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ARTICLE INFO ABSTRACT

For the concerns of global warming, there is an urgent need of green, low-cost, and sustainable ways for the
conversion and utilization of fossil energy. Holding the merit of inherent CO, separation during carbonaceous
fuel conversion, chemical looping technique is emerging as a perfect alternative to conventional fossil fuel
conversion processes. Central to this technique is the design of high-performance oxygen carriers and suitable
reactors that can efficiently realize the cyclic redox loop involved. To date, plenty kinds of (over 1200) oxygen
carriers have been screened, synthesized and investigated by different research groups worldwide. Dozens of
chemical looping reactors with thermal power ranged from kWy, to MWy, were also constructed and successfully
operated. All these help to support the commercial demonstration and even industrial application of this in-
novative fuel conversion and carbon capture technique.

The chemical looping related research at Huazhong University of Science & Technology (HUST) has ex-
perienced rapid development during the past 10 years, from rational synthesis of oxygen carrier to inter-con-
nected fluidized bed reactor design and operation. In this article, the development of tailor-made oxygen carriers
and active design of reactors at HUST is comprehensively reviewed and appraised, including the screening and
optimization of oxygen carriers, reduction kinetics of oxygen carriers with gaseous fuels, microcosmic level
understanding of the reaction mechanism in chemical looping via density functional theory (DFT) calculation,
rational design and controllable synthesis of a hierarchically-structured oxygen carrier, and negative effects of
pollutants (like sulfur and chlorides) on oxygen carriers. Moreover, experience gained from the design, macro
simulation and modeling as well as continuous operation of inter-connected fluidized bed reactors is also pro-
vided. Overall, more than 100 different oxygen carriers based on Fe-, Cu-, Mn-, Ni-, as well as mixed oxides and
natural ores, are systematically reviewed in terms of different chemical looping processes. The rational design
route of a representative CuO@TiO,-Al,O3 oxygen carrier is proposed from the bottom up, on the basis of DFT
calculation, molecular dynamic (MD) simulation, and detailed kinetics analysis. Over 300 h of continuous op-
eration experience of the inter-connected fluidized bed reactor contributes to the demonstration of this tech-
nique. Numerical simulation via commercial computational fluid dynamics (CFD) software further helped the
design, optimization, and scale-up of the reactor. In general, this review paper outlines the research route of
chemical looping at HUST in details, which is expected to provide useful reference and guidance for the relevant
readers.
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1. Introduction

With the growing demand of greener ways for fossil fuel conversion,
chemical looping techniques have been gaining increasing interests
around the world as an efficient way to generate clean energy and/or
value-added chemicals with near-zero carbon emission. (Adanez et al.,
2012; Adéanez et al., 2018) The basic principle behind chemical looping
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is utilizing a kind of solid intermediate to transfer energy and sub-
stances, splitting one reaction into two or more sub-reactions via iso-
lated steps or divided spaces, so as to achieve in situ separation of the
desired products. During the past three decades, chemical looping
processes have witnessed an extensive development in techniques in-
cluding chemical looping full oxidation (ie., chemical looping com-
bustion, CLC (Abad et al., 2015a; Bao et al., 2014a, b; Gu et al., 2015;
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Hossain and de Lasa, 2008; Ishida and Jin, 1994; Lyngfelt, 2014); in situ
gasification chemical looping combustion, iG-CLC (Abad et al., 2018;
Mendiara et al., 2012; Pérez-Vega et al., 2017); chemical looping with
oxygen uncoupling, CLOU (Abad et al., 2012a; Imtiaz et al., 2013;
Mattisson et al., 2009b)), chemical looping partial oxidation (also
known as chemical looping reforming, CLR) (Lu et al., 2018; Neal et al.,
2014; Ortiz et al., 2012; Tang et al., 2015; Zheng et al., 2017), chemical
looping air separation (CLAS) (Moghtaderi, 2009; Shah et al., 2012;
Wang et al., 2016d), chemical looping CO,/H,O splitting (He and Li,
2015; He et al., 2014; Ma et al., 2018c; Sun et al., 2019; Zhang et al.,
2017; Zhu et al., 2018b), and chemical looping selective oxidation
(Dudek et al., 2019; Neal et al., 2016; Tian et al., 2019; Yusuf et al.,
2017). Despite the varied desirable products of the aforementioned
chemical looping processes, they all involve the use of an oxygen carrier
(Me,O,) to supply lattice (or gaseous) oxygen instead of air.

Chemical looping technique is not limited to oxidation reactions
(Zeng et al., 2018), and if one replaces the oxygen carrier with CO,
carrier, nitrogen carrier or even sulfur carrier, a broad application, like
calcium looping (Qin et al., 2016; Sun et al., 2012), chemical looping
ammonia synthesis (Michalsky et al., 2015), and chemical looping de-
sulfurization (Brunet et al., 2005), can be achieved. Note that, all these
chemical looping processes require atmosphere-isolated but inter-
related sub-reactions to complete the transfer of energy and substances,
which can be achieved by particle circulation based inter-connected
reactors (Abad et al., 2015b; Bayham et al., 2013; Berguerand and
Lyngfelt, 2008b; Ge et al., 2016; Strohle et al., 2014), reaction atmo-
sphere switching based single/multiple paralleled reactors (Jin and
Ishida, 2002; Solunke and Veser, 2010; Wang et al., 2016d), or reactor
switching based rotating reactor. (Hakonsen and Blom, 2011; Hédkonsen
et al., 2014; Zhao et al., 2012a, b)

For the case of a typical CLC process, the used oxygen carriers are
usually transition metal oxides that are capable of withstanding re-
peated reduction and oxidation reactions under a cyclic redox scheme
(Adénez et al., 2004; Mattisson, 2013) In CLC, the first step is the re-
duction of the oxygen carrier with fuel in the fuel reactor (FR), which
generates a stream of CO, and H,0. The reduced oxygen carrier is then
transferred back to the air reactor (AR) to recuperate its oxygen car-
rying capacity by air oxidization, together with heat released to drive a
steam turbine for power generation. (Tong et al., 2014) As fuel is
converted in an air-free environment, there is no N, dilution of the
combustion products. (Ishida and Jin, 1996) Therefore, high-purity CO,
stream can be easily obtained after steam condensation of FR exhaust,
without the need of energy-intensive gas-gas separation process.
(Lyngfelt et al., 2001) Fig. 1 depicts a schematic view of the CLC pro-
cess, as well as the key reactions occur therein.

For solid fuel like coal, as the solid-solid contact between oxygen
carrier and coal was not favorable for fuel conversion in the fluidized-
bed reactor, the coal conversion rate and combustion efficiency were
thus limited to a certain extent. To resolve this issue, steam or CO, was
introduced as char gasification agent in the FR, running under the so-
called iG-CLC mode. Moreover, carbon stripper was configured to fur-
ther convert of the escaped char residue from FR.

For the coal-derived iG-CLC process, reactions in the FR can be
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described as:

Coal — Char + Volatiles (R1)
Char + H,0/CO, — CO + H, + Ash (R2)
Me,Oy+ CO,H,, Volatiles — MexOy.1+ CO,+H,0 (R3)

While in the AR, the reduced oxygen carrier regenerates itself by O,
(air) oxidation as:

Me,Oy.1+1/20, — Me,Oy (R4)

In order to overcome the low char gasification rate in the iG-CLC
process, an alternative process was proposed by Mattisson et al.
(2009b) for the conversion of solid fuels, known as chemical looping
with oxygen uncoupling (CLOU). In CLOU, the oxygen carrier used
should have the capability of releasing gaseous O, under certain con-
ditions of high temperature and suitable equilibrium O, partial pres-
sure. Therefore, the solid fuel can be directly converted by molecular
oxygen via combustion reactions in CLOU, so as to attain much faster
char conversion rate. (Mattisson et al., 2009a) The key step in CLOU is
the thermal decoupling of oxygen carrier, generating gaseous Ox:

Me,Oy — Me,Oy,+1/20, (R5)

Simultaneously, solid fuel undergoes devolatilization process at
high temperature to produce volatile matters and residual char,

Solid fuel — Char + Volatiles (R6)

The volatile matters and char will be further converted by gaseous
0., like in traditional fuel combustion processes,

Char +0, — CO, + ash (R7)

Volatiles +O, — CO, + H,0 (R8)

As can be anticipated, for the successful demonstration of chemical
looping processes, there are two key issues to be addressed. One is the
appropriate oxygen carrier, which should meet most of, if not all the
criteria (will be discussed in Section 2.1) required under the rigorous
cyclic redox process. The other is the suitable reactor. For the inter-
connected fluidized bed reactor, as adopted by HUST and widely in-
vestigated by many other groups (Cuadrat et al., 2011; Markstrom
et al., 2014; Shen et al., 2009b; Strohle et al., 2015), smooth solid
circulation within the whole system is pivotal to realize the cyclic redox
of oxygen carrier. The characteristics of different oxygen carriers should
be crucial to their activity in chemical looping, via chemical reaction
thermodynamics and physicochemical properties. While different con-
figurations of the reactor would certainly exert significant impact on
the overall performance of the whole reaction system.

This paper presents a comprehensive review on tailor-made oxygen
carriers and reactors for chemical looping processes developed at
Huazhong University of Science & Technology (HUST). For the review
on oxygen carriers, emphasis will be laid on the application of different
oxygen carriers to various chemical looping processes. The rational
synthesis route of a typical Cu-based oxygen carrier (CuO@TiO»-Al,03)
will be introduced in details. The reaction kinetics related to oxygen
carriers as well as the negative effects of pollutants (like S and Cl) will

Fuel Reactor (rl):

C,H, + (2m+n/2)Mex0y — mCO, + n/l2H,0 + (2m+n/2)MexOy_1
Air Reactor (r2):

Me,Oy; +% 0, —> Me,0,

Overall reaction (r1+r2):
H,+ (m+n/4)0, —> mCO,+ n/2H,0

Fig. 1. Schematic and key reactions of the CLC process.
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Fig. 2. Three different structures of the oxygen carrier precursor prepared by different synthesis methods (Mei et al., 2014).

also be reviewed. For the review on chemical looping reactors, ex-
perience on the design, construction, operation, and simulation of the
inter-connected fluidized bed reactor will be discussed.

2. Development of oxygen carriers
2.1. Property requirements of oxygen carrier

In chemical looping processes, the oxygen carrier circulates within
the inter-connected reaction system formed by the air reactor (AR) and
fuel reactor (FR), continuously providing active oxygen needed for fuel
conversion. Meanwhile, the oxygen carrier acts as a heat carrier,
transferring generally the heat generated in AR to FR and balancing the
heat difference within the whole reactor system. Therefore, the devel-
opment of oxygen carriers with robust physicochemical properties is
critical for the successful deployment of chemical looping processes.
Generally, the suitable oxygen carrier material should meet the fol-
lowing stringent criteria (Adanez et al., 2012): 1) high oxygen transport
capacity; 2) sufficient and regenerable redox reactivity; 3) high me-
chanical strength, low attrition rate, and thermal stability; 4) low cost
and environmentally benign; 5) resistance to coke and other con-
taminants (e.g., sulfur, ash, etc.). By now, over 1200 kinds of oxygen
carriers, including Fe- (Abad et al., 2007b; Bao et al., 2013c; Johansson
et al., 2004; Li et al., 2011; Shen et al., 2009b; Zhu et al., 2014), Cu-
(Adénez et al., 2006; Chuang et al., 2008; Gayan et al., 2012; Luis et al.,
2007; Xu et al., 2013; Zhou et al., 2015), Mn- (Abad et al., 2006;
Shulman et al., 2009, 2011; Zafar et al., 2007), Ni- (Gayan et al., 2008;
Linderholm et al., 2008; Mattisson et al., 2006; Shen et al., 2010a,
2009a), Co-based metal oxides (Li et al., 2008; Song et al., 2014; Zhang
et al., 2009), CaSO, (Shen et al., 2008; Song et al., 2008a, b; Tian et al.,
2010; Zheng et al., 2010), perovskite type materials (Galinsky et al.,
2015, 2016; He et al., 2013; Leion et al., 2009b; Sarshar et al., 2011;
Zhu et al., 2018a), and natural ores (Ma et al., 2019b; Matzen et al.,
2017; Strohle et al., 2015; Sundqvist et al., 2015; Wen et al., 2012; Xu
et al,, 2016), have been investigated by different research groups
worldwide. In this article, we mainly focus on oxygen carriers origi-
nated from Fe- and Cu-based materials, including both synthetic ones
and natural ores, as well as monometallic oxide and bimetallic oxides.
Moreover, results of other oxygen carriers based on Ni-, Mn-, and CaSO,4
were also briefly reviewed and commented.

2.2. Preparation methods

Pure metal oxides usually have poor thermal stability, which are not
capable of withstanding the severe cyclic redox reaction condition in
chemical looping processes if used as oxygen carriers alone. To address
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this issue, ceramic materials (generally inert phases) were usually used
to support the metal oxides (active phases). The introduction of support
material can on one hand enlarge the gas-solid reaction surface area by
dispersing the active phase on the support skeleton. On the other hand,
the mechanical strength and attrition resistance of the attained metal
oxide/support oxygen carrier system can be enhanced by the support.
Eventually, both the reactivity and thermal stability of the resulted
oxygen carrier are expected to improve to a certain degree. The most
commonly used supports in oxygen carrier preparation include Al,Os,
SiO,, TiO5, MgO, CuAl;04, MgAl,04, YSZ, ZrO,, bentonite, and cement
et al. As can be anticipated, the dispersing characteristic of the active
phase on the support skeleton, as well as the potential chemical reac-
tion between the active phase and support would affect the perfor-
mance of the oxygen carrier. Therefore, the oxygen carrier synthesis
method is of vital importance.

In general, the synthesis procedure of oxygen carrier consists of
three steps: 1) preparation of the precursor, 2) drying and sintering of
the obtained precursor, 3) grinding and sieving to attain fresh oxygen
carrier particles. For different synthesis methods, they mainly differ in
the precursors preparation step (the first step), while the last two steps
are generally the same. To date, different synthesis methods have been
investigated, e.g., mechanical mixing (MM), sol-gel (SG), sol-gel com-
bustion synthesis (SGCS), solid state reaction (SSR), wet impregnation
(IM), co-precipitation (CP), freeze granulation (FG), spray drying (SD),
hydrothermal synthesis (HS), and self-assembly template combustion
synthesis (SATCS) method, etc. Detailed procedures of aforementioned
synthesis methods have been introduced/summarized in previous
publications. (Guo et al., 2014; Xu et al., 2015; Zhao et al., 2014a) For
all these methods, particles with three different types of structure can
be attained in the precursor preparation step, as shown in Fig. 2. To be
more specific, depending on the preparation method, the structure of
the precursor can possess (Mei et al., 2014): (a) a uniform structure
with active and inert phases homogenously mixed at molecular level;
(b) a non-uniform distribution of active and inert phases; (c) a uniform
structure with active phase and inert phase distributed separately.

