,53]
manganese
Tlmenite Bituminous coal iG-CLC 100 940-980 °C [51]
NiO/A1203 Shenhua Bituminous coal iG-CLC 10 870-970 °C [68,69]
Iron ore Shenhua Bituminous coal and/or sawdust iG-CLC 1 900-980 °C for coal [26,38,40,52]
60%CuO with MgAL,O4 as
Bituminous coal CLOU 1.5 [43]
support (Cu60MgAL)
* Thermal energy by designed/perfect combustion of fuel.
a 0.08 b 0.08
x = H, GC bag measurements
| Initial peaks:
Initial peaks: C0O,=0.043
_ 0.06 - C0,=0.068 0.06 = CH4/S0,=0.054
- FIEA -
s 1 CH4/S0,=0.047 < ] C0=0.017
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Figure 6. Produced gas concentrations after condensations water vs. time during the
reduction of 40 g Fe203/MgAl204 (a) and 40 g ilmenite (b) with 0.2 g petroleum coke
at 950 °C with 50% of H20 [12].

For the CLC applied in the CO2 emission control, process performance is mainly evaluated by CO2

capture efficiency along with the system behavior. The CO2 capture efficiency (ncoz) is defined as the

ratio of CO2 flow leaving the fuel reactor (Fcozrr) to the total carbonaceous gas flow leaving both the

fuel and air reactors (Fcrr + Fc ar) by Equation 37 [68]:

Fco, Fr

nCOZ

Fcrr + Foar

(37)

For the coal iG-CLC, the reactions in the fuel reactor are shown in Figure 7. From this figure,

the reaction ncoz is dependent on the gas conversion and coal char conversion. If unconverted gases
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(CO, CHa4) leave with the gas stream from the fuel reactor, the gases conversion and ncoz will be low.
The gas conversion for iG-CLC pilot tests are typically 75%—-95% and depend on the coal, oxygen carrier,
and solid inventory [13,38,40,66]. Complete conversion of the gases, including volatiles and syngas, is
difficult. The outlet gases from the fuel reactor for the test of a 1 KW coal iG-CLC using iron ore were
typically 1% CHa, 4% CO, and 95% COz [52]. While gas conversion is dependent on the reactivity of
the oxygen carrier, it is most affected by the mixing between the particles and the residence time of the
gases produced in the fuel reactor [9]. The gas generated in the upper regions of the fuel reactor may
have insufficient contact with the oxygen carrier compared to gases generated at the bottom of the
reactor [13]. Oxygen polishing is one of the proposed approaches to completely convert product gases
by introducing pure oxygen at the outlet of the fuel reactor. Another approach is to recycle the
unconverted gases back into the fuel reactor by separating them using CO: liquefaction [51]. If
unconverted char is transferred with the reduced oxygen carrier to the air reactor, the efficiency of carbon
capture will decrease. Char conversion is dependent on the fuel conversion rate, which is affected by
fuel reactivity, particle size, and reaction temperature [9]. One approach is to use a carbon stripper to
separate or gasify the unconverted carbon with the reduced oxygen carrier and send back to the fuel
reactor [51]. The separation of unconverted char and reduced oxygen carrier is based on different rates
of elutriation for the fuel particles and the carrier. The fuel particles have lower density and smaller size
at this stage.

Coal

Pyrolysis
Gases Primary Tar .
(CO, H,, CH,, (Oxygenated phenols, acid Solid (char)
CO,, H,0, etc.) primary organic,
condensable molecules)
Char Gasification
] H,0, CO,
Cracking, (gasifying agent)
Reforming, Shift
A 4 w
h
CO, H,, CH,, CO,, H,0, CO, H,, CH,, CO,, H,0,
cracking products/tar unconverted carbon

1'% 4

L4 A |
Gas Fuel Reduction Carbon Stripper

Oxygen Carrier
Unreacted Gas Fuel 4 y Unconverted
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Figure 7. Coal reactions in the fuel reactor for iG-CLC.

