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Chemical looping combustion (CLC) of coal has received great attention for its verified advantage in the in-
herent separation of CO2 without great cost penalty. It would be meaningful to adopt anthracite as fuel for
CLC application in China due to its abundant reserve in China and also a great challenge for its low reactivity.
A typical Chinese anthracite as Yang Quan (YQ) coal was selected in this research as a model fuel and its re-
action with both synthesized CuO/Al2O3 and Fe2O3/Al2O3 oxygen carriers (OCs) was performed in a thermo-
gravimetric analyzer (TGA) to investigate the reaction peculiarities involved. Fourier transform infrared
spectroscopy (FTIR) was used to in-situ detect the emitted gasses from TGA. Field scanning electron micros-
copy/energy-dispersive X-ray spectrometry (FSEM-EDX) was used to study the morphology and elemental
compositions present in the solid residues collected from the reaction of YQ with these two OCs, and the re-
lated phase was identified by X-ray diffraction (XRD). In order to further explore the reaction mechanisms
involved, a more realistic reaction system with 426 species was designed for thermodynamic simulation.
Through all these measures, two reaction stages were observed for the reaction of YQ with Fe2O3/Al2O3 or
CuO/Al2O3 at 300–600 °C and 600–850 °C after dehydration, respectively. The maximum weight loss rate
for YQ with CuO/Al2O3 at the second stage was pronounced enough to reach up to 2.8 wt.%/min, greatly
higher than that of YQ with Fe2O3/Al2O3. The mixture conversion index for YQ with CuO/Al2O3 was far bigger
than that of YQ with Fe2O3/Al2O3, which further indicated that CuO/Al2O3 was more suitable to YQ in CLC. At
these two stages throughout 400 to 1100 °C, CuO and CuAl2O4 contained in CuO/Al2O3 OC were mainly re-
duced to Cu and Cu2O or CuAlO2 and Al2O3 by transfer of the lattice oxygen [O] involved to YQ in a sequential
mode; however, above 800 °C, Cu2O and CuAlO2 were also produced through direct decomposition of CuO or
CuAl2O4 by emission of gaseous oxygen O2, which was beneficial to the direct combustion of coal. During re-
action of YQ with CuO/Al2O3 OC, active CuO was found to tend to react with various sulfur species produced
from YQ pyrolysis and formed to Cu2S, but the Al2SiO5 was formed through the interaction of Al2O3 with SiO2

in the YQ, which resulted in the loss of the inert support involved in the CuO/Al2O3 OC and further degraded
its reactivity to YQ due to the lower resistance to sintering.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

It is of urgent necessity to decrease CO2 emission from fossil fuel
combustion, especially coal, to protect the environment from the
greenhouse effect. There currently exist three methods and tech-
niques to capture CO2 from coal combustion, such as pre-
combustion, oxy-fuel combustion and post-combustion. In compari-
son to all these techniques available with a great energy consumption
and cost penalty, chemical looping combustion (CLC) has instigated
great interest for its verified advantages, such as the inherent
al Combustion, Huazhong Uni-
hina. Tel.: +86 27 87542417;

rights reserved.
separation of CO2 without any extra energy consumption and thor-
ough eradication of the formation of thermal NOx [1]. In CLC, coal is
firstly introduced into a fuel reactor (FR) and fully oxidized with ox-
ygen carrier (OC) instead of air. At its full conversion, pure CO2

would be available to easy sequestration after condensation of the
exit gas from FR, and any extra gas separation process is avoided. Fi-
nally, the reduced OC is transported back to an air reactor (AR) and
oxidized by air for another cycle of reaction with coal in FR [2–4].

Most research to date on CLC is mainly concentrated on gaseous
fuel, and CLC application with solid fuels, especially coal, is still limit-
ed [5]. Several investigations from different institutions had con-
firmed the feasibility of direct use of coal as the fuel for CLC
application [2,4,6]. It was found that full conversion of coal is one of
the key issues in CLC of coal to obtain CO2-enriched gas stream for
the later sequestration and the main rate-limited step involved was
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actually the gasification of coal, especially that of the left coal char, in-
stead of the reduction of OC with the coal gasification products in situ
generated. Lieon, et al. [3,7] systematically studied the reaction be-
tween coal of different volatile contents and Fe2O3-based OC, and
found out that the reaction rate was generally determined by the vol-
atile content in coal and more reactive coal had a higher reaction rate.
Dennis et al. [8,9] performed the reaction of CuO-based OC with coal
of different rank and indicated that low-rank lignite should be much
better to ensure its full conversion than a bituminous coal for CLC ap-
plication. And all these researchers from different institutions con-
cluded that more reactive coal with low rank should be preferred to
CLC of coal [3,7–9], but anthracite in China is abundant with great re-
coverable reserve amounting to 1200 billion ton and annual yield
ranked the first in the World [10,11], though such a coal is a high
rank coal with the low content of volatile matters and considered as
less reactive [12]. Therefore, it would be meaningful and a great chal-
lenge to adopt anthracite as fuel for CLC application in China and in-
vestigate the reaction peculiarity of anthracite with different OCs.

OC was the basis for CLC and acted as oxygen conductor as well as
energy carrier in CLC, which is composed of the active metal oxides
and inert support [13]. Till now, Fe2O3, CuO and NiO are widely
used in CLC as the active oxides, and a variety of inert materials
have been reported as the inert supports for OC, such as Al2O3, SiO2,
ZrO2, etc. Among which, Al2O3 is recognized as one of the most prom-
ising supports [14]. But for the active oxides in OC, NiO was found to
have high reactivity to coal [4,6,15,16], but the potential carcinogenic
tendency limited its future application in CLC. Fe2O3 OC was found ac-
tive enough to react with coal, but lower than NiO in the real coal-
based CLC system [2,3,7,17]. In view of maintaining a sufficient FR
temperature for a high gasification rate, CuO has been highly ap-
praised and intensively studied for the exothermic characteristics of
its reduction reaction with various fuels [18–22]. But in comparison
to the extensive research on these active oxides, little effort was
made to study the effect of inert support during the reaction of coal
with OC. Experiment on the dilution of carbon and CuO mixture by
inert quartz indicated that quartz was disadvantageous to the reac-
tion of carbon with CuO [23]. Therefore, research on the inert support
involved in OC on its reaction with coal is limited and worthwhile to
be further explored.

After the full reaction of coal with metal OC, effective separation of
the reduced OC from coal ash is also a great concern [2]. Interaction
between the reduced OC and ash components would bring about
some inert compounds formed and deteriorated its reactivity
[2,16,21,24]. As a detrimental consequence, the melting point of the
formed ash was lowered and agglomeration of the reduced OC with
ash possibly occurred, which incurred the great difficulty to separate
the reduced OC from the formed coal ash. Therefore, it is also impor-
tant to understand the ash effect on the reactivity of OC and the pos-
sible interaction mechanisms involved.