2.3. Applications of different oxygen carriers

Due to the varied chemical compositions and/or physical structure
of different oxygen carriers, their redox reactivity, thermal stability, as
well as mechanical strength can differ a lot in reaction. Additionally,
when turning to large-scale application, oxygen carrier cost is another
important aspect that should be carefully considered. In this sense, it is
necessary to adopt different oxygen carriers accordingly in different
chemical looping processes. For instance, Cu-based oxygen carriers,
which show high reactivity and oxygen uncoupling characteristic, are
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suitable for CLOU of solid fuels. Fe-based oxygen carriers, on the other
hand, are much cheaper but exhibit relatively lower reactivity, can be
applied to CLC of gaseous fuels or iG-CLC of coal (especially for the low-
rank coal that is easy to be gasified, lignite for example). In the fol-
lowing part, results of oxygen carriers tested or modeled in different
chemical looping processes at HUST will be comprehensively reviewed.

2.3.1. Synthetic Fe-based oxygen carriers

Due to the low cost, environmentally benign and moderate re-
activity, Fe-based oxygen carriers were considered to be promising for
commercial CLC application. Generally, the reduction of Fe,O3 with
fuel gas undergoes three different reduction stages (Fe;O; — Fe30y,
Fe30,4 — FeO, and FeO — Fe). But in CLC process, only the reduction
from Fe,O3 to Fe3O4 can be effectively utilized because of thermo-
dynamic limitation. More specifically, further reduction of Fe;0,4 to FeO
or Fe will result in the increase of equilibrium partial pressure of CO
and H, in flue gas, leading to decreased combustion efficiency and CO,
capture efficiency.

The sol-gel combustion synthesis (SGCS) method, which combined
the sol-gel technique with solution combustion synthesis, was proposed
to prepare the Fe,03/Al,03 oxygen carrier. (Wang et al., 2011b, d;
Wang et al., 2012a) Several characterization techniques, including
Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), X-ray diffraction (XRD), and N, isothermal adsorption/
desorption methods, were adopted to characterize the prepared Fe,03/
Al,O3 oxygen carrier. (Wang et al., 2011b) The results indicated that
the Fe;O3/Al,03 oxygen carrier prepared by the SGCS method was
superior in physicochemical properties. For further investigation, the
SGCS-derived Fe,03/Al1,05 oxygen carrier was tested with three Chi-
nese coals (PDS bituminous coal, LPS lean coal, and YQ anthracite) in
TGA. (Wang et al., 2011d) In comparison to the baseline results
(without oxygen carrier), the reaction between Fe,03/Al,03 and coal
underwent three stages at temperatures higher than 200 °C, ascribed to
the partial pyrolysis of coal at low temperature, primary reaction and
secondary reaction stages of Fe,O3 with coal pyrolysis products.

The physicochemical characteristics (including mechanical
strength, microstructure, crystalline phase, and reactivity towards H,)
of Fe,03/Al,03, as prepared by different methods, were investigated
and compared. (Zhao et al., 2014a) As shown in Fig. 3, XRD results
indicated very similar crystalline phase of the Fe,03/Al,03 oxygen
carriers prepared by different synthesis methods, despite the slight
difference in phase intensity. Nevertheless, different preparation
methods did significantly affect the activity of the resulted oxygen
carriers. Among them, Fe;03/Al,03 prepared by the freeze granulation
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Fig. 3. XRD patterns of Fe,O3/Al,05 oxygen carriers prepared by different
methods (Zhao et al., 2014a).
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Fig. 4. Comparison of the bed inventory required for different oxygen carriers
at varied char conversion. Data from published works (Abad et al., 2012b;
Jerndal et al., 2011; Leion et al., 2007; Mei et al., 2014) and the reaction
temperature is 900 °C.

method showed the highest H, conversion rate and followed by the sol-
gel method. The homogeneous morphological structure attained by the
freeze granulation method was believed to be the main reason of the
superior activity.

The sol-gel derived Fe,03/Al,03 oxygen carrier was evaluated in iG-
CLC process, using lignite (from Xiaolongtan, China) as fuel and steam
as gasification agent. (Mei et al., 2014) Steam content was found to
exert little impact on the conversion of volatiles, while significantly
promoted the gasification of lignite char. The overall conversion rate of
lignite in FR was limited by the char gasification process, which could
be enhanced by operating at higher temperatures. Moreover, a higher
solid inventory in FR was generally beneficial to attaining higher char
conversion efficiency. As shown in Fig. 4, when compared with litera-
ture results, the sol-gel derived Fe,03/Al1,03 oxygen carrier enabled an
extremely low solid inventory of 600 kg/MWy, in FR to achieve 99 %
char combustion at 900 °C. High sintering resistance and physical sta-
bility of the oxygen carrier were also observed, which all together in-
dicated that the sol-gel derived Fe;03/Al,03 is highly promising in iG-
CLC process.

Fe,03/Al,0; oxygen carrier prepared by the co-precipitation
method was further applied to chemical looping dechlorination of
plastic waste, aiming to achieve in-situ inhibition of dioxins. (Wang and
Zhao, 2015) High dechlorination efficiency can be achieved when
Fe,03/Al,03 was decorated by CaO. The effects of different CaO dec-
oration method (mechanical mixing, wet impregnation, or co-pre-
cipitation), CaO loading ratio (5—15wt.%), and reaction temperature
(850—925 °C) on the dechlorination performance of the oxygen carrier
were investigated in a batch fluidized reactor. It turned out that 5 wt.%
of CaO promotion onto the Fe;03/Al,03 via wet impregnation could
achieve the highest dechlorination efficiency. A higher reaction tem-
perature was generally beneficial for dechlorination but would lead to
more severe carbon deposition at the surface of the oxygen carrier and
thus lower combustion efficiency. Environmental scanning electron
microscope coupled with energy dispersive X-ray (ESEM-EDX) analysis
indicated Cl accumulation at the surface of the cycled particles, re-
sulting in gradually decreased dechlorination efficiency. Nevertheless,
diluted hydrochloric acid solution was found to be effective to refresh
the cycled oxygen carrier by eliminating these hydrosoluble Ca and Cl
from the surface, and this was confirmed by ESEM-EDX analysis. As a
follow up, the feasibility of using chemical looping concept for in-situ
inhibition of polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) was further evaluated by investigating the distribution of 17
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Fig. 5. PCDD/Fs formation and inhibition mechanisms in iG-CLC of plastic
waste. (Zhao and Wang, 2018).

toxic PCDD/Fs congeners as well as their formation and inhibition
mechanism in iG-CLC of plastic waste. (Zhao and Wang, 2018) In
comparison to conventional air incineration process, iG-CLC of plastic
waste with CaO-decorated Fe,03/Al,03 as oxygen carrier was found to
be able to reduce the total amount and toxic equivalency of PCDD/Fs by
94 % and 89, respectively. To be more specific, the inhibition me-
chanisms of PCDD/Fs in iG-CLC process were revealed and summarized,
as shown in Fig. 5: 1) the O,-free environment in CLC process sig-
nificantly inhibits the de novo synthesis of PCDD/Fs; 2) lower Cl, for-
mation (due to the limitation of Deacon reaction in O,-free condition)
and the suppressed precursor conversion as well as de novo synthesis of
PCDD/Fs due to the dechlorination capability of the CaO-decorated
Fe,03/Al,05 oxygen carrier. Chlorine substitution modelling was also
conducted, which reproduced the experimental results well and further
demonstrated that the chlorine substitution probabilities for the for-
mation of 7 toxic PCDDs congeners and 10 toxic PCDFs congeners were
indeed significantly decreased in iG-CLC process.

Most of the synthetic oxygen carriers studied in literatures were
prepared in lab-scale. However, considering the large amount of oxygen
carrier requirement in commercial chemical looping reactors, oxygen
carrier production in large-scale is more desirable from both efficiency
and economy standpoints. Several potential large-scale production
methods, including freeze granulation, spray drying, impregnation, and
mechanical mixing have been investigated (Guo et al., 2014) To eval-
uate the pros and cons of different preparation methods, the synthesis
of Fe;03/Al,03 oxygen carrier was adopted for comparison, mainly
focused on the productivity, production cycle, physicochemical char-
acteristic, and reactivity towards lignite. As shown in Table 1, the
Fe,03/Al,03 oxygen carrier prepared by the freeze granulation method
exhibits high productivity, high crushing strength, and low attrition
rate. Further tests of this oxygen carrier in a batch fluidized bed reactor
with lignite as fuel showed the highest carbon conversion rate, which
suggested that the freeze granulation method would be appropriate for

Table 1
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large-scale oxygen carrier production. Nevertheless, we should note
here that spray drying is the most commonly used method for large-
scale oxygen carrier production, which might indicate that the spray
drying procedure adopted in this work needs further optimization.

Different synthetic Fe-based oxygen carriers reviewed above are
summarized in Table 2. As it can be seen, most of these oxygen carriers
were prepared with Al,Os3 as inert support, and were adopted either in
CLC or iG-CLC process. TGA and batch fluidized bed reactor were
generally used for oxygen carrier activity evaluation, using gaseous
and/or solid fuels as reactants. Among different preparation methods,
Fe,03/Al,03 synthesized via the sol-gel method was proved to exhibit
the highest activity, and it has been demonstrated to be a promising
oxygen carrier for application in iG-CLC of low rank coal.

2.3.2. Synthetic Cu-based oxygen carriers

Due to the capability of releasing gaseous O, at high temperature
and appropriate O, partial pressure, Cu-based oxygen carriers were
suitable for the conversion of solid fuels, like coal, petroleum coke, and
biomass. Nevertheless, the easy-to-sintering issue of CuO at high tem-
perature should be resolved before application in chemical looping
processes. CuAl,04, which shows merits of high melting point, thermal
stability, and corrosion resistance, was verified to be an appropriate
support for CuO. (Mei et al., 2013b) On the other side, CuAl,04 was
also demonstrated as a promising oxygen carrier for CLC of gaseous
fuels. (Arjmand et al., 2012) The oxygen release capability as well as
the reactivity towards three Chinese coals with different ranks (lignite,
bituminous, and anthracite) of a sol-gel-derived CuO/CuAl,O4 oxygen
carrier was studied in a batch fluidized bed reactor. The effects of coal
rank and reaction temperature on the CLOU performance were ana-
lyzed. Generally, higher carbon conversion rate can be achieved for the
lower rank coal, and the conversion rate of higher rank coal were more
sensitive to the increase of reaction temperature. Almost complete
conversion can be achieved for all the three coals, and no carbon de-
position occurred to the used oxygen carrier. Nevertheless, slight sin-
tering issue occurred when lignite was used as fuel.

Well-organized TGA tests were then conducted to illustrate the re-
levance of gas-solid reaction and oxygen uncoupling of the CuO/
CuAl,0, oxygen carrier with gaseous fuels. (Mei et al., 2015a) Cyclic
oxygen release and uptake tests indicated that CuO was able to fully
decompose into Cu,0 in N, and then regenerate back to CuO in air, but
the decomposition process of CuAl,O4 was very slow and the sub-
sequent regeneration step was difficult to complete. When using the
CuO/CuAl,04 oxygen carrier for gaseous fuels, the reaction mode, ei-
ther CLOU or CLC dominated, can be distinguished by the concentra-
tion of fuel gas. As shown in Fig. 6, for the conversion of H,, a critical
value of 1 vol.% was observed: when the H, concentration was lower
than 1 vol.%, oxygen decoupling of the oxygen carrier was more sig-
nificant than the gas-solid reaction of CuO with Hj, thus in the CLOU
reaction mode; when it was higher than 1 vol.%, the reaction between
CuO and H, was the dominant reaction and therefore processed in the
CLC mode.

The CuO/CuAl,04 oxygen carrier was further tested in chemical
looping gasification (CLG) of biomass for syngas production, which
showed advantages of high carbon conversion, low CoH,, yield, and tar
removal. (Zhao et al., 2015) However, due to the high reactivity of
CuO/CuAl,0, oxygen carrier, large proportion of CO, was produced in

Productivity, production cycle, and physical properties of the Fe;03/Al,03 oxygen carriers prepared by different methods. (Guo et al., 2014).

Preparation method Productivity Production cycle Surface area Crushing strength Attrition index
x (%) T (h) (m*g™") N) Ka (%)

Freeze granulation 38.62 37 1.99 51 = 0.3 5.1

Spray drying 15.52 20 1.93 2.7 £ 0.1 8.0

Impregnation 40.63 29 1.59 1.9 + 0.2 17.4

Mechanical mixing 32.12 39 2.03 1.5 = 0.2 12.7
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Table 2
Summary of synthetic Fe-based oxygen carriers for chemical looping.

Fe,O3 content  Support material Preparation method Application  Facility Reacting agent Ref.

(wt.%)

61.1 Al,O3 SGCS CLC TGFTIR  H,, O, (Wang et al., 2011b)

80 Al,03 SGCS CLC TG-FTIR Coals, Oy (Wang et al., 2011d)

80 Al,03 SGCS CLC TG-FTIR Anthracite, O, (Wang et al., 2012a)

60 Al,O3 SG, CP, SSR, HS, MM, CS, FG CLC TGA H,, O, (Zhao et al., 2014a)

60 Al,03 SG iG-CLC b-FB Lignite, O, (Mei et al., 2014)

60 Al,03, (CaO/Na,0/K,0) CP CLC, TGA, b-FB  HCl-containing synthesis gas, medical plastic (Wang and Zhao,

2 iG-CLC waste, Oy 2015)
60 Al,03, CP iG-CLC b-FB Medical plastic waste, Oz (Zhao and Wang,
(Ca0) * 2018)

60 Al,05 FG, SD, MM, IM CLC b-FB Lignite, O, (Guo et al., 2014)
Notes: @ dopant; b-FB, batch fluidized bed reactor.
the reforming process, thus degraded the value of the reforming gas
products to a certain degree. Nevertheless, the generation of CO,, < = CuO/MgAI204 ﬂ
which was attributed to the full oxidation reaction between CuO and i = CuO/CuAl204 // 3.99
reducing gases, was exothermic; while the biomass reforming process '§ — Cu0O/zZrO2 ﬁ
was endothermic. In this regard, auto-thermal operation can be po- E = CuO/TiO2 AE = 3-4:1/ _
tentially achieved once the reactions in the FR of CLG were properly < = 34
tuned. Further work to optimize the experimental condition as well as 5 2.25 FS
the oxygen carrier composition is essential to improve the syngas se- 2 221 : Ve /v
lectivity. g 209 ZEEEEENN

The effect of different supports (TiO,, ZrO», CuAl,04, and MgAl,O4) = 1.78 7, 7
on the performance of Cu-based oxygen carrier was investigated via = /,/’:’ © TS
DFT calculation, thermo-mechanical analysis (TMA), and isothermal &
oxygen decoupling test in TGA. (Zhao et al., 2017) DFT calculation 0 ﬂ
_—

indicated that CuO/MgAl,0O, was the most sintering-resistant, followed
by CuO/ZrO,, CuO/CuAl,04, and CuO/TiO,. The calculation results
agreed well with the experimental values (glass transition temperature,
which could be an indicator of the sintering resistance of solid material)
measured by TMA. The energy barriers for the oxygen release and ad-
sorption stages of CuO/MgAl,04, CuO/CuAl,0,4, CuO/ZrO,, and CuO/
TiO, are shown in Fig. 7. As it can be seen, CuO/TiO, shows the lowest
energy barriers in both oxygen formation and desorption steps among
the four Cu-based oxygen carriers. To sum up, TiO, was the most
promising inert support for CuO from reactivity standpoint, but not the
case in sintering resistance.