Oxygen-carriers have been tested in chemical-looping combustion and gasification processes for solid
fuels (coal, petroleum coke, biomass) [9,13,16,18-20]. From Table 2, bituminous coal is commonly used
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in the pilot scale tests due to its high reactivity. Different types of lignite, highly volatile bituminous
coal, medium volatile bituminous coal, and anthracite were evaluated in situ gasification chemical-looping
processes using an ilmentite oxygen carrier [6]. The carbon capture efficiency decreased as the coal rank
increased following lignite, bituminous, and anthracite. This is due to the high coal reactivity for low
rank coal with fast char gasification rates and high volatile content. Results also showed that the
combustion efficiency in the fuel reactor is not limited by the reaction rate of ilmenite but it is limited
by the low conversion of volatile matter. In gasification, volatiles (gas and tar) and char react with the
oxidant that surrounds the coal particles along with synthesis gas. The conversion of volatiles may not
be complete in the gasification/reducing environment, but will be complete in the combustion
environment with excess of oxygen. Volatiles in the fuel reactor are under a reducing environment and
may not achieve complete conversion. As a result, research is needed to investigate the volatile reactions
under chemical-looping condition for coals with different volatile content.

The rate of gasification is a function of temperature, pressure, gas composition, and the nature of the
coal. To enhance the carbon conversion, H2O and/or CO2 is commonly used as carrier gas for solid fuels.
CO2 and steam gasification reactions are endothermic and thermodynamically favored at higher
temperatures [83]. Hydrogen gasification (methanation reaction) is exothermic and thermodynamically
favored at low temperature (<670 °C) (Reaction 38) [83]. In iG-CLC, the operating temperature is
typically higher than 860 °C (from Table 2), so CHa4 is generated in the volatiles.

Cs) + 2H2(e) <> CHae)

38
AH®298x = —74.8 kJ/mol (38)

The pilot scale test also showed that high operating temperature resulted in high carbon capture and
combustion efficiencies for all coal ranks [6]. Cuadrat ef al. [6] studied the feasibility of using H20 and
CO2 mixtures as the gasifying agent for iG-CLC with different rank coals and ilmenite. CO2 can be used
in place of steam as a gasifying agent for bituminous and lignite coals because the high reactivity of low
rank coals overcomes the slower gasification rate with COz. The reverse reaction of char CO:
gasification is a carbon deposition reaction that causes carbon fouling on solid surfaces resulting in
catalyst/oxygen carrier deactivation. Excess steam is often used to alleviate carbon fouling and loss of
catalyst/oxygen carrier activity [58].

In the iG-CLC process, increasing the char gasification rate is a major challenge because char
gasification is the rate limiting step since it is slower than the syngas reaction with the carrier [5]. Oxygen
carriers can affect the rate of char gasification. Brazilian manganese ore was investigated in a batch
fluidized-bed reactor using petroleum coke, coal, and wood char as fuel with a 50% H20 in N2 fluidizing
gas. The performance of this manganese ore was compared to ilmenite [34]. Results showed that the rate
of char gasification using manganese ore was higher than ilmenite. Alkali and alkaline-Earth metal salts
or oxides are known to catalyze coal char steam gasification. The order of catalytic activity is K2SO4 or
K2CO3 > NaxCO3 > KCI1 > NaCl > CaCl: or CaO [84]. For the iG-CLC, additives (CaO, CaCO3, and
K2CO3) are used to enhance the rate of char conversion [37,38,53,85,86]. These additives are
mechanically mixed with the oxygen carriers or impregnated on the oxygen carrier particles [38,40].
Song et al. combined calcium aluminate cement with hematite (77.3% Fe203, 12% SiO2, and 10% Al203
by wt.) producing an oxygen carrier (Ca2Al2Si07) in the presence of CaO, Al20O3, and SiO2. The calcium
aluminate cement (51.08% Al203, 33.12% CaO, 7.8% Si02 by wt.) was used as inert support and binder
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with the hematite to improve the oxygen carrier’s reactivity and enhance its mechanical strength [79].
The Ca-enhanced hematite oxygen carrier was tested using an anthracite coal in a batch fluidized bed
reactor. The calcium aluminate cement addition increased the coal gasification rate by a factor of two.
This is mainly due to increasing the surface area of the oxygen carrier. The porous surface of the particle
enhanced gas-solid reactions between the gasification products and the oxygen carrier. Additionally,
calcium in the oxygen carrier promoted the WGS reaction (Reaction 22) in the forward direction.
Furthermore, alkali metal salts catalyze steam gasification. Various coals may have different alkali metal
content. A suitable selection of coal type or mixture could enhance the char gasification.