In this study, both Fe2O3/Al2O3 and CuO/Al2O3 OCs were synthe-
sized using the novel sol–gel combustion synthesis (SGCS) and their
reaction stabilities were evaluated by four cycles of the reduction
with H2 and then oxidation with air. Reaction of the synthesized
Table 1
Properties of YQ anthracite studied.

Proximate analysisa (wt.%) Ultimate analy

Mad Vad Aad FCad C

2.39 8.05 29.24 60.32 64.02

Ash analysis of YQ (wt.%)

SiO2 Al2O3 Fe2O3 SO3 CaO

68.49 14.58 4.48 4.10 3.65

a M: moisture content; V: volatile matters; A: ash content; FC: fixed carbon; ad: air-dried ba
OCs with a Chinese high ranked coal as Yang Quan (YQ) anthracite
was investigated using TGA to explore their reaction peculiarities.
The emitted gasses were analyzed using FTIR coupled with TGA. Mor-
phology and chemical components of the reduced solid products
were characterized using FSEM-EDX, and their phases were further
identified by XRD. Finally, thermodynamic simulation of the reduc-
tion of the selected Chinese anthracite with CuO/Al2O3 was conducted
to explore the reaction mechanism involved. The overall aim of this
research was to provide useful information to adopt the abundant an-
thracite coal in China as the fuel in a practical CLC system.

2. Experimental procedures

2.1. Materials and characterization

The OCs used in this research, including both Fe2O3/Al2O3 and
CuO/Al2O3 with the mass ratio of the active oxide Fe2O3 or CuO to
the inert support Al2O3 set as 4:1, were synthesized by the novel
sol–gel combustion synthesis (SGCS) method, which displayed great
advantages for its rapidity and simplicity of the synthesizing process,
lower energy requirement and good resistance to sintering by com-
bining both the sol–gel synthesis and combustion synthesis methods,
and was promising to produce OC with good performance for CLC ap-
plication [14]. The hydrated nitrates and urea were used as the pre-
cursors. And the detailed preparation procedure for these OCs was
elaborated in our previous research [14].

After the desired OC was prepared, the synthesized OC samples
were further ground and sieved to collect the samples in 63–106 μm
size for the ensuing use. Phase identification of the as-synthesized
Fe2O3/Al2O3 and CuO/Al2O3 OCs was performed through X-ray dif-
fractor (XRD) (X'Pert PRO, The Netherlands) with 40 kV and 40 mA
Cu Kα radiation at a scanning rate of 1°/min. And their averaged crys-
talline sizes of the synthesized OCs were further evaluated employing
the Scherrer formula below.

D ¼ 0:9λ= βcosθð Þ ð1Þ

where D is the crystallite size in nm, λ is the radiation wavelength
(0.15406 nm for Cu Kα), θ is the diffraction angle and β is the cor-
rected halfwidth for instrument broadening. Meanwhile, specific sur-
face area and pore size distribution of the synthesized OCs were
derived on the adsorption analyzer (Micrometrics ASAP 2020,USA)
at −196 °C.

For the fuel adopted in this research, a typical Chinese coal of high
rank as Yang Quan anthracite was adopted and designed as YQ below.
After drying, grinding and sieving, the YQ sample in the size range of
63–106 μm was collected and used. The sieved coal sample was fur-
ther characterized using proximate and ultimate analyses as well as
ash composition analysis with X-ray fluorescence (XRF, Philips, PW
2400, The Netherlands), as provided in Table 1.

Finally, both the synthesized OCs and as-prepared YQ coal sample
were evenly mixed in a laboratory mortar at the designed mass ratio,
as described below in Section 2.2.
sis (wt.%, db) LHVd

(MJ/kg)
H N S Oc

1.81 1.1 0.67 32.40 22.71

TiO2 Co3O4 K2O MgO Na2O

0.69 0.52 1.04 0.63 1.24

sis; b: dry basis; c: the O content was determined by difference; d: lower heating value.
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2.2. Determination of the oxygen excess number Ф for YQ coal sample

Sufficient supply of the OC is very important to ensure the full con-
version of coal in the CLC system. To determine the amount of OC to
be introduced into the CLC system, the method of coal mass balance
was adopted. Similar to the reference [25], from the properties of
YQ anthracite in Table 1, the weight fractions of both hydrogen and
oxygen in the moisture were deducted. If 1 kg of YQ coal sample
was used, the content of different atoms (including C, H, O, N, S) con-
tained in YQ could be determined and the relative chemical formula
was represented as CαHβSγOδ(N2)ν. If CuO/Al2O3 OC was selected as
a model OC, and its fully reduced counterpart was supposed as Cu
and Al2O3 when coal being fully converted, the reduced reaction of
CuO/Al2O3 OC with YQ coal could be depicted below.

CαHβSγOδ N2ð Þν þ 2α þ β=2þ 2γ−δð ÞCuO=Al2O3

→ 2α þ β=2þ 2γ−δð Þ Cuþ Al2O3ð Þ þ αCO2 gð Þ þ β=2H2O gð Þ
þ γSO2 gð Þ þ νN2 gð Þ ð2Þ

From Eq. (2), the theoretical stoichiometric oxygen needed for the
full conversion of YQ is (2α+β/2+2γ−δ). Supposing the realistic
oxygen contained in OC was Y(O), the oxygen excess number Ф
was determined below.

Ф ¼ Y Oð Þ= 2α þ β=2þ 2γ−δð Þð Þ ð3Þ

In Eq. (3), Ф=1 referred that the OC supplied theoretically just
met the oxygen requirement to the full conversion of coal. According
to the aforementioned method, the relative chemical formula of YQ of
1 kg could be depicted as C36.8H10.2 N0.54S0.144O13.1. Then, based on
Eqs. (2) and (3), for the reduction of CuO/Al2O3 or reference oxide
CuO with YQ at Ф=1, the mass ratios of CuO/Al2O3 or CuO to YQ
were corresponding to 6.68 and 5.34, respectively. But for the reduc-
tion of Fe2O3/Al2O or reference oxide Fe2O3 with YQ at Ф=1, if the
active Fe2O3 was reduced to Fe3O4, the relative mass ratio was deter-
mined as 40.21 and 32.17 by Eq. (2), respectively.