To improve the anti-sintering property of the CuO/TiO, oxygen
carrier, Al,O3 was further added to TiO, to form a composite inert
support, i.e., TiO»-Al,O3. Using the SATCS method, core-shell struc-
tured CuO@TiO,-Al,03 oxygen carrier (with 77.5 wt.% CuO, 17.5 wt.%
Al,03, and 5wt.% TiO,) was prepared. (Xu et al., 2015) During the
synthesis, the support material was selected based on DFT calculation
and the particle size of the inert material was optimized according to
the Zener pinning theory. The aggregation between Al,03 and TiO, to

IS S1 - O, formation

Fig. 7. Potential energy profiles of the oxygen release process for CuO/
MgAl,04, CuO/CuAl,04, CuO/ZrO,, and CuO/TiO, oxygen carriers, corre-
sponding energy barriers for O, formation and O, desorption steps. (Zhao et al.,
2017).

form core (Al;O3)-shell (TiO,) template was driven by the van der
Waals attractive and electrostatic attractive forces spontaneously. Po-
pulation Balance Monte Carlo (PBMC) simulation was also employed to
directly track the complicated multicomponent aggregation, including
hetero-aggregation (nano-TiO, coating on the surface of micro-Al,03)
and homo-aggregation (Al,03-Al;,03, TiO,-TiO5) in aqueous suspen-
sions. (Zhao et al., 2019) PBMC simulation can help to understand the
competitive mechanisms of particle-particle interactions and then ra-
tionalize the oxygen carrier preparation parameters (e.g., pH value and
ionic strength), so as to attain the Al,O3@TiO, core-shell micro-
architecture with a good coverage efficiency and a moderate shell
thickness. Fig. 8 gives a schematic view of the synthesis procedure of
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Fig. 6. Effect of H, concentration on the reaction mode of CuO/CuAl,O, oxygen carrier in chemical looping.

Reaction temperature: 950 °C. (Mei et al., 2015a).
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the SATCS method. Generally, the synthesis process can be divided into
four sub-steps: I) Calculated amount of pm-Al,0; and nm-TiO, were
evenly dispersed in deionized water at 80 °C and the pH value of the
suspension was adjusted to 6; II) Urea (CO(NH.)») and copper nitrate
trihydrate (Cu(NO3)5:3H,0) were added into the slurry sequentially to
form a gel-like precursor; III) The wet gel was dried in an oven over-
night and then ignited in a muffle furnace; IV) Finally, the as-burned
precursor was calcined at 950 °C for 2h to obtain the oxygen carrier
product. More details of the preparation process can be found else-
where. (Tian et al., 2017b, 2018b; Xu et al., 2015) Note that, the nm-
TiO, particles used was prepared by flame synthesis technique in lab
(Xu et al., 2015, 2017), and more details of the synthesis process will be
introduced in Part 2.4. Additionally, the SATCS method was praised for
its zero NOy emission during the combustion synthesis process, attri-
buting to the reaction of R9. In this sense, green synthesis of the
CuO@TiO,-Al,03 oxygen carrier from nitrate precursors was realized.

3Cu(NO;3),+5CO(NH,), — 3Cu0+5CO+10H,0+8N, (R9)

Performance of the CuO@TiO,-Al,03 oxygen carrier was evaluated
for different applications under the context of chemical looping. (Tian
et al., 2017b, 2018b; Xu et al., 2015) The oxygen carrying capacity,
cyclic oxygen release and uptake characteristics, and reactivity towards
CH, were first investigated. (Xu et al., 2015) Oxygen decoupling tests at
900 °C showed an oxygen release rate of up to 0.37 g O,/(g oxygen
carrier) per min, which was 11 and 18 times higher than those of CuO/
Al,03 (80 wt.% CuO, at 950°C) (Imtiaz et al., 2014) and CuO/TiO,
(50 wt.% CuO at 900°C) (Clayton and Whitty, 2014), respectively.
According to SEM and XRD analyses of both fresh and used samples, the
TiO5-Al,03 composite inert support was found to be superior in two
aspects: on the one hand, the addition of Al,O3 increased the sintering
resistance of the resulted oxygen carrier; on the other hand, the pre-
sence of nm-TiO, on the surface of Al,O3 suppressed the direct contact
between CuO and Al,03, thus limited the formation of CuAl,O,4 spinel.
These also explained the high reactivity and physical stability of the
CuO@TiO,-Al,03 oxygen carrier.

CLOU characteristic of the CuO@TiO,-Al,03 oxygen carrier with
coal was then investigated in a batch fluidized bed reactor. (Tian et al.,
2017b) During the 20 redox cycles with GP anthracite as fuel, com-
bustion efficiency of up to 97.2 % was achieved. XRD analysis of the
cycled samples indicated no CuAl,O4 spinel phase formation, and
porous surface morphology of the particle was well preserved according
to SEM results.

Considering the high oxygen capacity as well as the fast oxygen
release rate, further application of the CuO@TiO,-Al,O3 oxygen carrier
to CLAS was demonstrated in a paralleled fluidized bed reactor. (Tian
et al., 2018b) H,0/CO, was used as the carrier gas during the O,

(G)]
Fig. 8. A schematic view of the synthesis procedure of the CuO@TiO,-Al,O3 oxygen carrier via the SATCS method. (Xu et al., 2015).

decoupling step, and air was introduced to recuperate the reduced
oxygen carrier. During 10h of continuous running, stable 0,/CO,
stream with O, concentration in the range of 19.7-27.6 vol.% (steam
free basis) was attained and no obvious activity degradation occurred
(as shown in Fig. 9). For the case of 100 g of oxygen carrier inventory in
each reactor, an average O, production rate of 3.34 X 10~7 mol/s per
gram oxygen carrier was achieved, which was higher than literature
results under similar operation condition. (Wang et al., 2016d) Note
that, the O, concentration in the outlet gas flow was adjustable by
changing the H,O/CO, ratio in the inlet gas, and pure O, could be at-
tained if only steam was used as the carrier gas.

Table 3 summarizes the application of different synthetic Cu-based
oxygen carriers in chemical looping processes. Among them, the
CuO@TiO,-Al,03 oxygen carrier prepared by the SATCS method was
highly reactive towards both gaseous fuel and coal. Moreover, the su-
perior oxygen decoupling and regeneration properties made it very
promising for O, production.

2.3.3. Synthetic bimetallic oxygen carriers

Usually, single-phase metal oxide is difficult to meet all the criteria
required by an oxygen carrier. For example, Fe-based oxygen carriers
are generally cheap and non-toxic, but they show relatively low activity
towards solid fuels. Cu-based oxygen carriers, on the other hand, ex-
hibit oxygen uncoupling ability and high activity, yet are prone to
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Fig. 9. Continuous 0,/CO, stream (steam free basis) production with
CuO@TiO»-Al,03 as oxygen carrier at 950 °C in the paralleled fluidized bed
reactor. (Tian et al., 2018b).
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Table 3

Summary of synthetic Cu-based oxygen carriers for chemical looping.
CuO content Support material Preparation method Application Facility Reacting agent Ref.
(wt.%)
60 CuAl,04 SG CLOU b-FB Coals, O, (Mei et al., 2013b)
21.9 CuAl,04 SG CLC, CLOU TGA H,, CHy, O, (Mei et al., 2015a)
60 CuAl,0,4 SG CLR b-FB Pine sawdust, O, (Zhao et al., 2015)
77.5 TiO,-Al,03 SATCS CLC, CLOU TGA, b-FB H,, CHy, O, (Xu et al., 2015)
77.5 TiO5-Al;03 SATCS CLC, CLOU TGA, b-FB H,, Coal, O, (Tian et al., 2017b)
77.5 TiO,-ALO5 SATCS CLAS TGA, p-FB H,0/CO,, O, (Tian et al., 2018b)

Notes: b-FB, batch fluidized bed reactor; p-FB, paralleled fluidized bed reactor.

sintering and agglomeration at elevated temperature. To resolve this
contradiction, researchers came up with the idea of using mixed oxides
as oxygen carrier. The main objective of using bimetallic oxide rather
than single-phase metal oxide is to integrate the merits of different
metal oxides, so as to enhance the overall reaction performance of the
resulted oxygen carrier. Investigations on bimetallic oxygen carriers
were conducted either by mixing different metal oxides mechanically or
by forming bimetallic compound in a single particle.

CuFe,04 was proposed as a novel oxygen carrier for CLC of coal
(Wang et al., 2011c) By integrating the Cu and Fe cations into one oxide
matrix, CuFe,O4 was expected to show superior physiochemical char-
acteristics over CuO or Fe,O3. TG-FTIR was used to investigate the re-
action of CuFe,04 with two Chinese coals (LPS sub-bituminous and YQ
anthracite), and satisfying performance of the bimetallic oxygen carrier
was indeed attained. The results demonstrated two reaction stages for
LPS coal, at 300 —600 °C and 600 — 850 °C, respectively; while only one
distinct reaction stage was observed for the reaction with YQ coal, at
above 600 °C. The difference could be mainly attributed to the different
volatile contents of the two coals. At temperatures higher than 800 °C,
CuFe,04 would decompose into CuFeO, and then Cu,O, releasing O at
the same time, which was beneficial to the conversion of char and
combustible gases. Thermodynamic simulation results showed that iron
silicates would form by side reactions between coal ash and the reduced
CuFe,0y, leading to insufficient regeneration capability of the reduced
CuFe,0,. Therefore, effective ash separation is critical in CLC of coal.
Subsequently, performance of the CuFe,O,4 oxygen carrier with a high-
sulfur petroleum coke (JS) was evaluated. (Wang et al., 2013a) It was
found that the reactivity of CuFe,O4 with JS coke was comparable to
that of CuO. Physicochemical characterizations, including SEM-EDX
and XRD, indicated that CuFe,O,4 was mainly reduced to Cu and Fe;0,
in the reaction, as also being verified by thermodynamic simulation
results. For the organic sulfur in JS coke, over 90 % of which reacted
with CuFe,04 and formed solid Cu,S. Side reaction products, like Cu,S,
Fe,SiO4 and FeSiOs, should be responsible for the incomplete conver-
sion of JS coke.

Furthermore, mixed CuO/Fe,O3; oxygen carrier was proposed for
CLG of biomass. (Niu et al., 2018) By using the sol-gel combustion
synthesis method, bimetallic Cu-Fe oxides with different CuO/Fe,03
molar ratios were prepared. TGA tests with sawdust as feedstock were
first conducted to evaluate the reforming performance of the bimetallic
Cu-Fe oxygen carriers. As indicated, a higher CuO loading ratio was
generally beneficial to achieving superior activity towards sawdust. The
CuO/Fe,03 molar ratio was optimized by further tests in a batch flui-
dized bed reactor, and the optimum value was attained as 1:1, based on
the comprehensive consideration of gas product distribution, syngas
yield, carbon conversion, and tar yield. Moreover, the effects of reac-
tion temperature, steam to biomass ratio (S/B), and oxygen carrier to
biomass ratio (O/B) were systematically investigated, using the Cu5Fe5
(molar ratio of CuO/Fe,0O3 equaled to 1) as oxygen carrier. The most
promising result was attained under the condition of 800°C, S/
B = 0.75, and O/B = 0.2.

Chemical looping was proved to be a promising way for tar removal
in biomass treatment. (Lind et al., 2011) In the follow up work, the tar

generated in the sawdust-derived CLG process was measured and
quantified by Gas Chromatography-Mass Spectrometer (GC-MS). (Tian
et al., 2018a) The tests were conducted in a batch fluidized bed reactor,
using Cu5Fe5 as oxygen carrier and operated at the optimal experi-
mental conditions attained in previous work. (Niu et al., 2018) It was
found that the molar weight of compounds in tar were mostly around
200. The Cu content in the Cu-Fe bimetallic oxygen carrier was bene-
ficial to decreasing the yield of small molecular compounds, while the
Fe content could promote the decomposition of large molecular com-
pounds.

Besides CuFe,0,, several other bimetallic oxygen carriers, including
NiFe,;O4, MnFe,0,4, and CoFe,04, were also investigated. (Wang et al.,
2014a, b; Wang et al., 2012b) All these samples were synthesized via
the sol-gel combustion synthesis method and tested either with a high-
sulfur coal (from Liuzhi, China, LZ) or with H, in TGA. Several char-
acterization methods, including FTIR, SEM-EDX, and XRD were
adopted to investigate the sulfur fate as well as the effect of sulfur
compounds on oxygen carrier. TG-FTIR analysis indicated two stages of
the reaction between LZ coal and NiFe,O4 oxygen -carrier, at
350—550°C and 800—900 °C, respectively. Moreover, much higher
oxygen transfer rate was attained by NiFe,O4 in comparison to directly
mixed NiO/Fe,O3 oxygen carrier during the reaction with LZ coal. The
evolution of SO, was mainly ascribed to the oxidation of H,S by
NiFe,O, at temperatures higher than 550 °C. Thermodynamic simula-
tion and XRD characterization results showed that the main reduction
products of NiFe,O, were Ni and Fe304. NisS, resulted from side re-
action was also observed, yet complete regeneration of the reduced
NiFe,O, oxygen carrier could still be attained.

More recently, CaO/Fe;03 (calcium ferrite) was adopted as oxygen
carrier in CLG of coal/char for syngas production. (Wang et al., 2019)
In the batch fluidized bed tests with SL lignite as feedstock, the molar
ratio of CaO to Fe,Oj3 in the calcium ferrite oxygen carrier was varied
from 0:1 to 0.7:0.3 for optimization. It turned out that the highest Hy/
CO ratio and syngas yield were attained as 4.6 and 1.4 Nm®/kg coal,
respectively, when the CaO/Fe,0O3 was 0.5:0.5. Ca,Fe,O5 was found to
be a catalytic substance in the oxygen carrier, and its catalytic effect
became prominent at the later stage of coal conversion when the lattice
oxygen donation capability of oxygen carrier decreased.

As shown in Table 4, performance of different synthetic bimetallic
oxygen carriers was summarized and compared. As it can be seen, all
these bimetallic oxygen carriers were prepared by the sol-gel combus-
tion synthesis method, and tested with solid fuels (coal, biomass or
petroleum coke). The CuO/Fe,03 oxygen carrier was found to be fea-
sible in both CLC and CLG processes.

2.3.4. Natural ore oxygen carriers

For the conversion of solid fuels, reactivity degradation of the
oxygen carrier by contaminants (like sulfur compounds) as well as the
potential loss of solid particles from oxygen carrier/ash separation
process will increase the operational cost to some extent. In this sense,
for commercial application, it is necessary to use an oxygen carrier that
is both economy feasible and reactivity sufficient. Due to the low cost,
abundant reserves and moderate reactivity, increasing interests are
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Table 4
Summary of synthetic bimetallic oxygen carriers for chemical looping.
Metal oxide 1 (wt.%) Metal oxide 2 (wt.%) Preparation method Application Facility Reacting agent Ref.
CuFe,04 (100) - SGCS CLC TG-FTIR Coals, O, (Wang et al., 2011c)
CuFe,04 (100) - SGCS CLC TGA Petroleum coke, O, (Wang et al., 2013a)
CuO (33.3) Fe,03 (66.6) SGCS CLG TGA, b-FB Pine sawdust, O, (Niu et al., 2018; Tian et al., 2018a)
CaO (0-70) Fe,03 (30-100) M CLG b-FB Coal/char, Oy (Wang et al., 2019)
NiFe,04 (100) - SGCS CLC TG-FTIR Coal, O, (Wang et al., 2014b)
MnFe,0,4 (100) - SGCS CLC TG-FTIR Coal, O, (Wang et al., 2014a)
CoFe,04 (100) - SGCS CLC TG-FTIR Coal, O, (Wang et al., 2012b)

Fig. 10. SEM-EDX images of cross-cut 6CuHem particles: (a) fresh and (b) after
29 redox cycles. (Yang et al., 2014).

being shown on natural mineral materials as oxygen carriers.