4.2. Challenges and Recent Research on the CLOU Process

For the solid fuel CLOU process, the oxygen carrier must have a suitable equilibrium partial pressure
of oxygen at combustion temperatures (800—1200 °C) [43]. Cu, Mn, and Co-based oxygen carriers can
release Oz at these temperatures and the equilibrium oxygen concentration increases with increasing
temperature (Figure 8) [43]. The oxygen transport capacities (Roc) of Cu, Mn, and Co-based carriers are
10, 3.0, and 6.6 per 100 g of metal oxide respectively. Cobalt oxide has a low decomposition temperature,
but there are concerns with the impact to health and the environment, so it is not considered as a suitable
oxide [14]. Manganese oxide has re-oxidation issues of a slow rate at low operating temperatures and
thermodynamic limitations at elevated temperatures [14]. As a result, it has not been investigated as
much as copper oxide [74]. So far, unmodified Mn203 used in CLOU has not been successfully
demonstrated. Compared to Mn-based materials, Cu-based carriers have a faster rate of oxygen

release [71], but the cost of Cu is greater than Mn. Some Mn ores showed small CLOU behavior (oxygen
release) [87].
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Figure 8. Equilibrium oxygen concentrations of CuO/Cu20 (—), Mn203/Mn3O4 (¢ *), and
C0304/CoO0 (- -) as a function of temperature [43].

A Cu-based carrier of 60%CuO with MgAl>O4 as a support (Cu60MgAL) was tested in a 1.5 KW
continuously-operating CLOU reactor using bituminous coal (Table 2) [43] and milled pine wood
chips [77]. This test demonstrated the proof of the concept CLOU process for coal combined with



Energies 2015, 8 10626

a Cu-based oxygen carrier. The major issue with CuO is the mechanical stability of the carrier during
continuous operation [59]. The stability decreased substantially after 40 h of continuously operation [73].
Defluidization is a potential issue with CuO. If it is operated for extended time in a fluidized bed it is
over-reduced to Cu, which has the low melting temperature of 1085 °C [48]. Melting of Cu at high
operating temperatures during CLOU may cause sintering and agglomeration of the oxygen carrier and
result in the particle size changing. Complete reduction of CuO to Cu may happen in the
reduction/oxidation cycles of CuO/Cu20 with gaseous fuel CH4 and air at 950 °C, especially when the
methane concentration is high [14]. In addition, small amounts of char on the particle formed during the
reduction step. Even if the deposited char is burned during the oxidation step, it may cause particle size
changes and lower the COz capture efficiency. Researchers should pay attention to char deposition and
agglomeration in addition to particle size changes.

