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A B S T R A C T   

For the chemical looping with oxygen uncoupling (CLOU) process that fueled with coal, the release of the 
gaseous O2 or the mobility of the lattice oxygen can be suppressed by coal ash deposition on the surface of the 
oxygen carrier (OC) or weakened by the interaction between the active phase of the OC and coal ash. In this 
work, we aim to identify the potential effects of coal ash on the performance of CuO@TiO2-Al2O3 OC in CLOU. 
Over 50 redox cycles, the CO2 yield was attained in the range of 92.1%–99.6%, indicating the stable redox 
reactivity of the CuO@TiO2-Al2O3 OC. According to the XRD results, Ca was found to be deposited on the surface 
of the OC in the form of Ca2Al2SiO7. However, a close-grained ash shell was avoided to cover the surface of OC 
due to the continuously gaseous O2 by CuO. In addition, stable active phases (CuO and CuAl2O4) were detected in 
both of the fresh and used samples. Moreover, the consumption of CuO was avoided by the formation of CaSO4 
and Ca2Al2SiO7. At last, the uniform distribution of Fe2O3 was detected and accumulated on the OC, which also 
act as the active phase of the OC.   

1. Introduction 

Chemical looping with oxygen uncoupling (CLOU) shows the merit 
of the inherent CO2 separation in fossil fuel combustion, as realized by 
utilizing the gaseous O2 released from transition metal oxides (also 
known as oxygen carrier, OC) instead of air [1]. Among all the potential 
oxygen carriers used in CLOU, CuO-based OC has been demonstrated as 
the one of the most promising candidates [2]. So far, Cu-based OCs [2–5] 
have been extensively investigated under the context of CLOU in terms 
of pollutant behaviors (sulfur [6], nitrogen [7,8], chlorine [9], and 
mercury [10]). 

In CLOU of solid fuels, e.g., coal, the possible interaction between the 
active phase of Cu-based OC (CuO) and the mineral matters in coal ash 
(like Fe2O3 and CaO) can firstly generate Ca2CuO3 in the oxidation stage 
and then Cu5FeS4 in the reduction stage, respectively. Such kind of in-
teractions would eventually lead to the decreased oxygen donation ca-
pacity of the OC [11]. Moreover, the interaction between Cu-based OC 
and typical elements of coal ash in CLOU was investigated by Saha et al. 
[12], Gong et al. [13] and Dai et al. [14] in thermal gravimetric analyzer 
(TGA), by mixing coal or high fractions of coal ash (33.3 wt% and 50 wt 
%) with the OC, respectively. Coal ash deposition on the OC was verified 

by the observation of Ca, Fe, Si and Al elements on the surface of the 
used OC samples. Gong et al. [13] revealed the physical and chemical 
effects of coal ash on the OC. With respect to the physical effect, the 
specific surface area and pore size of the OC both decreased, and the 
particles were sintered and agglomerated. In terms of the chemical ef-
fect, interaction between CuO and Al2O3 occurred and thus the activa-
tion energy for the gas-solid reaction increased. More importantly, the 
OC was seriously deactivated due to particle sintering during long-term 
redox cycles. Dai et al. [14] indicated that the sintering and agglomer-
ation of the particles was probably attributed to the interaction between 
alkali species (Na and K) and OC. In addition, the sintering and 
agglomeration of the Cu-based particles could be quite different in the 
fluidized bed reactor and the fixed bed reactor in TGA, where the 
fluidization regime was different. In order to retain the donating ca-
pacity of CuO/Al2O3 OC, the interaction between CuO and Al2O3 was 
effectively suppressed by the introduction of micro-Al2O3 particles 
[15–17]. Within 12 redox cycles, the mole fraction of Al in CuAl2O4 
increased by 3.36% for the used OC [10], which deserved to be evalu-
ated for much longer redox reaction testing. 