2.3.4.1. Iron ore. Iron ore has been widely adopted as oxygen carrier in
CLC. (Gu et al., 2012; Leion et al., 2009a; Linderholm and Schmitz,
2016; Mendiara et al., 2013; Xiao et al., 2010) Generally, the used iron
ore oxygen carriers in chemical looping were mainly originated from
ilmenite and hematite. [lmenite, with the main active phase of Fe,TiOs,
has been extensively investigated as oxygen carrier by many groups,
and promising results were attained (Abad et al., 2011; Adanez et al.,
2010; Bao et al., 2013a). The iron ore oxygen carrier investigated at
HUST was hematite, which contained Fe,;Os as the active component.
Due to the different origins, the properties of different kinds of hematite
may vary a lot, which would eventually affect their performance in
reaction. Two kinds of hematite, originated from Australia (AH) and
China (CH), respectively, were comparatively studied in a batch
fluidized bed reactor within the temperature range of 900 —1000 °C.
(Ma et al., 2017a) Two low-rank coals, Victorian brown coal from
Australia and Inner Mongolia lignite from China, were used as solid
fuels. Either CO,/N, or H,O/N, was used as the fluidization agent
during the reduction stage. The results showed that the CH oxygen
carrier (contained 65.9 wt.% of Fe,03) exhibited much higher reactivity
than that of AH oxygen carrier (contained 91.6 wt.% of Fe,O3) under
the same experimental condition. In this sense, the amount of active
phase in hematite was not the only determinant for oxygen carrier
activity. The inert phases in hematite were found to be helpful to
maintaining the porous structure of the oxygen carrier. BET analysis of
both fresh and used AH and CH samples indicated larger surface area of
CH than that of AH, which might explain the superior reactivity of CH
over AH.

In addition, performance of the CH oxygen carrier was further
evaluated in a 5 kWy, inter-connected fluidized bed reactor (Ma et al.,
2015a, b), using CH, and coal as fuels. For the test fueled with CH4 (Ma
et al., 2015b), over 100 h of continuous running was achieved, with the
thermal power input in the range of 1.0-1.5 kW, During the con-
tinuous operation, the CH4 conversion achieved the highest of 81.4 % at
1000 °C. SEM characterization indicated that no sintering issue oc-
curred to the used hematite particles. The same batch of hematite was
also continuously tested with coal in the 5 kWy, CLC reactor. (Ma et al.,
2015a) CO,/N, was used as the fluidization gas as well as gasification
agent during the reduction stage, running in the iG-CLC mode. The
highest coal combustion efficiency was achieved as 96.3 %, while the

CO,, capture efficiency ranged between 72.8 and 89.4 %. No obvious
ash deposition or coke was observed at the surface of the tested sam-
ples.

Even though iron ore exhibits satisfying reactivity in CLC, it still has
much space for improvement. Foreign ion introduction was proved to
be a good way for reactivity promotion of the raw iron ore. Cu-deco-
rated hematite, prepared by the wet impregnation method, was used as
oxygen carrier for iG-CLC of coal. (Yang et al., 2014) The effects of Cu
loading ratio (3 —10 wt.%), temperature (850 — 950 °C), oxygen to fuel
ratio (1.0-3.0), and coal type (SH bituminous coal and GP anthracite)
on the CLC performance of the Cu-decorated hematite were in-
vestigated. It turned out that the hematite with 6 wt.% of Cu decoration
(6CuHem for short) showed the highest activity towards coal gasifica-
tion products. Complete and fast coal conversion was achieved at
temperatures higher than 900 °C. The increase of oxygen to fuel ratio
was found to be beneficial for higher carbon conversion and coal
combustion efficiency. As shown in Fig. 10, SEM-EDX analysis illu-
strated a Cu-rich shell at the surface of the fresh Cu-decorated hematite
particles. However, this Cu-rich shell almost disappeared after 29 redox
cycles, due to the surface abrasion and inward migration of Cu cation
into the particle. The particle surface abrasion was confirmed by the
decreased Cu/Fe ratio of the used sample in comparison to the fresh one
(0.089 vs. 0.11), and the inward Cu migration was verified by the
higher Cu/Fe ratio inside the used particle than that inside the fresh one
(0.14 vs. 0.094). Nevertheless, the change of surface Cu content did not
seem to affect the activity of the oxygen carrier significantly, as in-
dicated by the stable carbon conversion rate attained in multiple redox
cycles.

CaO-decorated iron ore was adopted as oxygen carrier for CLC of
plastic waste, which turned out to be an ideal approach for in situ de-
chlorination in plastic waste treatment. (Wang and Zhao, 2016) For the
investigation, HCl-containing synthesis gas (1vol.% HCI, 21.9vol.%
CO, 5.9vo0l.% CHy, 12.7 vol.% H,, 7.8 vol.% CO,, and 50.7 vol.% N,)
was used as a model gaseous fuel. Different decoration methods (wet
impregnation or ultrasonic impregnation) and CaO loading ratios were
compared. The results indicated that the iron ore decorated by 5 wt.%
of CaO via ultrasonic impregnation method could attain the highest
dechlorination efficiency. Then, iG-CLC test of plastic waste with the
CaO-decorated iron ore oxygen carrier was conducted in a batch flui-
dized bed reactor at different oxygen to fuel ratios. It was found that a
higher oxygen to fuel ratio was generally beneficial for a higher com-
bustion efficiency. Moreover, when the oxygen to fuel ratio was 2.5, the
adverse effect of CaO decoration on the combustion efficiency of plastic
waste could be effectively mitigated.

Up to now, iG-CLC of plastic waste has only been demonstrated in
the batch fluidized bed reactor. To better simulate the practical op-
eration, while avoiding the complexity of running an inter-connected
fluidized bed reactor, a semi-continuously operated fluidized bed re-
actor was designed and operated. (Ma et al., 2019¢) As noted, the
proposed semi-continuously operated fluidized bed reactor only simu-
lated the fuel reactor of the real iG-CLC system, as shown in Fig. 11.
Iron ore promoted by 5wt.% of CaO via the ultrasonic impregnation
method was chosen as the oxygen carrier. Before formal tests, the re-
levance of bed inventory to gas flow rate, as well as the relationship
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between the oxygen carrier feeding rate and overflow rate were mea-
sured and calibrated. For the formal iG-CLC tests with plastic waste, an
accumulative operation of over 10 h was attained. During the opera-
tion, a mixture of 5vol.% H,O and 95vol.% N, was used as the flui-
dization gas, and the thermal power input was 150 Wy,. The results
showed that both the CO, yield and carbon conversion could reach
nearly 95 %, with the combustion efficiency of 98 % attained at 900 °C.
Additionally, the suppressing effect on chlorobenzene formation of the
CaO-decorated iron ore oxygen carrier was further demonstrated in the
semi-continuously operated fluidized bed reactor, at the expense of
slightly decreased activity in comparison to the raw iron ore.

2.3.4.2. Copper ore. Copper ore has been extensively studied as oxygen
carrier for CLOU of solid fuels. (Wang et al., 2015; Zhao et al., 2014b)
The as-purchased copper ores usually have low Cu content and are not
suitable for chemical looping application. Therefore, the original
copper ore should go through a sulfidation process, changing copper
oxides in the original ore to copper sulfides and hence improving the
surface hydrophobicity. To eliminate the sulfur content as well as to
improve its physical strength, the received copper ore was first calcined
at 500 °C for 5h and then at 1000 °C for 10h in an air atmosphere
muffle furnace. After calcination, the active phases in the copper ore
were 21.04wt.% CuO and 70.05wt.% CuFe,O, The effects of
temperature on the oxygen release (900 —1000 °C) and oxygen uptake
(600—950 °C) rates of the copper ore were first studied in a batch
fluidized bed reactor. (Zhao et al., 2014b) Generally, both the oxygen
release and uptake rates of copper ore increased along with the reaction
temperature. Fig. 12 shows the O, decoupling characteristic of copper
ore at five different temperatures. Two distinct peaks were observed at
all temperature conditions, with a small peak occurred during the first
50 s and then followed by a major peak. As indicated by XRD analyses
together with the calculated theoretical oxygen capacity of copper ore,
the first peak was attributed to the decoupling of CuO and the second
peak was resulted from the decoupling of both CuO and CuFe,O,.
Furthermore, CLOU characteristics of the copper ore with GP anthracite
were investigated. Several key influencing factors, like reaction
temperature, fluidization rate, oxygen carrier to fuel ratio, coal
particle size, and steam concentration were systematically evaluated.
Under the optimal experimental condition, high combustion efficiency
(> 95 %) and CO, yield (> 0.96) were attained. Moreover, stable
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Fig. 12. The O, decoupling behavior of copper ore oxygen carrier at different
temperatures. (Zhao et al., 2014b).

reactivity of the copper ore oxygen carrier was achieved during the
subsequent cyclic redox test.

To further examine the fuel adaptability of copper ore, CLOU tests
with three coals of different ranks (GP anthracite, FG bituminous, and
SL lignite) were conducted. (Wang et al., 2015) For the three coals, both
increasing the reaction temperature and decreasing coal rank were
beneficial for carbon conversion. The rate-limiting step in coal-derived
CLOU process was found to be the conversion of coal char with low-
concentration of O, in the case of excessive oxygen carrier, and the
limiting effect was more obvious for higher-rank coals. Introducing
steam or CO, as gasification agent could increase the instantaneous
char conversion rate by as much as 50 % for the GP anthracite. Pro-
mising as it was, sintering issue still occurred at 950 °C when using SL
lignite as fuel.

In addition, copper ore was also applied to CLG of sawdust for
syngas production. (Guo et al., 2015) Temperature programmed reac-
tion was first conducted in TGA to investigate the role of oxygen carrier
in sawdust pyrolysis process. The presence of copper ore could greatly
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enhance the conversion of sawdust when compared to silica sand. In a
batch-fluidized bed reactor, effects of different solid materials (copper
ore, hematite, or silica sand) on the biomass conversion and gas pro-
ducts distribution were investigated. In comparison to silica sand and
hematite, both the biomass conversion and CO, production (from side
combustion reactions) increased when using copper ore as solid in-
ventory. CO, formation degraded the value of the produced syngas to
some extent, yet partial full oxidation of syngas in the reforming pro-
cess can generate in situ heat to balance the endothermic reforming
reactions therein, which was beneficial for auto-thermal operation.
Note that, the tar content decreased significantly in the presence of
oxygen carrier, which was 22.15 g/Nm? for silica, while were 11.76 g/
Nm?® and 10.18 g/Nm? for hematite and copper ore, respectively. These
results indicated that copper ore and hematite may catalyze the de-
composition of tar and eventually achieve tar reduction in the biomass
gasification process.

As noted above, the sintering issue of copper ore limits its appli-
cation at high temperatures in CLOU. (Wang et al., 2015) In order to
increase the sintering-resistance of copper ore, calcium aluminate ce-
ment was adopted as inert support via the wet mechanical mixing
method. (Tian et al., 2015) The cement loading ratio was found to be
critical for the performance of the resulted oxygen carrier particle: high
cement loading ratio was generally beneficial to attaining high physical
strength of the oxygen carrier but would eventually decrease the
oxygen capacity and degrade the porous structure by pore blocking.
TGA tests with synthesis gas (25vol.% H, + 35vo0l.% CO + 40 vol.%
CO,) indicated that 20 wt.% of cement addition was the optimum value.
Further batch fluidized bed test with SL lignite as fuel at 950 °C de-
monstrated the superior reactivity and sintering resistance of the 20 wt.
% of cement decorated copper ore oxygen carrier (denoted as Cu-C-20).
As shown in Fig. 13, the peak value of the carbon conversion rate at-
tained at the 10th cycle for Cu-C-20 was 0.042 s, while it was 0.019 s
for pure copper ore, at 950 °C. Moreover, the cycled copper ore ag-
glomerated seriously, yet no obvious sintering phenomenon occurred to
the Cu-C-20 sample. Preliminary economic analysis on the raw material
costs further indicated the feasibility of using cement decorated copper
ore as oxygen carrier in the coal-derived CLOU process.

2.3.4.3. Mixed ores. Considering that hematite is cheap and
environmentally benign but less active, while copper ore is more
active but suffers from sintering and agglomeration issues at high
temperature, mechanically mixed copper ore and hematite was thus
proposed as binary oxides oxygen carrier. (Yang et al., 2015)
Synergistic effect between copper ore and hematite was observed in
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Fig. 13. Carbon conversion rate vs. carbon conversion in coal-derived CLOU
process with copper ore and Cu-C-20 as oxygen carriers at different cycles. Fuel:
SL lignite; temperature: 950 °C. (Tian et al., 2015).
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Fig. 14. DTA signals of pure copper ore, pure hematite and 2Cu8Hem oxygen
carriers in TGA with synthesis gas as fuel (1 min) and air as oxidizing agent
(3min) during 4 redox cycles. Reaction temperature: 950 °C. (Yang et al.,
2015).

TGA tests with synthesis gas (25vol.% H, + 35vo0l.% CO + 40 vol.%
CO.,) as fuel. The optimum copper ore mixing ratio was attained in the
range of 10—20wt.%, based on the consideration of reactivity,
stability, and copper ore utilization efficiency. The synergistic effect
achieved between copper ore and hematite was explained in two
aspects: 1) dispersion of copper ore in hematite alleviated the
sintering issue of copper ore at high temperature, thus improved the
available oxygen amount of copper ore in reaction; 2) interaction
between Fe,O3; and CuO led to the formation of CuFe,O,4 which
exhibited higher oxygen carrying capacity than that of Fe,O3 and
CuO with the same mass. Moreover, as shown in Fig. 14, the reaction of
synthesis gas with copper ore was exothermic, while it was endothermic
with hematite. Thermal neutral was eventually achieved when the
copper ore ratio was 20 wt.% in the mixed ore oxygen carrier (denoted
as 2Cu8Hem), which was beneficial for auto-thermal operation in the
FR.

However, as the copper ore and hematite particles were physically
mixed, segregation phenomenon may occur to the particles in fluidized
bed reactor due to their different densities. Further improvement of the
mixed copper ore and hematite oxygen carrier was realized by using
cement as binding medium. (Tian et al., 2017c) Waste fine powders of
copper ore and hematite (smaller than 0.1 mm, not fluidizable in the
CLC reactor) were reused by cement bonding (20 wt.% of cement
loading ratio, as optimized in previous work (Tian et al., 2015)). Dif-
ferent from the physical mixing method used before (Yang et al., 2015),
cement binding led to the coexistence of hematite and copper ore in one
particle. In this case, particle segregation issue in fluidization was re-
solved. Consequently, much higher carbon conversion rate was attained
when using the same coal (GP anthracite) as fuel under similar reaction
condition. Moreover, thermal neutrality was also attained within an
oxygen carrier particle when reacting with synthesis gas (simulated
coal gasification products).