Compared to the synthetic Cu-based oxygen carrier, natural cupper ore is attractive for coal CLOU
due to its low cost and rich reserves. Three natural cupper ores were investigated on cyclic oxygen
release and uptake using a TGA and a fluidized bed [30]. TGA results showed that all three ores have
high reactivity and cyclic stability. The cyclic study (20 cycles) of oxygen release (980 °C with COz)
and oxygen uptake (800 °C with air) were tested in the fluidized bed. All three ores showed the
agglomeration tendency after different cycles. The agglomeration is dependent on the Cu content in the
ore. The ore with low Cu content (5.82 wt % CuO) did not agglomerate while the one with higher Cu
content (63.25 wt % and 87.28 wt % CuO) had serious agglomerations. Using a low CuO content ore in
CLOU will require a very large solid recirculation rate and solid inventories which will result in some
problems in the reactor design and operation. Natural copper ore with moderate Cu content (44.39 wt %
CuO) in coal CLOU was studied from 900-950 °C in a batch fluidized bed [88]. The reaction rates of
oxygen release and uptake increased with the temperature. Slight sintering and agglomeration of the ore
were observed. Both of the fresh and used ore particles had CuO and CuFe2O4 as the main phase
composition from XRD analysis. The specific surface area of used ore decreased to 0.115 m*/g from the
fresh ore of 0.217 m?/g. This may be due to the slight sintering of the ore particles and the blocking of
pore by fly ash that generated from the coal combustion during the CLOU process. Future study is
needed to increasing the CuO content in the natural cupper ore and at the same time to avoid its sintering
and agglomeration problems.

To date, attention has focused on Cu-based and Mn-based materials mixed with Ca, Mg, Cu, Ni, Fe
or Si [47,48,57,58,89]. Ryden et al. reviewed combined oxides for CLOU [48]. The secondary metal
addition can enhance structural and/or thermodynamic properties compared to their parent oxides.
The re-oxidation of manganese oxide is improved with the addition secondary metals such as Fe, Ni,
Mg, and Ca by raising the operation temperature [49,90]. However, the addition secondary metals tend
to reduce the uncoupling capacity of Mn oxide [47,57,90]. Mixed Mn and Fe oxides are attractive based
on their availability and low cost from minerals (ores) and industrial by-products. Recently the mixed
oxides have been synthesized and tested mostly using gaseous fuels. As Mn content in the oxide
increases up to 33% the oxygen uncoupling increase to 2% between 800 and 1100 °C [91]. To optimize
the cost of the oxygen carrier in the CLOU process, a long life and/or a low cost of oxygen carrier are
considered and still a challenge [92].

The carbon capture efficiency of the CLOU process is dependent on the fuel reactor temperature.
From the 1.5 KW coal CLOU test, the carbon capture efficiency was 97% at 900 °C and 99.3% at
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960 °C [43]. This is due to the partial pressure of oxygen released from the Cu-based oxygen carrier,
which increases with increasing temperature (Figure 8) [43]. The outlet gas from the fuel reactor
contains mainly COz2, H20, and O2 when the oxygen release rate of the carrier is high enough to supply
an excess of gaseous oxygen. The gas and tar from pyrolysis are combusted by Oz (Figure 9). As a result,
no oxygen polishing is needed. The char oxidation process is much slower than devolatilization because
char oxidation is a heterogeneous reaction and devolatilization is a thermal decomposition reaction. Char
oxidation rates vary with coal/biomass type, temperature, char characteristics (size, surface area, etc.),
and oxidizer concentration [93]. On the other hand, char can also react with steam, COz, and Hz, but the
rates of these reactions are considerably slower than with oxygen. In the 1.5 kW coal CLOU test, N2 or
CO2 was used as a fluidizing gas. If the concentration of oxygen from the oxygen carrier is not high
enough for char oxidization, char gasification needs to be considered along with the heterogeneous
carbon oxidation [94]. Figure 10 shows the products of oxidation reactions as a function of oxygen to
coal ratio, for gasification and combustion of Illinois #6 coal [95]. Complete coal combustion takes place
at a 2.5 oxygen to coal (O/C) ratio. As a result, excess oxygen carrier is needed to completely combust
coal with a high oxygen release rate. Developing oxygen carriers for coal CLOU with a low cost and a
sufficient reaction rate for thousands of cycles is needed.