2.3. Experimental methods

For OC in CLC, good redox properties and sintering-resistance are
of great significance. In order to evaluate the reaction stability of the
synthesized Fe2O3/Al2O3 and CuO/Al2O3 OCs over multiple cycles, H2

was selected as fuel, and four cycles of the reduction of the as-
synthesized OCs with 50 vol.% H2 in balance N2 and then oxidation
with air were performed at 850 °C in the thermogravimetric analyzer
(TA 2050, TA Instruments, US). The total gas flow rate was fixed as
50 ml/min. The detailed experimental procedures were described
below. Firstly, 15 mg of CuO/Al2O3 or Fe2O3/Al2O3 OC samples were
heated in N2 at 10 °C/min until the final temperature of 850 °C was
reached. Then, N2 flow was switched to H2 flow, and reduction of
the selected OC with H2 was initiated and sustained for 8 min. Here-
after, N2 flow was introduced back again to sweep the remaining H2

away for 2 min to avoid mixing with air to be used later. Finally, air
was introduced to start the oxidation of the reduced OC for 3 min.
Table 2
Structural characteristics of the synthesized CuO/Al2O3 and Fe2O3/Al2O3 OCs by SGCS.

Sample BET surface areaa (m2/g) Porositya (cm³/g)

CuO 0.5920 0.000468
CuO/Al2O3 1.1415 0.005245

Fe2O3/Al2O3 1.8550 0.002150

Al2O3 4.8871 0.007394
Fe2O3 0.6823 0.001390

a:Measured by the BET method; b: Identified by XRD analysis; c: Estimated from the Scherr
The same processes were repeated for four times. In addition, similar
to the four cycles of CuO/Al2O3 or Fe2O3/Al2O3 OC with H2 and air,
four times of such experimental processes for single oxides CuO and
Fe2O3 were also performed for references.

The reaction characteristics of the synthesized CuO/Al2O3 or
Fe2O3/Al2O3 OC with YQ anthracite at the oxygen excess number
Ф=1 were further investigated using the same TGA instrument.
The mixture of YQ with CuO/Al2O3 or Fe2O3/Al2O3 was heated from
ambient to 150 °C at 10 °C/min and held at this temperature for up
to 10 min so as to fully remove the moisture in YQ. Then, it was fur-
ther heated up to 850 °C at 35 °C/min with duration at this tempera-
ture for 10 min to realize the sufficient conversion of coal. N2

atmosphere was used, and several pre-screening experiments were
performed so as to eliminate the potential impact of mass transfer be-
tween the gas and solid phases and ensure the reproducible experi-
mental results. The flow rate of N2 and the total mass for the
mixture of YQ coal and OC were determined at 50 ml/min and
~15 mg, respectively.

The evolved gasses from the reaction of YQ with CuO/Al2O3 or
Fe2O3/Al2O3 OC in the TGA were firstly dried through a portable tubu-
lar gas desiccator full of Ca(SO4).2H2O, and then in-situ detected by
FTIR spectrometer equipped with a deuterated triglycine sulfate
(DTGS) detector (BioRad Excalibur Series, model FTS 3000). The scan-
ning range of IR was 4000–500 cm−1, and the resolution and sensi-
tivity were pre-set at 4 cm−1 and 1, respectively.

The morphology and elemental composition of the solid products
from the reaction of YQ with CuO/Al2O3 or Fe2O3/Al2O3 OC were stud-
ied using FSEM (Siron 200, The Netherlands) coupled with an EDX
(GENESIS, US) at a magnification of 800 and an accumulated voltage
of 30 kV. The formed phases were identified by XRD (X'Pert PRO,
The Netherlands) with 40 kV 40 mA Cu Kα (λ=0.154 Å) radiation
and the step-scanned range of 10–90°.

2.4. Conversion of CuO or Fe2O3-based OC with YQ coal

In order to illuminate the transfer of lattice oxygen involved in the
CuO/Al2O3 or Fe2O3/Al2O3 OC and the transformation of YQ during its
reaction with the OC used, two conversion indexes were defined and
described below.

One conversion index for the mixture between YQ coal and the OC
used, was defined as XYQ−OC, to reflect the interaction of YQ coal with
OC [26–29],

XYQ−OC tð Þ ¼ WYQ−OC t ¼ 0ð Þ−WYQ−OC tð Þ
x1ΔWOC þ x2ΔWYQ

ð4Þ

f ¼ x1=x2 ð5Þ

where XYQ−OC is the mixture conversion index for YQ with CuO/
Al2O3 or Fe2O3/Al2O3 OC used in this research(%); WYQ−OC (t=0)
and WYQ−OC (t) are the initial and instantaneous weight loss for
the mixture (wt.%); x1 and x2 represent the mass fractions of OC
and YQ coal in their mixture (wt.%), respectively, arising from the
mass ratio of different OCs to YQ determined in the previous
Average pore sizea (nm) Main speciesb Crystalline sizec (nm)

15.9448 CuO 107.3
8.9589 CuO 79.9

CuAl2O4 108.4
8.1367 Fe2O3 78.7

α-Al2O3 37.8
7.2665 α-Al2O3 79.1
9.3567 Fe2O3 89.2

er equation in Eq. (1).



Table 3
Species considered in the HSC calculation for the reaction of CuO/Al2O3 with YQ.

Main elements in YQ C H O N S

Potential minerals present in YQ Oxides Fe2O3, Fe3O4, FeO; Cu2O, CuO; CuFeO2;
SiO2; Al2O3; CaO, CaO2; MgO,MgO2;K2O, Co3O4,CoO;
NaO,Na2O2;TiO2,Ti2O3,Ti3O5,Ti4O7, etc.

OH-containing compounds Fe(OH)2, Fe(OH)3; Cu(OH)2;
Al(OH)3; Ca(OH)2; Co(OH)2; KOH; Mg(OH)2; NaOH, etc.

C-containing compounds Fe3C, Fe3C(A), FeCO3; CuCO3;
CaC, CaCO3, CaC2O4; K2CO3; MgCO3, MgCO3·3H2O;
Na2CO3, NaHCO3, Na2C2O4, Na2CO3·3NaHCO3,
Na2CO3·NaHCO3·2H2O; FeCO3, etc.

S-containing compounds CuS, Cu2S, CuSO4, Cu2SO4; Fe2(SO4)3, FeSO4, FeS, FeS2,
CuFeS2,CaS,CaSO3,CaSO4; CuS, Cu2S,CuSO4,Cu2SO4;
K2SO4, etc.

Si-containing compounds FeSi, FeSi2, Fe3Si, Fe5Si3, FeSiO3, Fe2SiO4,
CaSi,CaSi2,Ca2Si, CaSiO3, Ca3SiO5,Ca3SiO7,CaSiO4, etc.

Al-containing compounds CuAl2O4,CuAlO2;FeAl2O4; MgAl2O4;
CaAl2, CaAl4, Ca2Al2O5, CaO·2Al2O3, 2CaO·2Al2O3, etc.

Ti-containing compounds FeTi, Fe2Ti, Fe2TiO4, Fe2TiO5;
Ca3Ti2O7, CaO·TiO2, CaO·3TiO2, etc.