As it can be seen from Table 5, different types of iron ore and copper
ore, foreign ion decorated iron ore, and ore mixtures have been com-
prehensively investigated for various chemical looping applications. To
summarize, the biggest advantage of natural ore material is the low-
cost, which is thus highly promising for industrial-scale application.

2.3.5. Other oxygen carriers

As reviewed above, most of the oxygen carriers discussed were Fe-
and Cu-based materials developed at HUST. In this section, a brief in-
troduction of several other kinds of oxygen carriers studied by the same
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Table 5
Summary of natural ore oxygen carriers for chemical looping.
Material Active phase (wt.%) Application  Facility Reacting agent Ref.
Hematite Fe,05 (91.6); iG-CLC b-FB, i-FB  CHy, Coals, O, (Ma et al. 2017a, 2015a,b)
Fe,05 (65.9)
CuO decorated hematite Fe,05 (81.9), iG-CLC b-FB Coals, Oy (Yang et al., 2014)
(6% CuO doping)
CaO decorated hematite Fe,05 (81.9), iG-CLC b-FB Perfusion tube, O, (Wang and Zhao, 2016)
(5-15wt.% CaO doping)
CaO decorated hematite Fe,05 (81.9), iG-CLC sc-FB Perfusion tube, O, (Ma et al., 2019¢)
(5wt.% CaO doping)
Copper ore CuO (21), CuFe,04 (70) CLOU b-FB Coals O, (Wang et al., 2015; Zhao et al., 2014b)
Copper ore CuO (21), CuFe;0, (70) CLR TGA, b-FB  Pine sawdust, O, (Guo et al., 2015)
Cement decorated copper ore CuO (16.8), CuFe,04 (56) CLOU TGA, b-FB  Synthesis gas, coal, O, (Tian et al., 2015)
Physically mixed copper ore and iron ore  CuO (4.2), Fe,O3 (65.6), CuFe,O4 (14) CLC TGA, b-FB  Synthesis gas, (Yang et al., 2015)
coal, O,
Cement bonded copper ore and hematite = CuO (3.4), Fe;03 (52.5), CuFe,0, (11.2) iG-CLC TGA, b-FB  Synthesis gas, (Tian et al., 2017c)
coals, O,

Notes: i-FB, inter-connected fluidized bed reactor; sc-FB, semi-continuously operated fluidized bed reactor.

group will be compiled, including Ni-, Mn-, and CaSO4-based materials.

Using Al(OC3H;); and Ni(NO3), as raw materials, NiO/NiAl,O4
oxygen carrier was prepared by the sol-gel method. (Zhao et al., 2008a,
b) The NiO content, sintering temperature, and sintering time were first
optimized by characterizing the resulted NiO/NiAl,O4 oxygen carrier
via BET, SEM, and XRD. (Zhao et al., 2008a) The results indicated that
the oxygen carrier with 60 wt.% of NiO, at a sintering temperature of
1300 °C and a sintering time of 6 h showed the most promising physi-
cochemical properties. Cyclic tests of the optimized NiO/NiAl,O4
oxygen carrier with CH, in TGA demonstrated its physical and chemical
stability under the redox reaction context. Further test of the same NiO/
NiAl,0,4 oxygen carrier was conducted in TGA with coal char as fuel.
(Zhao et al., 2008b) Temperature programmed reaction results showed
that NiO/NiAl,O, started to directly react with coal char rapidly when
the temperature reached 850 °C. The reactivity stability of the oxygen
carrier was further confirmed by cyclic test with H,. ESEM character-
ization indicated that porous structure of the cycled sample was well
maintained and XRD analysis demonstrated its phase stability.

A thermodynamic simulation was conducted to investigate the
sulfur behavior in the CLC process using CaSO, as oxygen carrier and
coal-derived synthesis gas as fuel. (Wang et al., 2011a) It was found that
at the low temperature range (100 —400 °C), the main sulfur species
was H,S. When increased the temperature to a higher range
(400—915°C), CaS and CO, were generated via the reaction between
CaS04 and H,/CO. Further increase of the reaction temperature to over
915 °C would lead to the decrease of CaS percentage, due to the side
reaction between CaS and CaSO,. Considering the low reactivity and
sulfur emission from side reactions of CaSO4, a kind of CaSO4-CuO
mixed material was prepared via the combined template and sol-gel
combustion synthesis method. (Wang et al., 2017) The mixed oxygen
carrier was found to be able to greatly enhance the activity towards YN
lignite in comparison to single CaSO, or CuO oxygen carrier. DTA
analysis of the reaction between YN lignite and CaSO4-CuO oxygen
carrier indicated an overall exothermic characteristic, which was ben-
eficial to attaining auto-thermal operation. Moreover, FTIR analysis of
the gaseous products and XRD characterization of the solid products
showed that the gaseous sulfur species generated from side reactions of

CaS0,4 were effectively suppressed by Cu,S formation.

In collaboration with C.S.I.C. researchers, four different manganese
minerals were tested as oxygen carriers in the CLC process. (Mei et al.,
2015b, 2016) XRD results indicated that the main crystalline phases of
the calcined manganese minerals were Mn,03, Mn30,4, Fe,O3, and inert
SiO,. However, Mn,0O3 cannot be fully regenerated by air after reduc-
tion. With this in mind, TGA tests were first conducted to determine the
stable phases of the manganese minerals under redox condition. The
results indicated that only the redox pairs of Mn30,/MnO and Fe,O3/
Fe304 can be utilized under the CLC context, and no obvious CLOU
property was observed for all the four manganese minerals. Cyclic test
of the manganese minerals in a batch fluidized bed reactor showed a
decrease of activity towards CH, at the first 10 cycles, but stable re-
activity was attained afterwards and well-maintained till the end of the
test. Structure change of the used samples was observed, due to the
transition of mesopores to macropores inside the particles. (Mei et al.,
2015b) The feasibility of applying the above four manganese minerals
to coal-derived CLC process was then investigated in a batch fluidized
bed reactor. (Mei et al., 2016) When compared with the iron ore tested
in continuous CLC units under similar condition, much higher in-
stantaneous char gasification rate was attained for all the manganese
minerals, mainly due to the existence of K, Na, and Ca contents which
could catalyze the char gasification. For the most reactive manganese
mineral, the CO, capture efficiency that can be reached in the con-
tinuous CLC unit with a carbon stripper system was calculated. The
calculation results indicated that 99 % CO, capture efficiency could be
attained with solid inventory as low as 300 kg/MW, at 1000 °C.

Table 6 gives a brief summary of several other kinds of oxygen
carrier that were investigated. As it can be seen, in comparison to Fe-
and Cu-based oxygen carriers, these materials have not been ex-
tensively studied. Nevertheless, the preliminary results attained in-
dicated that they could be promising oxygen carriers in CLC and de-
served further investigation.

2.3.6. Comparison of different oxygen carriers
Table 7 gathers and compares several oxygen carrier representatives
for chemical looping processes. As it can be seen, the sol-gel derived

Table 6
Several other kinds of oxygen carrier for chemical looping.
Material Active phase (wt.%) Preparation method Application Facility Reacting agent Ref.
NiO/NiAl,0, NiO (60) SG CLC TGA Coal, CH,, O, (Zhao et al., 2008a, b)
CaS0O4-CuO CaS04 (60); SGCS CLC TGA Coal, O, (Wang et al., 2017)
CuO (40)
Manganese ores Mn30, (65.6-71.8); Fe,03 (5.2-18.6) - CLC b-FB Coal, O, (Mei et al., 2015b, 2016)
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Table 7
Comparison of different oxygen carriers for various chemical looping applications.
Oxygen carrier Active phase (wt. Application Fuel type Performance Ref.
%)
Fe,03/Al1,03 Fe,05 (60) iG-CLC Coal Low solid inventory of 600 kg/MWth to achieve 99% char (Mei et al., 2014)
conversion at 900 °C
CuO/CuAl,04 CuO (60) CLR Pine sawdust  54.9% increase in carbon conversion and 67% decrease in tar (Zhao et al., 2015)
CuAl,0, (40) yield in comparison to direct pyrolysis at 800 °C
CuO@TiO,-Al,03 CuO (77.5) CLOU H,, coal Coal combustion efficiency between 97.2-98.3% within 20 cycles (Tian et al., 2017b)
at 900 °C
CuO@TiO,-Al,03 CuO (77.5) CLAS - Average O, production rate of 3.34 X 10”7 mol O,/s per gram (Tian et al., 2018b)
oxygen carrier at 950 °C during 10 h run
CuO/Fe;03 CuO (33.3) CLG Pine sawdust ~ Gas yield of 1.16 Nm>/kg and tar yield of 7.5 g/kg compared to ~ (Niu et al., 2018; Tian
Fe,05 (66.6) 0.76 Nm®/kg and 14.55 g/kg in thermal blank at 800 °C et al., 2018a)
Hematite Fe,03 (81.9) iG-CLC CHy, coal 81.3% CH, conversion (CH,); above 0.85 CO, yield and above (Ma et al., 2015a, b)
73.5% combustion efficiency (coal)
Copper ore CuO (21) CLOU Coal High combustion efficiency above 96% and CO, yield above 0.95 (Zhao et al., 2014b)
CuFe,04 (70)
CuO decorated CuO (6) iG-CLC Coals CO,, yield of 0.94 for SH and 0.98 for GP (Yang et al., 2014)
hematite Fe,05 (77)
Physically mixed copper ore and CuO (4.2) CLC Syngas, coal ~ Average reduction rate of 0.77 x 10" s with syngas; 0.79 CO,  (Yang et al., 2015)
hematite Fe,03 (65.6) yield with GP
CuFe,04 (14)
Cement bonded copper ore and  CuO (3.4) iG-CLC Syngas, coals CO, yield of over 0.94; maximum carbon conversion rate of 0.024 (Tian et al., 2017c)

hematite Fe,03 (52.5)

CuFe;04 (11.2)

s with lignite

Fe;03/Al,03 oxygen carrier was highly reactive for iG-CLC of lignite
(Mei et al., 2014), which showed much higher char gasification rate in
comparison to several other Fe-based materials. (Abad et al., 2012b;
Jerndal et al., 2011; Leion et al., 2007) Calculation results based on the
reaction data attained in batch fluidized bed tests indicated typical low
solid inventory (600kg/MWth) for the sol-gel derived Fe,O3/Al,03
oxygen carrier to achieve 99 % char conversion at 900 °C. Chemical
looping auto-thermal gasification/reforming of biomass was demon-
strated by the CuO/CuAl,0, oxygen carrier. (Zhao et al., 2015) Biomass
gasification/reforming tests in a batch fluidized bed reactor showed a
high carbon conversion of 95.6 % and low tar yield of 7.29 g/Nm? for
this oxygen carrier in comparison to 62.3 % carbon conversion and
22.15 g/Nm? tar yield attained in thermal blank. Synergistic reactivity
was observed for the bimetallic CuO/Fe,O3 oxygen carrier in CLG of
pine sawdust (Niu et al., 2018; Tian et al., 2018a), which showed a
significant increase in syngas yield when compared with thermal blank
as well as pure CuO or Fe,O3 oxygen carrier. The Cu content was found
to be beneficial for the decomposition of small molecular compounds
while the Fe content could decrease the formation of large molecular
compounds in tar. The hierarchically structured CuO@TiO,-Al,03
oxygen carrier prepared by the SATCS method exhibited both high
activity and superior physicochemical stability in the CLOU and CLAS
processes. (Tian et al., 2017b, 2018b) For the reaction of CuO@TiO,-
Al,0O3 with coal in a batch fluidized bed reactor, combustion efficiency
was maintained at around 97.8 % at 900 °C during 20 cycles. Con-
tinuous O,/CO, stream production in a paralleled fluidized bed reactor
was also demonstrated by applying this oxygen carrier to the CLAS
process. During 10 h of continuous running at 950 °C, an average O,
production rate of 3.34 X 10”7 mol O,/s per gram oxygen carrier was
attained.

For the copper ore and iron ore, reactivity promotion was achieved
via foreign ions introduction or using ore mixtures. Copper decoration
(6 wt.% CuO) of hematite was found to increase the coal combustion
efficiency by 7.5 percentage points in comparison to pure hematite in
the iG-CLC process at 900 °C. Inward diffusion of Cu cation into the
particle was observed for the cycled oxygen carriers via SEM-EDX
analysis, which was beneficial to the oxygen carrier from the standpoint
of sintering resistance. (Yang et al., 2014) Cement bonded fine hematite
and copper ore particles was proved to be a promising way for fine ore
powders reutilization. (Tian et al., 2017c) Synergistic reactivity be-
tween copper ore and iron ore was greatly improved after cement
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addition in comparison to physically mixed copper ore and iron ore.
(Yang et al., 2015) Moreover, the cement content could help to attain
high sintering resistance of the resulted oxygen carrier, at much lower
cost than traditional inert supports. (Tian et al., 2015)

Although a wide variety of OCs have been assessed by us as well as
numerous colleagues, there are at least two issues that need to be re-
solved urgently. The first issue is to acquire sufficient cheap, en-
vironmentally friendly, durable, and reactive (as highly as possible) OC
particles. Natural ore or industrial waste (i.e., red mud) can meet these
requirements except for reactivity. A composite of varied ores or wastes
(e.g., physically mixed iron ore and copper ore, cement bonded fine
hematite and copper ore particle) could attain higher reactivity and
better overall performance. Large-scale preparation of these OC parti-
cles (from chemical reagent, or natural ore, or industrial waste, or
hybrid) is of uppermost priority. The second issue is to achieve optimal
matching between various oxygen carriers and multifarious fuels
(especially solid fuels) for gaining the compromise between cost and
efficiency of the chemical looping process. This is because one oxygen
carrier may perform well only for limited fuels. For example, the iron-
based OC will suit for the easily-gasified lignite, biomass or plastic
waste to attain quite high combustion efficiency. Copper-based OC, on
the other hand, as an oxygen uncoupling material (although more ex-
pensive than the iron-based OC) may be advantageous on the whole
when combusting the difficultly-gasified anthracite or petroleum coke.
Nevertheless, this issue becomes more complicated when a variety of
reaction mode and reactor configuration are considered. This is because
the chemical looping performance of a specific fuel using a specific OC
will undoubtedly be dependent on reaction atmosphere.

2.4. Microcosmic-level understanding and rational synthesis of oxygen
carrier

Previously, investigations on the performance of oxygen carrier in
chemical looping processes were mainly conducted by experiments.
Generally, after the synthesis of the oxygen carrier, TGA or fluidized
bed reactor tests would be conducted to evaluate its reactivity and
redox stability, either with gaseous fuels or solid fuels. Then, physico-
chemical characterizations would be used to illustrate the possible
changes, e.g., crystalline phase, surface morphology, of the oxygen
carrier before and after reaction. The “trial and error” method has been
the main research route for the development of oxygen carriers in
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literatures. Even though this method was widely adopted, it was blind
to some extent, which was not capable for the rational design of oxygen
carrier. In Section 2.3.2, the synthesis and applications of the
CuO@TiO,-Al,03 oxygen carrier in different chemical looping pro-
cesses has been briefly introduced. In this section, we highlighted the
rational design of CuO@TiO,-Al,O3 oxygen carrier, step by step, which
demonstrated how to effectively design an oxygen carrier with desir-
able properties from the bottom up.