When coal is combusted by Oz, SO2 and NOx may be generated due to the sulphur and nitrogen
content in coal. Small amounts of SOz and NOx were detected in the outlet gas stream from the fuel
reactor in the 1.5 KW coal CLOU test [43]. The release of SO2 and NOx into the air causes environmental
problems. The sulfur contained in coal may reduce the oxygen carrier activity by poisoning the carrier.
The effect of sulfur on the oxygen carrier requires further study [4].

Uncoupling Combustion

Oxygen
Carrier P 0,(g3S) e CO,, H,0

PN
Gases /
(CO,H,,CH,,

CO,, H,0, etc.)

Primary Tar
(oxygenated-phenols, acid,
Coal primary organics,

condensable molecules)

Pyrolysis

Solid (char)

Figure 9. Coal reactions in the fuel reactor for CLOU.
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Figure 10. The products of oxidation reaction as a function of oxygen to coal ratio for
gasification and combustion of Illinois #6 coal with dry feeding [95].

5. Concluding Remarks

Chemical-looping technologies are some of the most promising CO:z capture technologies.
Chemical-looping is a cyclical oxygen transporting process using oxygen carriers and consists of a fuel
reactor, where the oxygen carrier reacts with fuel and an air reactor, where the reduced oxygen carriers
are oxidized. Coal chemical-looping (solid-solid reaction) is more complicated than gaseous fuels
(gas-solid reaction) due to complex coal properties. Coal is a heterogeneous material and consists of
organic matter (carbon, hydrogen, oxygen, nitrogen and sulfur) and mineral matter (ash). The mineral
matter/ash and sulfur may affect the activity of the oxygen carrier. Oxygen carriers are important in the
development of chemical-looping processes. It is important to develop oxygen carriers using low
cost materials which are adequate for different types of coal and chemical-looping processes.
Thermogravimetric analysis (TGA) has been widely used for the development of oxygen carriers and to
screen and characterize oxygen carriers at the lab scale. The reactivity and recyclability of oxygen
carriers may be tested using TGA. In large scale fluidized bed studies, TGA can be used for a comparison
of the oxygen carrier reactivity. Experimental results and kinetics of the oxygen carrier and solid fuel
from TGA can provide useful information for the design and operation of chemical-looping processes.

Two proposed direct solid fuel chemical-looping combustion processes are in-situ Gasification
Chemical-Looping Combustion (iG-CLC) and Chemical-Looping with Oxygen Uncoupling (CLOU).
Based on pilot scale tests, high reactor temperatures will have high CO2 capture efficiency for both
iG-CLC and CLOU. For large scale industrial applications of coal CLC, the availability of low cost
oxygen carriers is very important. Low cost oxygen carriers with sufficient reactivity for coal CLC are
preferred because of coal ash. For the coal iG-CLC process, natural minerals and industrial waste from
steel and alumina production have been commonly tested in pilot scales. Enhancing the char gasification
rate is a critical issue because char gasification is the rate limiting step in iG-CLC. COz and/or H20 as a
gasifying agent are often used to improve the rate of char conversion. Research on enhancing char
gasification under H2O and CO: for different types of coal is needed. Alkali metal salts can catalyze the
steam gasification. Various coals have different alkali metal content. A suitable selection of coal type or
mixture could enhance char gasification. Volatiles in the fuel reactor, under a reducing environment,
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may not be completely converted. As a result, research is needed to investigate volatile reactions under
chemical-looping conditions for coal with different volatile content. CLOU uses oxygen-carriers that
can release gaseous oxygen at high temperature and overcome the low reactivity of char gasification.
Volatiles can be completely combusted with excess oxygen released from the oxygen carrier. The coal
CLOU process was tested at the pilot scale using a Cu-based oxygen carrier. To fully convert the coal
(volatiles and char), excess oxygen is needed. Developing oxygen carriers for solid fuel CLOU with low
cost and sufficient reaction rate for thousands of cycles is needed. Additionally, the effect of SOz and
NOx generated from coal combustion requires further investigation.
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