Intermediates between Si and Al Al2SiO5(OH)4,Al2SiO5,Al6Si2O13, etc.
CaAl2SiO6,CaAl2SiO8, Ca2Al2SiO7,Ca2Al2Si8O21, etc.
NaAlSi3O8, KAlSi3O8, Mg2Al4SiO10, Fe2Al4Si5O18, etc.

Oxygen carrier CuO/Al2O3

Gaseous species CH4, C2H4, C2H6, CO, CO2, COS, CN, CN2, CS2;
H2, H2O, HCN, H2S; O, O2; NO,NO2,N2O4,N2O5;
S1~S8,SO,SO2,SO3, etc.

Fig. 1. XRD analysis of the synthesized Fe2O3 and CuO-based OCs using SGCS.
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Section 2.2, and then f is the mass ratio of the OC used to YQ; ΔWOC

and ΔWYQ are the maximumweight losses of OC and YQ, respectively.
Another conversion index for the OC alone presented in the mix-

ture of OC with YQ coal was defined as XOC, to reveal the real limiting
step involved for the reaction of YQ with OC. Based on the conserva-
tion of the total weight throughout the reaction of OC with YQ coal,
the OC conversion index could be calculated below.

WYQ−OC tð Þ ¼ x1WOC tð Þ þ x2WYQ tð Þ ð6Þ

XOC ¼ WYQ−OC tð Þ−x2WYQ tð Þ
x1ΔWOC

ð7Þ

where WOC(t), WYQ(t) and WYQ−OC (t) are the instantaneous weight
losses for the YQ coal, OC and their mixture at the time t. And the
meanings of the other characters in Eqs. (6) and (7) were the same
as those in Eqs. (4) and (5).

2.5. Thermodynamic simulation of the reaction of CuO/Al2O3 OC with YQ

Although thermodynamic equilibrium analysis has great limita-
tions and does not consider kinetic constraints in the real process,
such as turbulent mixing and temperature gradients [30], the equilib-
rium calculation would benefit in a better understanding of the lattice
oxygen transfer involved in the OC studied and coal transformation.
Based on the minimization of the total Gibbs free energy, the reaction
of OC with YQ was simulated using the HSC-Chemistry software 4.1.

According to the properties of YQ in Table 1, including its proxi-
mate and ultimate analyses as well as ash analysis, a renewed com-
plex reaction system with 426 species in total was established, as
shown in Table 3. Noteworthy is that, similar to our previous study
[28], in this equilibrium simulation, the coal was considered to consist
of the main matrix elements (such as C, H, N, S and O) as well as var-
ious minerals present in coal, and seven categories of potential com-
pounds such as various oxides, OH-, C- or CO3

2−-, S- or SO4
2−-, Si-,

Al- and Ti-compounds were subdivided; but furthermore, in this re-
search, various potential intermediates from the interaction of these
minerals were also considered, which would make this equilibrium
simulation more realistic than others' [15,21], where Siriwardane et
al. [21] simulated the interaction between the model fly ash(only
SiO2 and Al2O3 involved) with different OCs, while Saha and Bhatta-
charya [15] simulated the reaction of a Victorian brown coal with
NiO without considering the effect of the minerals present in that
coal.
3. Results and discussion

3.1. Characterization of the synthesized OCs

3.1.1. Phase and structural analysis of the synthesized OCs
In order to reveal the effect of inert support Al2O3 involved in the

synthesized OCs, phase compositions identified in the XRD are pre-
sented in Fig. 1, and the structural analysis data (including surface
area, porosity and average pore size) are listed in Table 2.

From the acquired XRD patterns in Fig. 1, phases involved in the
synthesized OCs were identified. It could be found out that the
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synthesized Fe2O3/Al2O3 was composed of separate phases Fe2O3 and
α-Al2O3, but the actual phases involved in CuO/Al2O3 were CuO and
spinel phase CuAl2O4 from the interaction between CuO and Al2O3.
Meanwhile, based on the XRD patterns obtained in Fig. 1, the aver-
aged crystalline sizes of the active CuO and Fe2O3 present in the
CuO/Al2O3 and Fe2O3/Al2O3 were calculated using Eq. (1) and provid-
ed in Table 2 as 78.7 and 79.9 nm, respectively, smaller than those of
separate reference oxides CuO and Fe2O3 as 107.3 and 89.2 nm, re-
spectively, which indicated that inert Al2O3 introduced effectively im-
proved the sintering-resistance for the CuO and Fe2O3 included in the
synthesized CuO/Al2O3 and Fe2O3/Al2O3 OCs.

In Table 2, for the structural characteristics of the synthesized OCs
using SGCS, both BET surface area and porosity of the reference oxides
CuO and Fe2O3 were found out as below 0.7 m2/g and 0.0015 cm3/g
with their pore sizes bigger than 9 nm, but BET surface area and po-
rosity of the inert Al2O3 reached as high as 4.8871 m2/g and
0.007394 cm3/g with the least average pore size formed as
7.2665 nm, indicating the good resistance of the formed α-Al2O3 to
sintering. When inert support Al2O3 was introduced to the active ox-
ides CuO and Fe2O3 at their mass ratio of 1:4, structural characteristics
(including surface area, porosity and average pore size) of the synthe-
sized CuO/Al2O3 and Fe2O3/Al2O3 fell within those reference oxides
CuO or Fe2O3 and support Al2O3, which further displayed that the
inert support Al2O3 really improved the resistance to sintering for
the synthesized CuO/Al2O3 and Fe2O3/Al2O3 OCs.

3.1.2. Multiple reduction/oxidation reaction of the synthesized OCs
In order to evaluate the redox characteristics and its resistance to

sintering, four cycles of reduction of the synthesized OCs with H2 and
then oxidation with air at 850 °C were performed in the TGA. The ex-
perimental results of the mass loss (TG) and the corresponding differ-
ential mass loss rate (i.e. DTG) over the four cycles are provided in
Fig. 2. Meanwhile, four cycles of the redox process for reference ox-
ides CuO or Fe2O3 were performed as well and included in Fig. 2 for
comparison.

From Fig. 2, as compared to the reference oxides Fe2O3 and CuO,
the stability for the reduction of the synthesized Fe2O3/Al2O3 or
CuO/Al2O3 OCs over the four cycles at 850 °C was remarkably intensi-
fied with 20 wt.% of Al2O3 introduced. And the reduction DTG values
for Fe2O3/Al2O3 with H2 over the four cycles in Fig. 2(a) was stabilized
around 26 wt.%/min, less than that of CuO/Al2O3 as 33 wt.%/min
shown in Fig. 2(b), which proved the better reducibility of CuO/
Al2O3 than that of Fe2O3/Al2O3. But the oxidation DTG values for the
reduced CuO/Al2O3 with air over the four cycles in Fig. 2(b) were sta-
bilized as 43.3 wt.%/min, nearly half of those values for the reduced
Fe2O3/Al2O3 with air (~80 wt.%/min in Fig. 2(a)), which meant that
the reduced Fe2O3/Al2O3 was more easily oxidized back with air
than CuO/Al2O3. As discussed above, whether for Fe2O3/Al2O3 or
CuO/Al2O3, their DTG values for the reduction with H2 were much
smaller than those for oxidation with air. Therefore, more attention
should be paid to the reduction of the synthesized OCs by fuel.