The rational design of Cu-based oxygen carrier was started with an
in-depth understanding of the influencing factors on the oxygen de-
coupling property as well as the interactions between active phase and
inert support. DFT calculation was conducted to investigate the oxygen
decoupling mechanism of Cu-based oxygen carriers as well as the effect
of inert supports, at an atomic and molecular level. (Zhang et al., 2015;
Zhao et al., 2017) The main objective of conducting DFT calculations
was trying to reveal the basic factors that affected the sintering re-
sistance and activity of the oxygen carrier: a higher adsorption energy
of CuO on the support is beneficial to sintering resistance, and a lower
energy barrier of the oxygen decoupling process favors the oxygen
carrier activity.

The most probable oxygen decoupling pathways of CuO (1 1 1)
surface at different stages, ie., O, formation, O, desorption, and O
anion diffusion in slab, were investigated. (Zhang et al., 2015) As
schematically shown in Fig. 15, the formation (S1) and desorption (S2)
of O, created O vacancies at the CuO surface, which facilitated the
migration of the O onion from the subsurface to the surface (S3). DFT
calculation results indicated that the O, formation and O, desorption
steps were the rate-limiting steps for the oxygen release of CuO, with
the energy barriers of 3.0 eV and 2.7 eV, respectively. This was further
verified by CuO decoupling experiments in TGA. As known, CuAl,O4
can also release gaseous O, at high temperature. But different from
CuO, the O anion diffusion step was significantly endothermic for the
decomposition of CuAl,O4, with an energy barrier of 2.53 eV (com-
pared to 0.88 eV for CuO), indicating that all the three steps are rate-
limiting for the decoupling of CuAl,0,4. Therefore, much higher tem-
perature was required for the CuAl,O, decomposition than that of CuO,
as also supported by TGA results.

The effects of CuAl,O, support on the reactivity and sintering re-
sistance of CuO were also investigated. It was found that the Al sites at
the surface of CuAl,0, were critical to suppress the sintering of CuO. To
be more specific, the adsorption energies of the Cu,04 nanoclusters at
the surface of CuAl,0O4 and pure CuO were -4.25eV and -2.92 €V, re-
spectively, which explained the high sintering resistance of the CuO/
CuAl,04 oxygen carrier. The influence of CuAl,O4 support on the ac-
tivity of CuO was also significant. Due to the electron redistribution
within the CuO nanocluster (caused by the support), the O, desorption
step turned to be the only rate-limiting step for the CuO/CuAl,O4
system. Even though such electron redistribution was not good for the
activity of CuO, suitable content of CuAl,O,4 support was still necessary
to prevent CuO sintering.

S2\ 02
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CuO 02 )g3

Fig. 15. Oxygen release mechanism of CuO. Arrows indicate the moving di-
rection of different species. (Zhang et al., 2015).
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As indicated by DFT calculation results, the introduction of inert
support was not conducive to the oxygen release of CuO. Among the
four commonly used inert supports in literatures, ie., TiO,, ZrO,,
CuAl,04, and MgAl,04, TiO, was found to exert the minimum negative
effect on the oxygen decoupling performance of CuO. (Zhao et al.,
2017) Nevertheless, TiO, showed inferior sintering resistance when
compared with the other three inert supports. The particle sintering
process is essentially solid-state diffusion driven by the decrease of
grain surface energy. Detailed understanding of the sintering me-
chanism of CuO nanograins within the particle, as well as the interac-
tions between CuO and inert support materials (TiO,, ZrO,, and SiO5)
were also revealed by molecular dynamics (MD) simulation. (Zhao
et al., 2018) It was found that the pure CuO nanograin with smaller
diameter or at higher temperature tended to be more amorphous. The
neck growth between two CuO nanograins was the joint effect of sur-
face diffusion and grain boundary diffusion. Among the three compo-
sites oxygen carriers (CuO supported by TiO,, ZrO,, or SiO,), the
highest sintering resistance was attained by CuO/ZrO,.

Moreover, the sintering resistance of CuO can be regulated by ad-
justing the particle size of inert support. To theoretically understand the
sintering behavior of CuO, Zener pinning theory was adopted to study
the CuO grain radius growth kinetics at high temperatures. According
to the Zener pinning theory, the largest CuO grain radius (Rmax) during
the CuO sintering process is proportional to the support particle size (r),
and inversely proportional to the fraction of support material (f). (Xu
et al., 2015) In this sense, small support particle size can inhibit CuO
grain growth, thus suppress CuO sintering. Therefore, nano TiO, par-
ticle was selected as support for CuO. However, nm-TiO, is much more
expensive when compared with the commonly used inert support, like
Al,05. While on the other hand, chemical reaction between Al,O5; and
CuO at high temperature (forming CuAl,O, spinel) would degrade the
oxygen carrying capacity of the oxygen carrier to some extent. With this
in mind, a composite material with hierarchical structure as inert
support was proposed, where nm-TiO, in the outer layer was used as
minor support and cheap um-Al,O3 in the inner layer as main support.

Note that, the nm-TiO, particles were prepared by flame synthesis
method in lab. Fig. 16 shows a schematic view of the gas flame
synthesis facility. N, (carrier gas), TiCly vapor (TiO, precursor), CHy4
(fuel gas), and O, (oxidant) were feed into a four-concentric tube
burner, from center to the outside. The co-flow diffusion CH, flame
created a controllable and stable high-temperature region for the
synthesis of nm-TiO,. The nm-TiO, products with different proportions
of anatase phase and rutile phase were customizable, and particles in a
size range of 10 —50 nm were attained.

Self-assembly template combustion synthesis method was adopted

CH;+2 0, —2H,0 (g) + CO,

TiCl; (g) + O; — TiO, (s) +2 Cl,

nm-TiO,
filter collector

Induced fan

TiCl, vaporizer

Exhaust gas absorber

CH,4

Fig. 16. Flame synthesis of rutile nm-TiO,. (Xu et al., 2015).
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Fig. 17. Rational design route of the CutO@TiO,-Al,03 oxygen carrier.

to obtain the CuO@TiO,-Al,03 oxygen carrier with hierarchical struc-
ture. The challenge here was how to effectively and homogeneously
coat nm-TiO, onto the surface of pm-Al,O3. According to the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory, the thermodynamic interac-
tions between two particles in suspension liquid mainly include van der
Waals attractive and electric double layer repulsive (or attractive) po-
tentials. By adjusting the pH value of the suspension liquid, the zeta
potential of particles can be regulated. It was found that when the pH
value was 6, the zeta potential difference between nm-TiO, and pm-
Al,O3 reached the largest. At this point, TiO5 nanoparticles can coat on
the surface of Al,O3 spontaneously and uniformly, attaining the hier-
archical structure. The Cu-based oxygen carrier with the proposed
Al,05-TiO, support have been extensively tested in chemical looping
processes, which proved to have both high activity and high sintering
resistance.

Fig. 17 summarizes the rational design route of the CuO@TiO,-
Al,O3 oxygen carrier. As can be seen, DFT calculation was employed to
reveal the reaction pathway and effect of inert support, MD simulation
was adopted to investigate the sintering mechanism of CuO nanograins,
and the Zener pinning theory was used to optimize the particle size of
inert support. Then, nm-TiO, was prepared by flame synthesis method
and core-shell TiO»-Al,O3; template was attained in light of DLVO
theory. Finally, CuO@TiO,-Al,O3 oxygen carrier with hierarchical
structure was produced.

Following the rational synthesis route and corresponding self-as-
sembly template synthesis method, a core-shell CaO-based sorbent, i.e.,
Ca0/Ti0,-Al,03, was also prepared, for utilization in the calcium
looping process. (Peng et al., 2015, 2016) The cyclic CO, capture per-
formance of CaO/TiO,-Al,03 was systematically investigated via both
TGA and batch fluidized bed tests. TGA results indicated that much
higher CO, capture capacity was attained by CaO/TiO,-Al,03 (0.44 g/
g, after 104 cycles) than those of pure CaO (0.35 g/g, after 30 cycles)
and CaO/Al,0O3 (0.27 g/g, after 30 cycles) under severe calcination
condition. (Peng et al., 2015) Batch fluidized bed tests also demon-
strated that the CO, capture capacity of CaO/TiO5-Al,05 was 50.1 %
and 77.3 % higher than those of CaO/Al,03 and CaO, respectively, after
10 carbonation/calcination cycles. (Peng et al., 2016) In addition, a
kind of CaO-CuO/MgO@Al,03; material prepared by the self-assembly
template synthesis method was adopted for application in calcium
looping integrated with CLC (CaL-CLC), hoping to resolve the unstable
reactivity of CaO and heat requirement of CaCOs calcination in calcium
looping. (Ma et al., 2019a) For the CaO-CuO/MgO@Al,O3; material,
rather stable CO, uptake capacity of 0.08 g CO,/g material was attained
during 30 cycles in TGA, and thermal neutrality was finally achieved
when using CHy4 as fuel in the calcination-reduction step. All these

15

International Journal of Greenhouse Gas Control 93 (2020) 102898

results suggested the superiority of the self-assembly template synthesis
method in the preparation of CaO-based sorbents.

In summary, we demonstrated here how to rationally design a
hierarchically structured oxygen carrier or sorbent, based on theoretical
and microcosmic level understandings, which was hopefully to give
insights into the development of potential routes for the synthesis of
oxygen carrier with desired physicochemical properties.

2.5. Reaction kinetics

Comprehensive understandings of the reaction kinetics of oxygen
carriers in chemical looping processes are essential for the design and
modeling of the whole reaction system. Generally, the reactions related
to oxygen carriers in chemical looping processes can be treated as non-
catalytic gas-solid reactions. Up to date, plenty of kinetics investiga-
tions on oxygen carriers have been conducted, using different gas-solid
reaction models. (Abad et al., 2007a; Chuang et al., 2009; Garcia-
Labiano et al., 2004; Goldstein and Mitchell, 2011; Song et al., 2013;
Zafar et al., 2007) The most commonly used kinetics models were the
shrinking core model (Ishida et al., 1996; Son and Kim, 2006), nu-
cleation and nuclei growth model (Hossain and de Lasa, 2010; Wang
et al., 2013b), and changing grain size model. (Abad et al., 2011;
Garcia-Labiano et al., 2005) In the following part, the reaction kinetics
of oxygen carriers conducted under the context of CLOU and CLC will
be reviewed.

As an early work, reduction kinetics of the sol-gel derived Fe,O3/
Al,O3 oxygen carrier with H, was studied via the non-isothermal ki-
netics analysis method. (Zhao et al., 2014a) The experiments were
conducted in a chemisorption analyzer, with the temperature ramped
from ambient to 1000 °C at a heating rate of 3—21 °C/min. It was found
that the reduction of Fe;03/A1,03 had two different reaction stages. For
the first stage, Fe;O3 was reduced to Fe;04, which could be described
by the chemical reaction model, G(X) = (1 — X)~! — 1, indicating that
the reaction between H, and Fe,O3 was controlled by the surface re-
action process. The corresponding activation energy and pre-ex-
ponential factor were determined as 125.4kJ/mol and 16.3 s™, re-
spectively. For the second stage, Fe304/Al,03 was further reduced to
FeAl,04 in nucleation and nuclei growth mode, with the kinetics
function ofG(X) = [-In(1 — X)J*/*. The activation energy and pre-ex-
ponential factor for the second stage were attained as 87.1 kJ/mol and
15.3 57}, respectively. A more recent work was conducted to investigate
the reduction kinetics of the same Fe,03/Al,03 oxygen carrier with CO,
and only the first reduction stage was considered. (Mei et al., 2018)
Non-isothermal tests were conducted in TGA, with different heating
rates (f = 3—20K/min) investigated, and the peak temperature was
1273 K. Note that, for the kinetics analysis, only the experimental data
within the temperature range of 673 —773K was used, since thermo-
dynamic calculation results indicated that carbon deposition would
occur and affect the kinetics analysis at higher temperatures. Even-
tually, a 3D nucleation and nuclei ~growth  model,
G(X) = [-In(1 — X)]'/3, was found to best fit the first half reduction
stage (0 < X=<0.5), and the activation energy of 270 kJ/mol and pre-
exponential factor of 1.610'% s were determined. Following that,
diffusion effects dominated the second half reduction stage
(0.5 < X<1). A 2D diffusion model, G(X) = (1 — X)In(1 — X) + X,
was found to describe well this reaction stage, and the activation energy
and pre-exponential factor were attained as 131 kJ/mol and 3.1-10% s},
respectively.

Global reaction kinetics of Fe-Al and Cu-Fe oxygen carriers with
coal were also investigated. (Wang et al., 2016b, 2011b,c, 2013a) A
recent work was conducted to understand the reaction mechanism be-
tween bituminous coal and CuFe,0, oxygen carrier from the viewpoint
of coal structure and reactivity. (Wang et al., 2016b) The results
showed that the oxidation of C—C/C—H groups was the rate-limiting
step in the whole coal conversion process, which could achieve the
maximum conversion efficiency when the oxygen to fuel ratio was 1.0.
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Meanwhile, the transformation path of these groups was also revealed.
Foreign ions introduction was a commonly used method for re-
activity promotion of oxygen carrier. (Bao et al., 2013a, b; Ge et al.,
2015; Gu et al., 2012) The effect of CaO, K50, and Na,O decoration on
the reaction performance of Fe;03/Al,03 oxygen carrier with synthesis
gas was investigated. (Wang and Zhao, 2015) Isothermal tests within
the temperature range of 850 —925°C were conducted in TGA. TGA
results showed that the weight loss curves of the three promoted oxygen
carriers were similar to those of the raw Fe,O3/Al,03; material, but the
“tail” at the later stage of the reaction was more obvious for the de-
corated oxygen carriers, which might be due to the inhibition of lattice
oxygen transport by the alkali (earth) metal decoration. Kinetics ana-
lysis showed that the reduction of the four samples could be described
by the 3D-nucleation and growth model and the largest activation en-
ergy was attained for the CaO decorated Fe,03/Al,03 oxygen carrier.

For the operation of large-scale CLC reactors, natural ores were
usually used as oxygen carriers due to the low cost and abundant re-
serves. (Ma et al., 2018a, 2015a, b) In order to better understand the
operation of the CLC reactor and conduct computational fluid dynamics
(CFD) simulation, the reduction Kkinetics of the tested hematite was
studied in details. (Su et al., 2017a, b) Pre-experiments in TGA were
first carried out to eliminate the influence of gas diffusion in the cru-
cible and between the layers of the sample, by adjusting the sample
weight, particle size, and gas flow rate. Then, formal tests were per-
formed in the temperature range of 850 —1000 °C and CO concentration
of 5—20vol.%. It was found that the first reduction stage, Fe,0; —
Fe304, was controlled by gas diffusion in the particle boundary layer,
while the second stage (Fe304 — FeO) could be described by the surface
reaction-controlled shrinking core model. The activation energy for the
second reduction stage was determined as 110.8 kJ/mol. The attained
kinetics model was further validated by testing in a batch fluidized bed
reactor. Under the premise of using logarithmic mean CO concentration
at the inlet and outlet, the kinetics model obtained from TGA could
describe well the reaction process in the batch fluidized bed reactor.