This work aimed to evaluate the performance of the core-shell 
CuO@TiO2-Al2O3 oxygen carrier in 50 redox cycles. The deposition 
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and interaction of coal ash on the OC was investigated by using the 
Pingdingshan (PDS) anthracite as the solid fuel, which has high fractions 
of Si and Al in ash (52.66 wt% SiO2 and 28.10 wt% Al2O3). The 
microstructure and the distribution of typical elements in coal ash (Ca 
and Fe) on the surface of the used OC were identified by scanning 
electron microscopy (SEM) equipped with energy dispersive spectros-
copy (EDS). X-ray fluorescence spectrometry (XRF) and X-Ray diffrac-
tion (XRD) were employed to determine the elements composition and 
crystal structure and morphology of both the fresh and used OC samples. 
At last, the surface composition of the used OC was determined by X-ray 
photoelectron spectroscopy (XPS). The behaviors or effects of the five 
main elements in PDS anthracite ash on the OC were discussed. 

2. Material and methods 

2.1. Materials 

CuO@TiO2-Al2O3 was used as the oxygen carrier (OC) in CLOU of 
PDS anthracite. The core-shell CuO@TiO2-Al2O3 OC were prepared by 
the self-assembly template combustion synthesis (SATCS) method [15]. 
Firstly, μm-Al2O3 was used as the core, which was covered by the nano- 
TiO2 (shell). Secondly, the slurry with the core shell template was sta-
bilized by the addition of CO(NH2)2. Thirdly, a wet gel of {Cu[CO 
(NH2)2]2}2+ with urea molecules was synthetized by the addition of the 

Table 1 
Ultimate and proximate analyses of PDS anthracitea.   

Moisture Volatile Ash Fixed carbon C H N S Ob 

PDS (wt%) 1.88 14.98 16.87 66.27 64.73 3.99 1.08 0.30 11.15  

a Air dried basis; bby difference. 

Table 2 
Main compositions of the PDS coal ash (wt%).   

SiO2 Al2O3 CaO SO3 Fe2O3 K2O MgO Na2O TiO2 Others 

PDS ash 52.66 28.10 6.53 3.90 3.31 1.70 1.51 1.02 0.86 0.41  

Fig. 1. XRD patterns of the PDS coal ash.  

Fig. 2. Sketch map of the batch fluidized bed reactor.  
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copper nitrate (Cu(NO3)2⋅3H2O) into the slurry. Fourthly, drying and 
calcination processes were completed at 80 ◦C for 24 h and 950 ◦C for 2 
h, respectively. Finally, CuO@TiO2-Al2O3 OC particles (0.15–0.35 mm) 
were achieved with the main composition of 78.02 ± 0.21 wt% CuO, 
5.95 ± 0.12 wt% TiO2 and 13.60 ± 0.17 wt% Al2O3. Due to the nano- 
TiO2 coverage on the external of micro-Al2O3, the reactivity of the OC 
could maintain well by suppressing the CuAl2O4 formation. 

The PDS coal used was in the size range of 0.3–0.5 mm, and the ul-
timate and proximate analysis was shown in Table 1. The PDS coal ash 
was produced under the CO2 gasification process and the oxidation 
process at 900 ◦C in the batch fluidized bed reactor. The coal ash com-
positions were determined by XRF and XRD, as shown in Table 2 and 
Fig. 1. 

2.2. Experimental Setup 

The geometric dimension of the batch fluidized bed reactor was 20 
mm in diameter and 100 mm in height. Two sintered plates (an aperture 
diameter of 0.07 mm) were used as the distributor (the lower one in the 
reactor) and the protector (the upper one in the reactor), respectively, as 
shown in Fig. 2. 

The fluidization gas was 2.0 L/min (5.6 Umf, the minimal fluidization 
gas velocity). A complete redox cycle was composed by the reduction 
process (40 vol% CO2 in N2), purification process (100 vol% N2), and the 
oxidation process (8.5 vol% O2 in N2). It should be noted that the ash 
fusion temperature of coal under char-CO2 reaction condition is about 
50–100 ◦C lower than that under char-H2O reaction condition [18]. 
Therefore, the CO2 was used as the gasification agent for the anthracite, 
where the OC could suffer in a worse CLOU environment. With this in 

mind, CO2 was used as the gasification agent for the anthracite. The bed 
inventory of OC was 15 g OC and 0.213 g coal was injected into the 
reactor at the initial reduction process with an oxygen to fuel ratio of 
2.80 [6]. 