3.2. Investigation of the reduction of the synthesized OCs with YQ

3.2.1. TGA-FTIR analysis of the reduction reaction of the synthesized OCs
with YQ

The reactions of YQ with the synthesized Fe2O3/Al2O3 and CuO/
Al2O3 OC at the oxygen excess number Ф=1 under N2 atmosphere
were performed in TGA at the heating rate of 35 °C/min. The results
of TG and DTG analysis are shown in Fig. 3(a), (c) and (d), respective-
ly. Meanwhile, TG and DTG results for both the baseline test of YQ py-
rolysis under N2 atmosphere and the reactions of YQ with reference
oxides Fe2O3 and CuO are included in Fig. 3(a)–(d) for comparison.

As the baseline, the YQ pyrolysis under N2 atmosphere was stud-
ied. From the TG curve in Fig. 3(a), below 150 °C, the dehydration oc-
curred with 3.21 wt.% of moisture removed from YQ pyrolysis. And
then, over 150 °C, based on the DTG curve in Fig. 3(b), YQ pyrolysis
were observed to experience two distinct stages with the correspond-
ing characteristic temperatures Tm (i.e. the peak temperature in rela-
tive to the DTG maximum) centering around 531.5 and 695.9 °C,
respectively. At the first stage around 150–580 °C, breakage of the
weak bond in YQ emitted only 2.1 wt.% of the volatile matters [31],
which were further identified as CO2 and a trace amount of CH4 by
FTIR analysis in the curve (a) of Fig. 4. But at the second pyrolysis
stage around 580–850 °C, cleavage of the main carbon matrix emitted
6.01 wt.% of the volatile matters [31], which was far more than that of
the first pyrolysis stage, mainly due to the much higher weight con-
tent of the fixed carbon in YQ than that of the volatile matters, as
shown in Table 1.

But for the reaction of YQ with reference oxides Fe2O3 and CuO in
Fig. 3(c) and (d), respectively, two reaction stages were experienced
for either the reaction of YQ with Fe2O3 or CuO. Two characteristic
temperatures for the YQ with Fe2O3 at these two stages in Fig. 3(c)
were resided at 523.9 and 815.1 °C with the two comparative DTG
values below 0.1 wt.%/min. But the reaction of YQ with CuO changed
a lot with the two characteristic temperatures shifting to the lower
temperatures as 492.3 and 792.7 °C, respectively, as shown in
Fig. 3(d). And the DTG value for CuO with YQ at the first stage was
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nearly indiscernible and reached 0.2 wt.%/min, far less than that value
at the second stage as high as 5.5 wt.%/min, indicating a higher reac-
tivity of YQ with CuO than with Fe2O3. In addition, FTIR analysis of the
gaseous products (mainly CO2 and H2O) obtained at the characteristic
temperature of the first stage in Fig. 4(b) and (d) further confirmed
that the reaction of YQ with Fe2O3 or CuO did occur at 523.9 °C and
492.3 °C, respectively. The reaction characteristic temperatures
reported here were much lower than the temperatures reported by
Siriwardane, et al. [21] and Cao, et al. [25], possibly due to the higher
reactivity of the synthesized reference oxides in our research than
those ordered from the commercial sources.

Finally, the reaction characteristics of YQ with both Fe2O3/Al2O3

and CuO/Al2O3 were studied. From Fig. 3(c) and (d), two reaction
stages were also presented to the reaction of YQ with Fe2O3/Al2O3

or CuO/Al2O3 over 200 °C, similar to that YQ with those two reference
oxides above. But at the first reaction stage, both the initial reaction
temperatures and the characteristic temperatures for the Fe2O3/
Al2O3 or CuO/Al2O3 with YQ were found out smaller than those
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Fig. 4. FTIR spectra of gas products from the reac
corresponding reference oxides, due to the higher structural parame-
ters (including surface area and porosity) of Fe2O3/Al2O3 or CuO/
Al2O3 in relative to their reference oxides shown in Table 2, and
thus higher reactivity obtained. At the second reaction stage, the
characteristic temperature Tm of YQ with Fe2O3/Al2O3 or CuO/Al2O3

was delayed to 826.4 and 796.4 °C, respectively, higher than those
values of YQ with reference oxide Fe2O3 (815.1 °C) or CuO
(792.7 °C), similar to our previous experiment on the CLC of a Chinese
bituminous coal with CuFe2O4/Al2O3 OC [32], mainly due to the hin-
drance of the inert Al2O3 to the effective contact of carbon produced
from YQ with the active oxides Fe2O3 or CuO, in accordance with
the conclusion reached by Siriwardane et al. [23].

3.2.2. Conversions of the synthesized Fe2O3/Al2O3 or CuO/Al2O3 with YQ
In order to reveal the interaction of YQ coal with OC, based on the

TG experimental results of YQ pyrolysis and its reaction with Fe2O3/
Al2O3 and CuO/Al2O3 OCs or their relative reference oxides in Fig. 3,
two conversion indexes as the OC conversion XOC for OC alone in its
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mixture with YQ and the mixture conversion XYQ+OC for YQ with dif-
ferent OCs were calculated using Eqs. (4) and (7), respectively. And
the calculated results are presented in Fig. 5.

From Fig. 5(a), both the mixture conversion indexes for YQ with
Fe2O3/Al2O3 or its reference oxide Fe2O3 as XFe2O3/Al2O3+YQ or XFe2O3+YQ

were below 3%, far smaller than their corresponding in-
dexes for CuO/Al2O3 or CuO with YQ over 50%, shown in Fig. 5(b)
as XCuO/Al2O3+YQ or XCuO+YQ, which displayed the higher reactivity
of CuO based OC than that of Fe2O3 based OC. Therefore, with regard
to its reactivity to YQ, CuO based OCwasmore suitable to the realistic
CLC systemwith YQ coal as fuel, though Fe2O3 based OCwas cheaper.