With regard to Cu-based oxygen carriers, the oxygen release char-
acteristic of the sol-gel derived CuO/CuAl,O, oxygen carriers was first
investigated in a fluidized bed reactor in CO, atmosphere, and com-
parisons were made with those of Co30,4/CoAl,04 and Mn,05/Al,05.
(Mei et al., 2013a) The mechanism function, activation energy, and pre-
exponential factor for the oxygen release process were obtained. It was
found that both the CuO and CuAl,0, in the CuO/CuAl,0, system were
active phases during the oxygen release process, and they were reduced
to Cu,O and CuAlO,, respectively. However, for the Co304/CoAl,04
and Mn,03/Al,03 systems, only Coz0, and Mn,O3; were the active
phase, respectively. The oxygen release processes could all be described
by the nucleation and nuclei growth model, but the corresponding
mechanism functions were different. The oxygen release process
of CuO/CuAl,O; oxygen carrier could be described by
G(X) = [-In(1 — X)]*?, and the corresponding activation energy and
pre-exponential factor were 226.37 kJ/mol and 2.99 x 10° s™!, re-
spectively.

The reduction kinetics of the CuO/CuAl,O4 oxygen carrier was then
tested on TGA and the applicability of the obtained kinetics parameters to
the batch fluidized bed reactor was analyzed. (Guo et al., 2016) TGA results
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indicated that the oxygen release process of the oxygen carrier conformed
to the Avrami-Erofeev nucleation and nuclei growth model. The corre-
sponding mechanism function wasf (X) = 3/2(1 — X)[-In(1 — X)]'/3,
and the activation energy was 343.7 kJ/mol. The solid fuel in the fluidized
bed reactor reacted with the O, released from the oxygen carrier and
generated in situ heat, resulted in the increase of reaction temperature, so as
to enhance the oxygen release process. Based on the O, concentration and
temperature correction in the batch fluidized bed reactor, it was found that
the kinetics model attained from TGA could describe the CLOU process in
the batch fluidized bed well.

Nevertheless, the kinetics parameters attained from above in-
vestigations were all apparent data. In other words, these data would be
useful at some degree, but they could be temperature-, atmosphere-,
and equipment-dependent, which have no universality. To obtain more
general kinetics parameters, it is necessary to study the intrinsic reac-
tion kinetics. (Su et al., 2017b) The intrinsic reduction kinetics of he-
matite with CO was thus investigated. First of all, the suitable reaction
temperature range was determined to be 400 —650 °C by temperature
programmed reduction experiment in TGA. Formal tests were then
conducted in the batch fluidized bed reactor. By comparing the attained
reaction rate with the calculated value under the boundary layer dif-
fusion control condition, it was confirmed that the reduction process
was not affected by external diffusion. Thiele modulus and diffusion
effective factor were used to analyze the influence of internal diffusion
and to fit the intrinsic kinetics parameters. The intrinsic activation
energy of the global surface reaction was attained as 74.48 kJ/mol.
Moreover, application of the obtained intrinsic kinetics to actual CFD
simulation was also discussed.

For the oxygen uptake process of the reduced (after O, decoupling)
Cu-based oxygen carrier, the reaction kinetics were also studied in TGA,
using the core-shell structured CutO@TiO,-Al,03 as oxygen carrier. (Su
et al., 2019) The experiments were carried out at the low temperature
range (540 —600 °C), and the effect of internal and external diffusion
could be neglected. A mathematical model with two steps, i.e., surface
reaction and ion diffusion, was constructed. Two unknown rate con-
stants in the model were globally fitted by a simulated annealing al-
gorithm. The activation energy of the surface reaction step was de-
termined as 50.5 kJ/mol and that of the ion diffusion step was 79.2kJ/
mol. From this kinetic model, it was clear that the oxygen carrier grain
was oxidized layer by layer in the oxygen uptake process. Based on DFT
calculations, the microscopic mechanism of Cu,O oxidation can be
expressed as in Fig. 18. As also noted, the influence of the gas diffusion
should be considered at higher temperatures, and the intrinsic oxida-
tion process in the real CLOU process may be more easily controlled by
the surface reaction step, as the activation energy of the ion diffusion
step was greater than that of the surface reaction. In this sense, this
study “bridges” the microscopic mechanism and microscopic kinetics,
being ready for exploring various oxidation/reduction mechanism and
kinetics involved in chemical looping processes. We also note here the
particle-resolved simulation is beneficial to figure out the complex re-
lationships among chemical reaction, gas (reactant and product) dif-
fusion, and heat transfer occurring at the gas-solid interface, which are
pivotal to establish mesoscale models for macroscopic simulation.
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Fig. 18. Schematic view of the Cu,O oxidation mechanism. (Su et al., 2019).
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2.6. The negative effect of sulfur on oxygen carrier

The sulfur compounds in fuels can be detrimental from both en-
vironmental and economical standpoints in chemical looping processes.
On the one hand, the evolution of SO, in the AR and FR will pollute the
atmosphere and degrade the purity of the captured CO,, respectively.
On the other hand, the sulfur compounds may react with the active
phase to form metal sulfides and/or sulfates and thus poison the oxygen
carrier, leading to the inferior activity. Additionally, the low melting
point of sulfates, e.g., 805°C for CuSO,4, may easily lead to oxygen
carrier agglomeration and affect the solid circulation within the reactor.
(Adénez-Rubio et al., 2014)

The effects of H,S-containing synthesis gas on five commonly used
oxygen carriers, i.e., NiO, CuO, Fe;O3;, Mn3O,4, and CoO, were ther-
modynamically investigated. (Wang et al., 2008) Sensitivity analysis
indicated that the FR temperature was the main influencing factor for
carbon deposition and sulfur evolution. Generally, a higher FR tem-
perature would lead to significant decrease of carbon deposition and
enhance the conversion of sulfur compounds into SO,. The presence of
CO, and H5O in the reaction atmosphere was found to be beneficial to
inhibiting carbon deposition.

An experimental and thermodynamic study on the sulfur fate in CLC
of H,S-containing synthesis gas (4000 ppm H»S, 25 % Hs, 35 % CO, and
39.6 % CO,) using copper ore as oxygen carrier was conducted. (Wang
et al., 2016¢) As indicated by TG results (as shown in Fig. 19), a weight
gain occurred in the test with H,S-containing synthesis gas, but not for
the test with H,S-free synthesis gas. The weight increase at the end of
the reduction stage was attributed to the sulfidation reactions between
sulfur compounds and copper ore oxygen carrier. HSC simulation re-
sults showed that the main metal sulfides were Cu,S and FeS, and
copper oxides were more reactive towards H,S than that of iron oxides.
Additionally, high reaction temperature was found to be favorable for
the generation of SO,, while lower temperature was beneficial to
forming iron sulfides. TG-FTIR results demonstrated that SO,, COS, and
CS, were the main gaseous sulfur species generated. The existence of
H,S in fuel gas was found to degrade both the oxygen carrying capacity
and reactivity of the copper ore oxygen carrier in batch fluidized bed
tests. XRD analysis confirmed the formation of sulfide products, ie.,
Cu,S and FeS.

The sulfur fate in CLOU of high-sulfur coal (SC coal) using the same
batch of copper ore oxygen carrier was further studied, and a kind of
low-sulfur coal (GP coal) was also tested for comparison. (Tian et al.,
2017a) Two SO, peaks were observed for both SC and GP coals during
the CLOU process, yet the peak intensity for the two coals were
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Fig. 19. TG curve for the reduction and regeneration of copper ore under dif-

ferent reduction atmospheres at 900 °C. Fuel: synthesis gas with or without
4000 ppm H,S. (Wang et al., 2016c¢).
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Fig. 20. Effect of CaO addition on the SO, evolution behavior in coal-derived
CLOU process. Fuel: SC coal; reaction temperature: 900 °C. (Tian et al., 2017a).

different. The two distinct SO, peaks were explained to result from the
volatiles combustion and coal char combustion, respectively. For the
test with SC coal, most of the sulfurous gases were released during the
reduction step. The majority of the gaseous sulfur compounds were in
the form of SO, and only a small proportion of H,S was detected. CaO
addition was found to be effective for SO, removal in the CLOU process.
As shown in Fig. 20, after the introduction of CaO, only one small SO,
peak was observed at the beginning of the reaction, and the desulfur-
ization efficiency was attained as high as 98 %.

Generally, Cu-based oxygen carriers are sensitive to sulfur com-
pounds, while Fe-based materials are highly sulfur-resistant (de Diego
et al., 2014). Moreover, due to the two relatively independent reaction
stages (volatiles conversion stage and coal char conversion stage) of
coal in iG-CLC, the sulfur evolution characteristics were different ac-
cordingly. (Tian et al., 2017a) Therefore, a two-stage micro-fluidized
bed reactor, was used to separately investigate the sulfur fate in coal
pyrolysis and coal char gasification processes, using a sol-gel derived
Fe,03/Al,03 as oxygen carrier and a typical Chinese lignite as fuel. (Ma
et al., 2018b; Wang et al., 2018) As shown in Fig. 21, by loading coal
and oxygen carrier samples separately in the two-stage reactor, in situ
coal pyrolysis products could be generated and the influence of oxygen
carrier on the coal pyrolysis process was thus eliminated. In comparison
to the blank test (loaded with silica sand instead of Fe;03/Al,03 oxygen
carrier in the second reactor), the sulfur species distribution changed
significantly when the pyrolysis products were introduced upon oxygen
carrier, which changed from 70.1 % H,S, 0.2 % SO,, 0.8 % COS, and
13.1 % CS, to 26.0 %, 68.2 %, 0 %, and 0 %, respectively. HSC simu-
lation results indicated that most of the H5S could be converted to SO,

Valve 1

H,S analyzer

Gasbroad analyzer

Oxygen carrier
or silica sand

1. Tar
removal unit condenser

Porous plate 2. Electric

2 / Coal feeding

Pyrolysis products

Fig. 21. A schematic view of the two-stage fluidized bed reactor. (Ma et al.,
2018b).
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via the reaction H,S + 9Fe, 03 — Fe;0, + H,O + SO,. While in the coal
char conversion stage (char was converted via the iG-CLC reaction
mode, with CO, as gasification agent), SO, was almost the sole gaseous
sulfur product. Increased the reaction temperature was found to exert
more significant impact on the sulfur evolution in the char gasification
process than that in the coal pyrolysis process, which was similar to the
effect of temperature on the carbon conversion process. Moreover, solid
phase sulfur was not detected at the surface of the oxygen carrier,
which mainly existed in the form of CaSO, in coal ash.

For the bimetallic CuFe,O4 oxygen carrier, insights into the mi-
gration and redistribution of sulfur species in CLC of a Chinese coal (LZ
coal) was explored by TGA together with several physicochemical
characterization techniques. (Wang et al., 2016a) Gaseous FTIR spec-
troscopy and XPS analysis revealed that SO, were mainly generated
from the oxidation of H,S by CuFe,O,4 during the coal pyrolysis stage.
Thermodynamic simulation results showed that the oxygen to fuel ratio
was the most important factor to affect the migration and conversion of
sulfur compounds in coal.

In addition to the sulfur, the fate of mercury during iG-CLC of coal
was also investigated schematically. Mercury distribution within two
elementary sub-processes (coal pyrolysis and char gasification) were
experimentally identified. It was found that the release rate and amount
of mercury is nearly irrelevant to the presence of OC (here hematite),
however the OC will promote the conversion of Hg®(g) to Hg?*(g),
which is potentially beneficial for mercury removal via, e.g., wet-FGD
(flue gas desulfurization) or wet-ESP (electrostatic precipitator).

3. Development of CLC reactors

For the successful implementation of CLC, as mentioned above, one
critical aspect is the selection of oxygen carrier, and the other one is the
optimization of the CLC reactor. The inter-connected fluidized bed re-
actor was proposed as the most suitable choice for chemical looping
processes. During the past decade, reactors with different configura-
tions were developed at Chalmers University of Technology (Sweden)
(Berguerand and Lyngfelt, 2008a; Markstrom et al., 2014), C.S.I.C.
(Spain) (Cuadrat et al., 2011), Southeast University (China) (Shen et al.,
2010b, 2009b), Guangzhou Institute of Energy Conversion (China) (Wei
et al., 2015), Huazhong University of Science & Technology (HUST,
China) (Ma et al., 2018a, 2015b), Ohio State University (USA) (Fan,
2011), Western Kentucky University (USA) (Cao et al., 2012), IFP En-
ergies Nouvelles (France) (Sozinho et al., 2012), and Hamburg Uni-
versity of Technology (Germany) (Thon et al., 2014) et al. Moreover,
three MW-level industrial CLC plants have been demonstrated by
Darmstadt University of Technology in Germany (Stréhle et al., 2015),
Alstom Power in USA (Abdulally et al., 2011), and Chalmers University
of Technology. (Berdugo Vilches et al., 2017).

The development of CLC reactor at HUST has experienced four
stages since 2010, as shown in Fig. 22: 1) construction of the cold-flow
model reactor and hydrodynamic investigation; 2) implementation of
the 5 kWy, lab-scale inter-connected fluidized bed reactor; 3) demon-
stration of the 50 kWy, iG-CLC reactor based on the operation experi-
ence and reactor design optimization of the 5 kWy, reactor; 4) scale-up
of the CLC reactor to MW-level via CFD simulation.

3.1. Cold-flow reactor model

For the investigation of a complex reactor like the CLC system,
operation of a cold-flow model is essential before the construction of
hot-mode reactor. Moreover, it is much easier to run the cold-flow
model reactor and the running experience can provide guidance for the
hot-mode reactor design. Based on the scaling rules, the geometric di-
mension of the cold-flow model can be calculated from the hot proto-
type. Due to the implacable constraint conditions, the scaling rules were
simplified by choosing several key factors to meet the requirements.
(Markstrom and Lyngfelt, 2012) With this in mind, several sets of full-
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scale cold-flow model reactor (a representative one is schematically
shown in Fig. 23) were built to investigate the detailed fluid dynamics
and oxygen carrier circulation behavior within the system. (Ma et al.,
2012) With respect to the cold-flow model reactor, it mainly consists of
the air reactor (AR), fuel reactor (FR), riser, loop seal (LS), down comer
(DC), and cyclone (CY). The design principles of each parts are as fol-
lows:

AR: The superficial gas velocity in the AR was designed in the
bubbling or turbulent fluidized regime depending on the superficial air
velocity (usually, less than 1.0 U, for air, here U, is the terminal velocity
of the oxygen carrier). The turbulent fluidized bed will possess homo-
geneous distribution of gas-solid phases and relatively small pressure
fluctuation.

FR: It was set as a bubbling fluidized bed (typically, 15 Uy,s, where
Up is the minimum fluidization velocity of the oxygen carrier). The
solid inventory was calculated to be 2000 kg/MWy, for the hematite
oxygen carrier, which could guarantee sufficient lattice oxygen for coal
conversion.