2.3. Data evaluation 

The total flow rate of the flue gas at the outlet of the reactor (Fout, j) is 
calculated based on N2 balance, as Fout, j = FN2/(1 −

∑
ci). FN2is the flow 

rate of N2 into the reactor; ci is the volume fraction of gas i (CO2, CO, 
CH4, H2, and O2) in flue gas; Fout, j is the flow rate of the flue gas during 
the reduction process (Fout, re) or the oxidation process of OC (Fout, ox). 

The carbon conversion during the reduction process, XC, is calculated 
on the basis of the carbon balance within the whole reaction [19]. 

XC =

(∫ tre

t0
Fout,re(cCO2 + cCH4 + cCO)dt − FCO2 ,in

)/

(22.4mC/12) (1)  

where FCO2, in is the flow rate of CO2 used as the gasification agent (0.8 L/ 
min), mC is the mass of carbon in coal. 

The residual carbon ratio, XC, OX, is calculated as, 

XC,OX =

(∫ tox

t0
Fout,ox(cCO2 + cCH4 + cCO)dt

)/

(22.4mC/12) (2) 

The carbon balance is the sum of the XC and XC, OX. 
Carbon capture efficiency, ηCC, is defined as the ratio of the carbon 

conversion during the reduction process to the total carbon conversion 
within the whole redox cycle. 

ηCC = XC
/(

XC +XC,OX
)

(3) 

Fig. 3. Concentrations of gases (a. CO2 and O2; b. CO, CH4, CnHm and H2) during the 50 redox cycles.  
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The gas yield (Yi, i = CO2, CO, and CH4) is calculated based on the 
equations in the previous work [16]. 

Yi =

∫ tre
0 Fout,recidt

∫ tre
t0

Fout,re(cCO2 + cCH4 + cCO)dt − FCO2 ,in
(4) 

The average apparent rate for carbon conversion to 0.95, rXC≤0.95, 
was determined as, 

rXC≤0.95 = 0.95/(tXC=0.95 − t0) (5)  

where tXC=0.95 represents the reaction time necessary to reach a char 
conversion of 95%. 

3. Result and discussion 

3.1. Gas concentrations in 50 cycles 

The concentrations of the main carbonaceous gases and H2 during 
the 50 redox cycles are shown in Fig. 3. Two operating temperatures 
were set, as 900 ◦C for the 1st–43th cycles and 875 ◦C for the 44th–50th 
cycles. The reduction time varied from 10 to 16 min in the 4th–6th and 
10th–12th cycles and all the others’ reduction time were 8 min. The coal 
was injected by a pulse of high-pressure N2 (0.1 s and 0.3 Mpa) into the 
reactor when the concentration of CO2 reached to 38.3 vol% - 40.2 vol% 
and the concentration of O2 dropped to approximately 1.5 vol% (the O2 
equilibrium partial pressure for CuO at 900 ◦C [20]). 

The CO2 concentration was immediately increased to 42.2 vol 
%-48.5 vol% due to the oxidation of the volatiles and gasification 
products by the gaseous O2 and the lattice oxygen provided by Cu-based 
OC. The average carbon balance was 1.04 ± 0.01, indicating the 
approximately complete carbon conversion (more details were shown in 
Section 3.3). 

At the 1st-13th cycles, three kinds of the volatiles (CH4, CO, and H2) 
were detected during the reduction process. The reason for the uncon-
verted gases (typical gases in the volatiles: CH4 and CO) was due to the 
insufficient solid-gas contact. After the 14th cycle, the escaped gases 
were mainly CH4 and H2. The explanation was that CH4 was derived 
from the volatiles and H2 was from the methane reforming or the H2O- 
gasification of the char because of the peak of H2 behind that of CH4, 

Fig. 4. Concentrations of the main carbonaceous gases and H2 at the (a) 2rd 
redox cycle, (b) 30th redox cycle, and (c) 43th redox cycle. 