Furthermore, through the comparison of the mixture conversion
indexes to their relative OC conversion indexes, the real rate-limited
step for the reaction of YQ with OCs were revealed. For the reaction
of YQ with Fe2O3 based OC, from Fig. 5(a), it would be observed
that, there existed intersections between the curves for the mixture
conversion index XFe2O3+YQ and Fe2O3 conversion index XFe2O3 or
the mixture conversion index XFe2O3/Al2O3+YQ and Fe2O3/Al2O3

conversion index XFe2O3/Al2O3, respectively. Before the relative
intersection points, the mixture conversion index XFe2O3+YQ or
XFe2O3/Al2O3+YQ was bigger than that of OC conversion index XFe2O3

or XFe2O3/Al2O3, which implied that at these early reaction stage, the
gaseous products emitted from YQ pyrolysis were sufficient and the
reaction of YQ with Fe2O3 was determined by the slow lattice oxygen
transferred from Fe2O3 to the gaseous products produced from YQ.
After the intersection points and with the temperature increased,
the opposite variation trend was presented. The mixture conversion
index XFe2O3+YQ or XFe2O3/Al2O3+YQ was smaller than that of OC con-
version index XFe2O3 or XFe2O3/Al2O3, which meant that the reaction of
YQ with Fe2O3 or Fe2O3/Al2O3 was limited by the insufficient supply
of gaseous products from YQ pyrolysis.
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Fig. 5. Conversion indexes for the reaction of YQ with different OCs: (a)YQ+Fe2O3/
Al2O3; and (b) YQ+CuO/Al2O3.
But for the reaction of CuO or CuO/Al2O3 with YQ, below 40 min in
Fig. 5(b) (i.e. corresponding to 720 °C in Fig. 3(a)), the mixture con-
version index of CuO with YQ asXCuO+YQ or CuO/Al2O3 with YQ as
XCuO/Al2O3+YQ was almost overlapped with the corresponding CuO
conversion index XCuO or CuO/Al2O3 conversion index XCuO/Al2O3, re-
spectively. Therefore, at the low temperature range below 720 °C,
the lattice oxygen supplied from CuO or CuO/Al2O3 OC nearly met
the full oxidation of the gaseous products emitted from YQ pyrolysis;
but later on, at the higher temperature over 720 °C, limited by YQ py-
rolysis, gaseous products emitted from YQ were still not sufficient to
the lattice oxygen supplied from the active CuO.

Based on the discussion above, it could be concluded that at the
temperature of interest for CLC of coal over 800 °C, whether for the
reaction of YQ with Fe2O3/Al2O3 or CuO/Al2O3 OC, the real limiting
step is YQ pyrolysis and gasification instead of its reaction with the
OCs used, which was in accordance with other findings
[2,4,6,8,9,16,21,25,27].

3.3. Chemical and microstructure analysis

Since CuO based OC was more suitable to such a high rank coal YQ,
the reaction of YQ with CuO/Al2O3 OC was focused in this section. To
help understand the issue of ash separation from the reaction of YQ
with CuO/Al2O3 OC and further clarify the reaction mechanisms in-
volved, the morphology and elemental composition of the solid resi-
dues from the reaction of YQ with CuO/Al2O3 were characterized
using FSEM-EDX, as shown in Fig. 6 and Table 4. The detailed phases
for the reaction of YQ with CuO/Al2O3 were further identified using
XRD analysis, and the results are provided in Fig. 7.

From Fig. 7(a) for the reaction of YQ with reference oxide CuO, it
could be observed that in SEM pattern, the solid residues were com-
posed of many discrete particles in different sizes from 0.1 to ~1 μm
in spot 1 and the relatively gray bulk in spot 2. By the EDX analysis
in Table 4, the atomic fractions of C, O, Cu and Si were not uniformly
distributed. The C content in spot 2 was 21.95%, much higher than
that in spot 1, possibly resulting from the main carbon matrix,
which was not completely disintegrated during YQ pyrolysis. Mean-
while, the O and Si contents in spot 1 were found as 50.83% and
25.02%, respectively, greatly higher than those in spot 2, but Cu con-
tent in spot 1 was only 12.77%, nearly one quarter of that content in
spot 2. According to the molar contents of these three elements Si,
O and Cu in the two spots, the related species involved in spot 1
should be attributed to Cu and SiO2, and the inherent species in
spot 2 were mainly deduced as Cu and Cu2O. These species were fur-
ther verified by XRD analysis, as shown in Fig. 7(c), where the main
reduced counterparts of CuO were Cu and Cu2O and the main miner-
alogy compositions were identified as SiO2, Ca2Al2SiO7 and Al2SiO5 in-
volved. In addition, from Table 4, although the residue carbon still
accounted for a large fraction by EDX analysis, it could not be detected
out in XRD analysis, mainly due to the amorphous characteristics of
the carbon left from the reaction of YQ with CuO [33,34].

But from Fig. 7(b) for the reaction of YQ with CuO/Al2O3 in the
SEM pattern, the sizes of the solid residues were evenly distributed
with abundant pores formed, and no discernible agglomeration or
sintering was observed. The bulky carbon matrix of YQ had disinte-
grated into smaller carbon grains. By the EDX analysis in Table 4, al-
though the Al contents in the two optionally selected points were
evenly distributed around 22–23%, but the distribution of the atomic
contents for the other four elements (including C, O, Cu and Si) varied
greatly, similar to the reaction of YQ with CuO. According to the molar
ratios of Cu, Al and O as nearly 1:2:4 in spot 2, the species adherent to
the YQ carbon grain was deduced as CuAl2O4. But in spot 1, the spe-
cies were more complicated, where the active CuO was reduced into
Cu and Cu2O, whereas the actual CuAl2O4 support was not completely
inert, some of CuAl2O4 involved in the CuO/Al2O3 OC was reduced to
CuAlO2 and Al2O3 [35–37], which were also verified by the XRD
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analysis shown in Fig. 7(d). The reason for Al2O3 not detected out by
XRD analysis was possibly that the formed Al2O3 at 850 °C was in its
metastable state and amorphous [38,39], as certified later.

As analyzed above, enough attention should be paid to the interac-
tion between the reduced CuO/Al2O3 with the mineral in YQ, because
although the active oxide CuO in the CuO/Al2O3 OC did not interact
with the minerals in YQ, Al2O3 (which was obtained from the reduced
CuAl2O4 support) interacted with SiO2 in YQ and formed into inert
Al2SiO5. As a detrimental consequence, over many cycles of the
reaction of YQ with CuO/Al2O3 in the realistic CLC system, inert
support Al2O3 would be gradually lost by the interaction with other
minerals in coal, which brought about the lower resistance of the
OC to sintering and the deteriorated reactivity of OC in CLC
application.