Riser: The riser was adopted to provide the driving force for oxygen
carrier circulation. For the AR and FR, the oxygen carrier circulation
routes here were independent. Therefore, the limitation of the overflow
effect on the solid circulation can be overcome. The superficial gas
velocity in the riser was set to be increased by the decreased cross-
sectional area.

LS: Bidirectional loop seal (LS2) was designed for this reactor
system. The first chamber was connected with the lower part of the AR
to transport the reduced oxygen carrier, which formed a loop from AR,
LS1, FR, LS2, and finally to the AR. The second chamber was located in
the middle of LS2 and connected with the down comer (DC2) to store
oxygen carrier as well as to balance the pressure difference between
DC2 and the two reactors. The third chamber was linked to the FR to
receive and transport part of the reduced oxygen carrier from FR. It also
helped to balance the different solid circulation rates in AR and FR
under different operation parameters, by forming the inner circulation
of solid particles from FR, LS2, and finally to FR.

DC: A relatively large cross-sectional area was designed for the DC
due to the high solid circulation rate in the reactor. The height of the DC
was increased by 1.5 times of the calculated value in order to balance
the pressure difference.

CY: Two series wound cyclones were designed based on the density
difference of oxygen carrier and coal ash, in which the first cyclone was
used for the separation of oxygen carrier and the second one was used
for separation of coal ash.

A series of continuous operation tests were conducted to investigate
the effects of different operational parameters, including superficial
velocity, and solid inventory in both AR and FR, on the pressure drop,
gas leakage, and particle attrition rate. Moreover, long-term continuous
operation verified the stability and maneuverability of the reactor. The
design and operation experience of the cold-flow model reactor laid
basis for the design and construction of the hot prototype.

3.2. Lab-scale inter-connected fluidized bed reactor (5 kW)

Based on the design and operation experience of the cold-flow
model reactor, a 5 kWy, lab-scale inter-connected fluidized bed reactor
for CLC was developed (Ma et al., 2015a). As shown in Fig. 24, a
bubbling-fluidized bed combined with a fast-fluidized bed (riser) was
adopted as FR to guarantee enough fuel residence time and to provide
the driving force for oxygen carrier circulation, while the AR was
mainly operated as a turbulent-fluidized bed. To be noted, the original
hot reactor was configured with a bidirectional loop seal, but the par-
ticle circulation from the loop seal to the fuel reactor was artificially
blocked due to the practical operation difficulty. Performance of the
CLC reactor under different operation parameters (FR bed inventory,
reaction temperature, gas superficial velocity, et al.) were evaluated, in
terms of cyclone efficiency and gas leakage. For the tests with fuels
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Fig. 23. Sketch map of the cold-flow model reactor. (Ma et al., 2012).

(CH4 and coal), inexpensive natural hematite was used as oxygen car-
rier, and a total of 300 h of continuous running was attained.

3.2.1. Reactor performance

First of all, the cyclone separation efficiency was investigated at the
initial 3.5h continuous running. Due to the adhesion of pretty fine
powders at the surface of the oxygen carrier particle (as verified by SEM
results), relatively low cyclone separation efficiency was attained at the
first 15 min. Nevertheless, after the elimination of fine powders from
the oxygen carrier surface, high cyclone separation efficiency of 99 %
could be achieved for all tests, which demonstrated the feasibility of the
cyclone system of inter-connected fluidized bed reactor.

The gas leakage between AR and FR was examined by varying the
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gas flow rates in FR (Fggr). Frr Was maintained at 281/min during the
first 60 min and then decreased to 201/min during the second stage
(60—120 min). The average gas leakage rate in the first stage was 1.8 %
and then increased to 3.2 % with the decrease of Fgg to 20 L/min. This
result was anticipated, as with the decrease of Fgg, the standard de-
viation of pressure drop in the FR would be much larger due to the
growth and break of bubbles, which eventually resulted in more sig-
nificant pressure fluctuation in the FR. The pressure fluctuation would
lead to unsteady pressure difference between the FR and LS, and thus
affected the bed height in the down comer of FR, which contributed to
more severe gas leakage between FR and AR.
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Fig. 24. A schematic view of the 5 kWy, CLC reactor. (Ma et al., 2015a).

3.2.2. CHyfueled CLC

For the test with CHy, a total of 100 h continuous operation was
achieved with hematite as oxygen carrier, at different FR temperatures
(900 —-1000 °C), thermal power inputs (1.0-1.5 kWy,), gas flow rates in
FR (20—28L/min), and solid inventories (2.0-2.5kg). (Ma et al.,
2015b) The effects of different operational parameters on the perfor-
mance of the CLC reactor were investigated. The results showed that the
highest CH,4 conversion that could be achieved was only 81.4 % at
1000 °C, which indicated the limited reactivity of the hematite oxygen
carrier towards CH,4. Carbon deposition due to CH4, decomposition was
found to be detrimental to the carbon capture efficiency. Moreover, the
gas leakage from FR to AR also decreased the carbon capture efficiency.
Sufficient bed inventory in the FR could benefit the CO, yield by pro-
viding enough lattice oxygen to combust fuel gases. It should be noted
that further optimization of the operation temperature is required to
balance the CH,4 conversion and CO, yield when using this hematite as
oxygen carrier. Higher temperature could be beneficial for CH4 con-
version but would result in more severe carbon deposition.

The hematite oxygen carrier used in the continuous test showed no
obvious sintering issue. TGA tests were conducted to characterize the
reactivity of both the fresh and used oxygen carriers towards simulated
coal-derived syngas. The results showed that the oxygen transport ca-
pacity of the used hematite oxygen carrier decreased in comparison to
the fresh sample. However, the reaction rates attained with the used
sample were slightly higher than that of the fresh sample in both re-
duction stage and air oxidization stage. This can be attributed to the
activation of the hematite oxygen carrier under cyclic redox reaction
scheme. (Adénez et al., 2010)

3.2.3. Coal-fueled CLC

Based on the operational experience attained in CH, test, solid fuel
(bituminous coal) was further investigated in the continuous CLC re-
actor. (Ma et al., 2015a) The operation temperature of FR was found to
significantly affect the combustion efficiency and CO, yield, which was
attributed to the high temperature dependence of the oxygen carrier
activity. The highest combustion efficiency was attained as 96.3 % at
1000 °C, with a high CO, yield of 90 %, at the thermal power input of 2
kWg. Unconverted CH, was observed at the outlet of FR, due to the
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limited activity of the hematite oxygen carrier towards CH, (Ma et al.,
2015b), while the unconverted CO was attributed to the short residence
time of coal in the FR.

During the continuous running, the hematite oxygen carrier showed
satisfying reactivity towards combustible gases and good sintering re-
sistance. BET analysis of the used samples showed a slight decrease in
surface area in comparison to the fresh ones. Nevertheless, tests with
simulated coal-derived syngas in TGA indicated no significant activity
change of the hematite oxygen carrier before and after continuous test.
Overall, the low-cost and moderate reactivity of the hematite oxygen
carrier made it suitable for CLC operation in large scale.

3.3. Pilot-scale inter-connected fluidized bed reactor (50 kWy,)

In the operation of the 5 kWy, CLC reactor with coal, unreacted
residual char in the FR was entrained into the AR by the circulation of
oxygen carrier, which resulted in the decrease of CO, capture effi-
ciency. To address this issue, a carbon stripper was configured after the
FR to enhance the conversion of residual char in the 50 kWy, CLC re-
actor, as shown in Fig. 25. Generally, the configuration of the 50 kWy,
CLC reactor was similar to that of the 5 kWy, reactor (Fig. 24), with the
most different part lied in the loop seal of FR. As can be seen in Fig. 25,
LS-2 was designed as a four-chamber reactor, which functioned as both
a loop seal and a carbon stripper (which is different from conventional
carbon stripper for physical separation of char from oxygen carrier
streams). The first chamber was operated at the moving bed regime to
balance the pressure difference between the two reactors, and the
second and third chambers were fluidized by steam to gasify the un-
converted char particles entrained by the oxygen carrier (that is, the
unconverted char is chemically separated from oxygen carrier streams
and the combustible gases generated therein). At the top of second and
third chambers, the outlet gas (containing combustible gas species) was
recycled back into the FR for further conversion, so as to improve the
carbon capture efficiency. The fourth chamber was designed to trans-
port the reduced oxygen carriers in FR to AR for oxygen capacity re-
generation.

During the operation, the coal feeding rate was 7.3kg/h, corre-
sponding to a nominal thermal power input of 50 kWy,. Note that, the
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thermal power was calculated on the basis of the lower heating value of
Shenhua coal (24.8 MJ/kg). A series of tests were conducted to in-
vestigate the performance of the 50 kWy, CLC reactor under different
operational parameters. The highest CO, yield reached 0.91 and the
combustion efficiency was 0.86, at 1000 °C during 120 min continuous
running with a bed inventory of 100 kg in FR. The change of inlet gas
flow rate of FR was found to exert little effect on the three CLC indices
(combustion efficiency, carbon capture efficiency, and CO, yield). This
was explained by the large amount of gas species evolved from coal
conversion (mainly CO,, H,0), which also acted as fluidizing agents
and made the change of the actual superficial gas velocity in FR in-
significant when varied the inlet gas flow rates of the 50kWy, reactor.

3.4. Simulation and modelling of the inter-connected fluidized bed reactors

CFD simulation of the 5 kWy, and 50 kW, CLC reactors were first
conducted to support the reactor design and operation optimization. To
be consistent with the tests of the 5 kWy, reactor, the simulations were
performed in two aspects: CH4-CLC simulation (Su et al., 2015a) and
coal-CLC simulation (Su et al., 2015b). Generally, the simulation results
agreed well with the experimental results to some extent, and compu-
tational particle fluid dynamics (CPFD) simulation can provide gui-
dance for the reactor operation. For example, the simulation results can
be used to predict and analyze gas leakage between AR and FR, to
improve the fuel combustion efficiency by rationally decreasing the
fluidization gas velocity, increasing the reactor temperature and de-
creasing the coal feeding rate. With respect to the 50 kWy, chemical
looping combustor, CFD simulation (Chen et al., 2019) revealed that
the combustible gases (CH; and CO) cannot effectively diffuse
throughout the FR with only one coal feeding point, which was un-
favorable for the good mixing between oxygen carriers and combustible
gases. However, with two oppositely-collocated coal feeding points,
well mixed gas-solid contact was achieved, which promoted the reac-
tion between oxygen carriers and the fuel gases. Eventually, much
higher CO, yield and combustion efficiency was attained. Meanwhile, it
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was found that an insufficient residence time of particles (both char and
oxygen carrier) in FR is responsible for a relative low combustion ef-
ficiency. Correspondingly, a higher FR was proposed as an optimization
to extend reaction path of both homogeneous and heterogeneous re-
actions therein.

In order to meet the requirement of fast simulation of the CLC re-
actor, a macroscopic model considering the flow, heat transfer and
chemical reaction in the reactor was also established and then im-
plemented in Aspen Customer Modeler (ACM) platform, and finally
applied to the modeling of the FR (including the riser). The results
showed that the reaction temperature was the most important factor to
affect the combustion efficiency and CO, capture efficiency, and the
two indices both increased with the reaction temperature. The increase
of oxygen to fuel ratio would also increase the combustion efficiency
but decrease the CO, capture efficiency, while increasing the CO,
proportion in fluidization gas showed the opposite effect. (Xu et al.,
2018) The macroscopic model and fast simulation will be further de-
veloped for the simulation of full-scale CLC reactors (including AR, FR,
and possibly loop seal and carbon stripper) and their scaling-up.

4. Summary and outlook

The unique advantages in utilizing lattice oxygen of oxygen carrier
instead of gaseous O, in air make the chemical looping technique very
attractive for fuel combustion, conversion, or value-added chemicals
production. During the past decades, continued research in chemical
looping processes has resulted in the development of novel oxygen
carriers, new research methods, and pilot-scale chemical looping re-
actors.

Over 100 different kinds of oxygen carriers developed at Huazhong
University of Science & Technology (HUST) have been comprehensively
reviewed in terms of redox reactivity, cyclic stability, and economical
efficiency under different chemical looping schemes (CLC, iG-CLC,
CLOU, CLAS, CLG, etc.) in this article. Among all the reviewed oxygen
carriers, the CuO@TiO,-Al,O3 oxygen carrier is distinguished for its
high reaction performance as well as superior sintering resistance in
CLOU and CLAS processes; while the cement bonded fine hematite and
copper ore oxygen carrier is promising for iG-CLC of coal, owing to its
synergistic reactivity, high physicochemical stability and low cost.
Novel application of the chemical looping concept to dechlorination in
plastic waste treatment was demonstrated with CaO-decorated Fe,03/
Al,O3 oxygen carrier. The PCDD/Fs inhibition mechanism within the
iG-CLC context was found to be attributed to the suppress of precursor
conversion and de novo synthesis of PCDD/Fs as well as the limitation of
Deacon reaction in O,-free environment.

The development of CLC reactors were conducted in parallel with
the investigation on oxygen carriers. From cold flow reactor model, lab-
scale inter-connected fluidized bed reactor (5 kWy,) and pilot-scale CLC
reactor (50 kWy,) to MW-level reactor design and simulation, extensive
experience on reactor running and reactor design optimization have
been attained. Over 300 h of combined running of the 5 kWy, and 50
kWy, CLC reactors was achieved, using inexpensive iron ore as oxygen
carrier, and both CH,4 and coal as fuels.

In addition to experimental investigations, modelling and simula-
tion at various scales are also highlighted to gain insight into details
and underlying mechanism. DFT calculations, MD simulation, and CFD
simulations were also conducted for assistance in the investigation: DFT
calculation results gave in-depth understanding of the reaction and
interaction mechanism of the oxygen carrier/inert support system,
which were beneficial for rational synthesis of high-performance
oxygen carriers and exploring reaction mechanism and kinetics in-
volved in chemical looping processes; MD simulation was recently
conducted to understand the sintering of CuO nanograin; CFD simula-
tion results provided guidance for the running of the inter-connected
fluidized bed reactor, which eventually helped the optimization of both
the reactor design and operational parameters in an economical way
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rather than by means of costly and tedious experiment.

With the continuing and rapid development of chemical looping
technologies, the traditional trail-and-error method for oxygen carrier
screening is not adequate from both efficiency and economy stand-
points. Thus, new insights in tailoring the reaction and physiochemical
properties of oxygen carriers are highly desirable to realize rational
design of oxygen carriers. Meanwhile, it is highly required to realize
large-scale preparation of OC particles and achieve optimal matching
among oxygen carrier, fuel, and reactor in terms of cost and efficiency.
Moreover, due to the different reaction atmosphere in chemical looping
processes in comparison to traditional fuel conversion processes, de-
tailed reaction kinetics involved in chemical looping processes should
be carefully determined so as to achieve more accurate and reliable
kinetics data for CFD simulation. Additionally, growing interests are
being shown on new applications of the chemical looping scheme, like
the chemical looping oxidative cracking of naphtha that we have tried
recently for light olefins production. As can be expected, the develop-
ment of chemical looping-related techniques will witness an extensive
expand in the following years and implementation of industrial scale
units is highly promising in the medium-term.
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