Fig. 5. Yields of CO2, CO, and CH4.  
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shown in Fig. 4 (b and c), compared to the reference test [10]. During the 
last 6 cycles at 875 ◦C, H2 and CO concentrations became higher. It was 
attributed to the deactivation of OC and low reactivity of OC at 875 ◦C. 

Concentrations of the main carbonaceous gases and H2 during the 
representative cycles at the preliminary stage (2rd cycle), middle stage 
(30th cycle), and later stage (43th cycle) were shown in Fig. 4 (a-c). 
During the reduction process, CO2 peaks were 3.89 vol%, 5.00 vol% and 
6.39 vol% at the 2rd, 30th and 43th cycles, respectively. The CO and 
CH4 peaks showed a decreasing trend in parallel. The OC could be 
activated after redox cycles [21,22]. In addition, the stable reactivity of 
this OC was attributed to the inhibition of CuAl2O4 formation by nano- 
TiO2, as shown in Figs. 7 and 10. Moreover, a stable releasing gaseous O2 
(0.64 vol%-0.87 vol%) was observed during the later stage of the 
reduction process. Within the oxidation process, only a small amount of 
CO2 was detected, resulting from the combustion of the residue char at 
the 2rd, 30th and 43th cycles. 

3.2. Yields of CO2, CO, and CH4 

The yields of CO2, CO and CH4 were shown in Fig. 5. The highest CO2 
yield of 99.6% was achieved at the 3rd cycle, while, the lowest CO2 yield 
was 92.1% at the 6th cycle, during the 1st-12th cycles. The unconverted 
CH4 indicated an incomplete conversion of the volatiles. It was because 
of the insufficient solid-gas contact caused by a slight agglomeration of 
the OC particles, as shown in the Fig. S1 in the supporting information. 
This phenomenon was also observed at the 36th–37th cycle with the CO2 
yields of 96.9% and 96.8%. In order to ameliorate the fluidization 
condition of the OC, the fluidization gas velocity was elevated to 3 L/ 
min (8.4 Umf). By this way, the CO2 yield started to increase at the 38th 
cycle and became steady at 98.0% at 40th–43th cycles. At last, the 
operating temperature was decreased to 875 ◦C to alleviate the possible 
agglomeration or sintering of the OC particles within the 44th to 50th 
cycles. A stable CO2 yields of 97.7% to 98.0% were attained. Satisfactory 
performance of CuO@TiO2-Al2O3 was well maintained by adding the 
nano powders of TiO2 to inhibit the formation of CuAl2O4. 

3.3. Carbon balance, rXC≤0.95, and XC, OX 

The carbon balance of 50 cycles ranged from 0.9 to 1.1 for 44 cycles 
and 1.1 to 1.2 for 6 cycles in Fig. 6, which was in a confidence interval. 
This result also indicated that the injected coal was completely con-
verted in each cycle. 

The average apparent rate for the carbon conversion to 0.95, 
rXC≤0.95, which can reflect the promotion of the OC on the char con-
version rate, was further calculated. During the 43 cycles at 900 ◦C, the 
rXC≤0.95 showed an increasing trend from 0.1 min− 1 to 0.2 min− 1, 
demonstrating a drop of the reaction time required to reach a char 

conversion of 95%. This result showed that the capacity to release 
gaseous O2 and the reactivity of OC were maintained well, which was 
beneficial to enhancing the conversion or gasification of high-rank coal 
(PDS anthracite). Moreover, the presence of CaO could partly improve 
the carbon conversion [23,24]. The rXC≤0.95 of CuO@TiO2-Al2O3 was 
double of that for the Cu-decorated hematite [25] and the agglomeration 
of CuO@TiO2-Al2O3 was mild even though it contained a high content of 
Cu. This result confirmed that the nano-TiO2 was favorable to maintain 
the structure of the OC by inhibiting the formation of CuAl2O4. 