In addition, another attention should be paid to the minerals pro-
duced from the reaction of YQ with CuO-based OC shown in Fig. 7(c)
and (d), which were far different than the YQ ash from the YQ com-
bustion in air shown in Fig. 7(b). Therefore, evolution of minerals in
CLC of YQ with CuO/Al2O3 should be further deeply studied.
3.4. Thermodynamic investigation of the reaction of CuO/Al2O3 with YQ

In order to gain a comprehensive understanding of several as-
pects for the reduction of CuO/Al2O3 with YQ, including YQ
Table 4
Elemental analysis (Atomic%) of the reaction of YQ with CuO based OC by FSEM-EDX, apply

YQ+ C O Fe Cu

CuO Spot 1 7.89 50.83 0.18 12.77
Spot 2 21.95 29.49 0 43.95

CuO+Al2O3 Spot 1 13.82 19.29 0.62 34.23
Spot 2 21.94 40.45 0.47 10.96
conversion, oxygen transfer from the CuO/Al2O3 OC to YQ and the
interaction between the minerals in YQ with the reduced CuO/
Al2O3 OC, reaction of CuO/Al2O3 with YQ was further analyzed by
the aid of thermodynamic simulation. And the simulation results
are presented in Fig. 8. Meanwhile, a reference reaction of YQ with
oxide CuO was also simulated in order to clarify the effect from
Al2O3 involved in the selected OC, and the results are included in
Fig. 8 for comparison as well.
3.4.1. YQ coal conversion during its reaction with CuO/Al2O3

Full conversion of the fuel C involved in coal to CO2 is the primary
target of CLC for easy sequestration of the CO2 enriched in the flue
gas, especially for YQ coal with the high fixed carbon content. There-
fore, the conversion of C involved in YQ is the first research focus. And
the equlibrium distribution of various C-containing species is provid-
ed in Fig. 8(a).

From Fig. 8(a), the solid C fraction of YQ in its reaction with
CuO/Al2O3 or reference CuO decreased quickly with the reaction
temperature increased from 400 to 1100 °C, because the enhanced
temperature promoted the disintegration of the carbon matrix of
YQ. And more gaseous products were emitted, among which, CO2

was found to be dominant. But it was surprising to observe that
the CO2 fraction decreased obviously with temperature, especially
for the reaction of YQ with CuO/Al2O3, which was not consistent
ing ZAF correction method.

Al Si S K Ca Mg

0.82 25.02 0.2 0.08 0.2 2.02
0.4 0.71 0.34 0.05 0 3.12

23.04 2.79 0.43 0.41 0.83 4.53
22.11 1.72 0.28 0.09 0.20 1.77
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with other experiemental results [2–4,6,7]. Three reasons should
be responsible for such an observation. The first one was perhaps
due to the limitation of thermodynamic analysis as pointed out
above, which did not consider the kinetic constraints in the real
process [30]. Another reason was that, from the thermodynamic
perspective, low temperature was beneficial to the initiation of
the exothermic reaction of YQ with CuO based OC [40,41]. Finally,
the introduced inert Al2O3 should be also considered. Its interac-
tion with CuO into less reactive CuAl2O4 would decrease the lattice
oxgyen supplied to YQ, which would result in the CO fraction in-
creased with temperature.

3.4.2. CuO/Al2O3 OC conversion
Oxygen supplied from OC is of great significance to the full oxida-

tion of coal in CLC. Therefore, CuO based OC evolution and oxygen
transfer were further studied. Various Cu-containing species were
simulated and provided in Fig. 8(b).

From Fig. 8(b), almost all the active CuO in CuO based OC was re-
duced by YQ to elemental Cu with its fraction stabilized around ~99%
throughout the whole temperature range in 400–1100 °C, which im-
plied that, during the reaction of YQ with CuO or CuO/Al2O3, the active
CuO was mainly reduced to Cu2O and then further to Cu by transfer of
the lattice oxygen [O] to YQ in a sequential pathways below [42], similar
to the reduction of CuO with H2 [43,44] or CO [42,45].

2CuO→Cu2O þ ½O� ð8Þ

Cu2O→2Cuþ ½O� ð9Þ

Furthermore, from the enlarging insets in Fig. 8(b) for YQ with
CuO or for YQ with CuO/Al2O3, it could be observed that either Cu2O
or CuAlO2 were produced and nearly stabilized around zero below
800 °C; but over 800 °C, both of them increased rapidly. It could be in-
ferred that below 800 °C, the sequential reduction of the spinel
CuAl2O4 with YQ occurred as described in Eqs. (10) and (11), because
CuAl2O4 involved in CuO/Al2O3 was also found to have some reduc-
tion activity, though lower than that of CuO [35,46], similar to the re-
duction of CuAl2O4 with H2 [36,37] or CO [35].

2CuAl2O4→2CuAlO2 þ Al2O3 þ ½O� ð10Þ

2CuAlO2→2Cu þ Al2O3 þ ½O� ð11Þ

But over 800 °C, under the rapid increase of CO concentration
shown in Fig. 8(a), O2 partial pressure decreased quickly, which
made the decomposition of CuO into Cu2O [25,47] and CuAl2O4 into
CuAlO2 [48,49] initiated, and gaseous oxygen O2 was directly emitted,
which was further transferred to YQ for its direct combustion.

4CuO→2Cu2O þ O2 ð12Þ

4CuAl2O4→4CuAlO2 þ 2Al2O3 þ O2 ð13Þ

Finally, the main reaction pathways for YQ with CuO based OC
were determined. The greater percentages of Cu as compared to
those of Cu2O and CuAlO2 in Fig. 8(b) indicated that the dominant re-
action pathways for the CuO with YQ should be Eq. (8) coupled with
Eq. (9) other than Eq. (12). Similarly, the reduction of CuAl2O4 with
YQ also inititated by the main reaction pathways of Eqs. (10) and
(11) other than Eq. (13).

In addition, from Fig. 8(b) it could be found that the active CuO
tended to react with various sulfur species emitted from YQ to form
Cu2S throughout thewhole reaction stage, similar to thefinding of others
in the reaction of syngas with their sysnthesized CuO-based OC [50,51].

3.4.3. Evolution of Si and Al-containing minerals
Si and Al minerals in coal were widely distributed with larger frac-

tion than other minerals [52]. It was the case with the ash analysis of
YQ in Table 1. Therefore, the final research focus was mainly concen-
trated on the transformation of Si and Al minerals in YQ and their in-
teraction with the reduced CuO/Al2O3. Various Si and Al species from
the thermodynamic simulation for the reaction of YQ with CuO/Al2O3

are provided in Fig. 8(c) and (d), respectively.
As a reference, from Fig. 8(c) and (d) for the reaction of YQ with

reference oxide CuO, it was observed that, for the transforamtion of
various Si-containing species in Fig. 8(c), below 600 °C, the main Si-
containing species were quartz (SiO2) and prehnite (Ca2Al2Si3O10(OH)2)
with their fractions stabilized around 63.6% and 23.2%, respectively; but
over 600 °C, the fraction of prehnite decreased fastly until to zero at
800 °C with the rapid increase in SiO2 to nearly 80%. But from
Fig. 8(d) for the transformation of various Al-containing species,
below 600 °C, the main Al-containing species were nearly 70% of
prehnite and ~26% of silimanite (Al2SiO5), respectively; and then
over 600 °C, silimanite (Al2SiO5) and gehlenite (Ca2Al2SiO7) fastly
increased with their fractions stabilized around 55% and 35.2%,
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respectively. As described above, it could be concluded that the main
Si and Al species for the reaction of YQ with CuO were silimanite and
prehnite below 600 °C, but over 600 °C, were quartz, silimanite and
gehlenite, respectively.