The residual carbon ratio, XC, OX, was below 0.1 in average during 50 
cycles. This result indicated that the char combustion or gasification was 
enhanced by gaseous O2, lattice oxygen or the alkalis in the ash. The 
effect of the accumulated ash on the XC, OX was little. 

4. Characterization of OC 

4.1. Main compositions by XRF and XRD 

The main compositions of the fresh and used samples were deter-
mined by XRF, as shown in Table 3. The mass fraction of the active phase 
(CuO) was reduced by 5.22 wt%. On the contrary, the mass fraction of 
Al2O3 was increased by 2.83 wt%. The new phases, i.e., Fe2O3 and CaO, 
were detected in the used samples (mixed OC and ash). Nevertheless, the 
deposited Fe2O3 and CaO on the OC cannot be distinguished and thus 
was further identified by SEM + EDS in the following section. 

The fresh sample was composed by the CuO, TiO2, Al2O3 and 
CuAl2O4 in Fig. 7. For the used sample, the peak of CuAl2O4 increased, 
which semi-quantitatively indicated that more CuAl2O4 formed during 
50 redox cycles. The main phases of the ash, e.g. CaSO4, Ca2Al2SiO7, and 
SiO2, were detected both in the simple coal ash sample and the mixed 
sample of coal ash and the used OC samples. The sulfur in coal was fixed 
by CaO in the coal ash, thus the formation of CuSO4 can avoid. This 
result was similar to the sulfur behavior in the CLC of the Xiaolongtan 
lignite [6]. Hence, the CaO in the ash protected the Cu-based OC by the 

Fig. 6. Carbon balance, rXC≤0.95 and XC, OX.  

Table 3 
Main composition of the OC samples by XRF.  

Oxygen 
carrier 

CuO (wt 
%) 

TiO2 

(wt%) 
Al2O3 

(wt%) 
SiO2 

(wt%) 
Fe2O3 

(wt%) 
CaO (wt 
%) 

Fresh 
sample 

78.02 
± 0.21 

5.95 ±
0.12 

13.60 
± 0.17 

2.43 
± 0.08 

– – 

Used sample 
(50 
cycles) 

72.80 
± 0.25 

4.71 ±
0.11 

16.43 
± 0.23 

2.20 
± 0.16 

1.35 ±
0.06 

0.751 ±
0.037  

Fig. 7. XRD patterns of the fresh OC and the used OC (50 cycles).  
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Fig. 8. SEM images of the (A) fresh OC and the used OCs (B) 23 cycle, and (C) 50 cycles.  
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suppressed generation of the CuSO4 or Cu2Al2SiO7. 

4.2. Microstructure 

The good sphericity of the fresh OC (Fig. 8 (A1-A6)) and used OC 
(Fig. 8 (B1-B6) and (C1-C6)) were verified by the SEM. 

A melt polycondensation and densification was observed on the used 
OC (after 23 cycles) in Fig. 8 (B1-B2). Specially, the cementation be-
tween the micro particles and small holes were observed in Fig. 8 (B5- 
B6), which was caused by the external diffusion of gaseous O2 [26]. 

Moreover, an OC particle was covered by the ash, as shown in Fig. 8 
(C1-C2). A plenty of the micropores (2–5 μm) were generated on the 
surface of the OC even though a part of the OC surface was covered by 
coal ash. 

It should be noted that the more ash was accumulated and thus the 
contact of the coal ash and OC was sufficient. From this respect, more OC 
particles were covered by the coal ash, as shown in Fig. 9 (EDS1). While, 
some OC particles were little affected by the ash as shown in Fig. 9 
(EDS2). 

In the EDS1, the Ca deposition was concentrated on the surface of the 
OC particle, while the Fe was uniformly distributed. Nevertheless, the Ca 
and Fe could both promote the reactivity of the OC to some extent [23, 
24]. 

The mass fractions of Fe and Ca were 19.80 wt% and 4.39 wt% (Fig. 9 
EDS1), respectively, which was explained by that the mechanical 
strength of Fe2O3 was larger than those of Ca2Al2SiO7, CaSO4, and CaO. 
In addition, the fractions of Cu, Ti, and Al on the OC (after 50 cycles) 
were 34.16 wt%, 3.94 wt%, and 37.71 wt%, respectively, shown in 
EDS1. Moreover, Cu, Ca and Fe were all uniformly distributed on some 
OC particles. The fractions of Cu, Ti, Al, Fe, and Ca on the surface of the 
OC (after 50 cycles) were 71.38 wt%, 7.37 wt%, 18.80 wt%, 1.76 wt%, 
and 0.69 wt%, respectively. The fraction of the Cu decreased by 7.24 wt 
% in the used sample in comparison with the fresh sample [10]. The 
more fraction of the Al was resulted from the inner Al2O3 particle in the 
original OC and the Al2O3 in the deposited ash. 

4.3. Surface composition by XPS 

The surface composition of the used OC was determined by XPS. CuO 
was the main phase at the peaks of 932.7 eV and 933.8 eV in Fig. 10 (a). 
CuSO4 (peak at 935.5 eV) was generated after 50 cycles and the mole 
fraction of the CuSO4 was 9.38% on the surface of the used OC. The mole 
fraction of the CuSO4 was increased by 0.66% during 37 cycles when 
compared with the previous work [10]. This result indicated that the 
CaO in the ash was conducive to consume the sulfate radical and so as to 
avoid the formation of CuSO4 [27]. 

Fig. 9. EDS image of two used OC sample particles (after 50 cycles).  
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Al2O3 (peaks at 73.2 eV, 75.0 eV, and 77.3 eV) was detected as a sole 
substance containing aluminum in Fig. 10 (b). No CuAl2O4 was detected 
on the surface of the OC. This result demonstrated a little formation of 
CuAl2O4, which can’t be determined by XPS. However, the mole fraction 
of the CuAl2O4 was 4.17% after 13 cycles in the previous work [10]. 
Combined with the XRF analysis, the mole fraction of Cu in the CuAl2O4 
was 0.65%. All these results indicated an effectively inhibiting effect of 
TiO2 on the reaction between CuO and Al2O3. 

5. Discussion 

The main elements in the PDS anthracite (Si, Al, Ca, S, and Fe) 
showed different effects on the performance of the CuO@TiO2-Al2O3. 

Si: The formation of SiO2 and Al2SiO5 was detected in the ash pro-
duced by the gasification and oxidation processes. The stable SiO2 also 
remained in the mixed OC and ash in Fig. 7. The gehlenite (Ca2Al2SiO7) 
was formed by the Al2SiO5 and CaO, which was highly correlative to the 
SiO2/Al2O3 ratio (S/A) [28]. In addition, it was also a stable crystal 
phases above 1200 ◦C [28]. However, the formation of the Ca2Al2SiO7 
could cause the agglomeration of the OC particles. 

Al: Al existed in the form of Al2O3 and Al2SiO5 in the ash. Al2O3 was 
detected as the main form on the surface of the used OC in Fig. 10 (b). A 
part of the element Al participated in the formation of Ca2Al2SiO7 via 
2CaO + Al2O3 + SiO2 = Ca2Al2SiO7. Another part of the element Al 

could react with CuO to generate CuAl2O4 via CuO + Al2O3 = CuAl2O4 
[13, 14], as indicated by the XRD in Fig. 7. 