Furthermore, the reaction mechanisms for the main Si and Al spe-
cies formed during the reaction of YQ with CuO were explored. The
observed silimanite below 600 °C could be viewed as the initial on-
set towards the intermediate mineral metakaolinite (Al2Si2O7),
and was most probably arising from the decomposition of kaolinite
(Al2Si2O5(OH)4) present in the YQ coal as shown in Fig. 7(a) by
XRD analysis [53–55],

Al2Si2O5ðOHÞ4ðkaoliniteÞ→Al2SiO5ðsilimaniteÞ þ SiO2 þ 2H2O ð14Þ

Prehnite was found thermally stable at lower temperature below
600 °C from Fig. 8(c) and (d), which was obtained through a series
of complex intermediate reactions by the gehlenite (Ca2Al2SiO7) for-
mation in Eq. (15) at 400–600 °C [56] or in Eq. (16) over 600 °C
[57], further crystallization into anorthite (Ca2Al2SiO8) in Eq. (17)
[58], and finally interaction between the anorthite, wollastonite and
excess steam (H2O) [59,60] in Eq. (18), as described below.

Al2Si2O5ðOHÞ4ðkaoliniteÞ
þ 2CaCO3ðcalciteÞ→Ca2Al2SiO7ðgehleniteÞ þ SiO2 þ 2H2O
þ 2CO2 ð15Þ

Al2Si2O7ðmetakaoliniteÞ þ ð2 þ nÞCaO→Ca2Al2SiO7ðgehleniteÞ
þ nCaSiO3ðwollastoniteÞ ð16Þ
Ca2Al2SiO7ðgehleniteÞ þ 3SiO2 þ Al2O3→2Ca2Al2Si2O8ðanorthiteÞ ð17Þ

Ca2Al2SiO8ðanorthiteÞ þ CaSiO3ðwollastoniteÞ
þ H2OðgÞ→Ca2Al2Si3O10ðOHÞ2ðprehniteÞ ð18Þ

But for the reaction YQ with CuO/Al2O3 in both Fig. 8(c) and (d),
the transformation of the Si and Al-containing species was greatly dif-
ferent from the reaction of YQ with CuO discussed above. Although
prehnite still existed below 600 °C and fastly decreased to zero
around 800 °C, but the main Si and Al minerals for the reaction of
YQ with CuO/Al2O3 were silimanite and free alumin oxide (Al2O3), re-
spectively, which were confirmed in our previous FSEM-EDX analysis.
Meanwhile, from Fig. 8(d), below 600 °C, Al2O3 decreased from 59% at
400 °C to 52.2% at 600 °C, acompanied by the increase of Al2SiO5 from
34.2% at 400 °C to 42.8% at 600 °C; but over 600 °C, both Al2O3 and
Al2SiO5 were stablized ~52% and 42.8%, respectively. The observed oc-
currence of Al2SiO5 was most possibly arising from the interaction be-
tween the SiO2 in YQ and Al2O3 from the reaction of YQ with CuO/
Al2O3 in Eqs. (10) and (11) coupled with Eq. (13) [54,55].

Al2O3 þ SiO2→Al2SiO5 ð19Þ
4. Conclusions

Reactions of YQ anthracite with Fe2O3/Al2O3 or CuO/Al2O3 OC
were perfomred in TGA, and then systematically investigated using
different experimental means, such as FTIR, FSEM-EDX, XRD and

image of Fig.�8
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further analyzed by the aid of the thermodynamic simulation. Rele-
vant conclusions were reached as followed.

(1) Both Fe2O3/Al2O3 and CuO/Al2O3 were synthesized using a
novel SGCS method and further characterized with phase and
structural analysis. The synthesized OCs were actually com-
posed of active oxides Fe2O3, CuO and inert support Al2O3

and CuAl2O4, respectively. And for SGCS method used in this
research, the introduced inert support Al2O3 at its mass ratio
to Fe2O3 or CuO as 1:4 was suitable, which effectively im-
proved the resistance of CuO or Fe2O3 based OC to sintering
and made their reaction stability well maintained over the
four redox cycles.

(2) TGA-FTIR experiments for the two reactions of YQ with Fe2O3/
Al2O3 and CuO/Al2O3 were conducted. The results revealed that
over 150 °C, two reaction stages were undergone for these two
reactions at 300–600 °C and 600–850 °C, respectively. Al-
though the two maximum weight loss rates for YQ with
Fe2O3/Al2O3 were at the same magnitude and both of them
below 0.035 wt.%/min, but the maximum weight loss rate for
YQ with CuO/Al2O3 at the second stage was more pronounced
and reached up to 2.8 wt.%/min.

(3) Two conversion indexes were established for the reduction of
Fe2O3/Al2O3 and CuO/Al2O3 with YQ. The mixture conversion
index of YQ with CuO/Al2O3 was far bigger than that of YQ
with Fe2O3/Al2O3, which indicated that CuO/Al2O3 was more
suitable to YQ in CLC. Meanwhile, both OC conversion indexes
of Fe2O3/Al2O3 and CuO/Al2O3 were bigger than their mixture
conversion indexes with YQ at the temperature of CLC interest
(f.g., above 800 °C), clearly indicating that the real limiting step
involved is pyrolysis and gasification of YQ itself, instead of its
reaction with OCs.

(4) FSEM-EDX and XRD analysis of the solid reduced residues from
YQ with CuO/Al2O3 indicated that the active CuO was reduced
to Cu and Cu2O, but support CuAl2O4 formed during prepara-
tion also had inferior reactivity and was reduced to CuAlO2

and Al2O3. By combination with the thermodynamic analysis,
it was found that reduction of CuO and CuAl2O4 was dominated
by the transfer of lattice oxygen [O] invovled in a sequential
mode by Eqs. (8) and (9) and Eqs. (10) and (11), respectively,
instead of gaseous oxgyen O2 formed in Eqs. (12) and (13)
throughout the whole reaction at 400–1000 °C.

(5) The transformation of Si- and Al-containing species for the re-
action of YQ with CuO/Al2O3 was studied. The main Si, Al min-
erals formed for YQ with CuO/Al2O3 were Al2SiO5 and free
Al2O3, instead of SiO2, Al2SiO5 and Ca2Al2SiO7 over 600 °C for
YQ with the reference oxide CuO.
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