Ca: The favorable factors the performance of the OC were: the 
functions of the sulfur fixation [6], the promotion on the char gasifica-
tion [29], and the consumption of Al2SiO5. Whereas, the formation of 
the Ca2Al2SiO7 could partly covered the surface of the OC [30], which 
resulted in a decrease of contact between OC and combustible gases. It 
was advantageous that the pores were observed in the cover (Ca2Al2-

SiO7) on the used OC sample in Fig. 8 (C2-C3). Thus, the capacity to 
release O2 was just partially affected during the long-term redox cycles. 
Moreover, the Ca2Al2SiO7 could be rubbed off in the fluidized bed 
reactor, which was indicated the CaO/Fe2O3 ratio in the used OC was 
lower to that in the ash in Table 2 and Fig. 9. 

S: Part of the sulfur was fixed by CaO in the ash and some was formed 
as CuSO4 in Fig. 10 (a). The equilibrium constant of the reaction (CuO +
H2SO4 = CuSO4 + H2O) was lower than that of reaction (CaO + H2SO4 
= CaSO4 + H2O), as shown in Fig. S2 in SM. Thus, the more redox cycles 
or the continuous test should be conducted in future work and the CaO- 
decorated CuO could restrain the formation of the copper sulfate [27]. 

Fe: The element Fe was uniformly distributed on the surface of the 
OC in Fig. 9. The mass fraction of the Fe on the surface was as high as 
19.80 wt% in some OC particles and low to 1.76 wt% in other used OC. 
No CuFe2O4 was detected by the XPS analysis in Fig. 10 (c). Moreover, 
Fe2O3 phase could provide more lattice oxygen [31]. 

Fig. 10. XPS spectra of Cu and Al for the used OC (50 cycles).  
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At last, it should be noted that the most suitable reactor for CLOU 
was the interconnected fluidized bed reactor, where the solid-gas 
fluidization and the separation of OCs in the cyclone was quite 
different from this batch fluidized bed reactor. In the continuous reactor, 
the agglomeration or sintering of the OC particles could be relieved due 
to a better heat transfer in a large reactor. Secondly, the ash could be 
peeled off the OC particles by the attrition between OC particles or the 
OC and reactor. Thus, the mildly agglomerated OC particles could be 
separated in the high-flux riser and cycles, where the gas velocity was 
reached to 8–10 m/s and 15–25 m/s, respectively. In the cyclone, part of 
the coal ash could be collected by the different densities of the particles 
[32]. At last, the OC could be totally covered by the ash within the 
continuously operation [30]. 

In summary, the formation of Ca2Al2SiO7 should be avoided to cover 
the surface of the OC or cause the agglomeration of the OC particles. The 
copper sulfate was inhibited by the CaO in the ash. The CaO and Fe2O3 
showed positive effects on the OC. 

6. Conclusions 

The performance of CuO@TiO2-Al2O3 in the CLOU of the PDS 
antericite was evaluated at a batch fluidized bed reactor. The fractions of 
the SiO2 and Al2O3 in the ash was high with a value of 52.66 wt% and 
28.10 wt%, respectively. The CO2 yield maintained at a relative high 
level (97.3%) after 50 cycles. The residual carbon ratio was <0.1 even 
though the PDS anthrecite was difficult to gasification. 

The edges and corners of the OC sample disappeared after 50 redox 
cycles and a combined and mellow of the skeleton was formed on the 
surface of some OC patciles. Many holes with a diamater of 1 to 5 μm 
were generated by the O2 releasing capability of the CuO, which 
developed a porous structure and prevented the complete cover of the 
coal ash on the surface of the OC. 

Some positive effects of the elements in the ash were observed. The 
sulfur fixation of the Ca made a contribution to the stable reactivity of 
OC by reducing the possibility of the reaction between CuO and SO4

2− . 
Moreover, the reaction between CaO and Al2SiO7

4− also minimized the 
loss of active phase of CuO in the OC. Secondly, the deposited Fe on the 
OC samples can act as the active phase. Thirdly, the element Si could 
form the Ca2Al2SiO7 with a low melting point, which could cover the 
surface or deposit on the pores or channels of the OC particles. It will 
cause a decreased contact between the combustible gases (CO/CH4/H2) 
and OCs or the agglomeration of the OC particles. 
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