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A B S T R A C T

High redox reactivity as well as sufficient physical durability of the oxygen carrier (OC) is of critical importance
for the successful implementation of chemical looping processes. In this work, CuO@TiO2-Al2O3 OC with
hierarchical structure, which is a kind of CuO-rich, Al2O3-supported and TiO2-stablized ternary combined metal
oxides system, was prepared by the self-assembly template combustion synthesis (SATCS) method. Performance
of the rationally designed OC was cyclically tested with H2 in a thermogravimetric analyzer (TGA), as well as
with coal in a batch fluidized bed reactor. TGA results showed that both the reduction and oxidation reactivity of
the OC exhibited a reinforcing process during the first few cycles and then stabilized within the next dozens of
cycles, and no obvious reactivity degradation phenomenon was observed. Reaction characteristics of the OC
were further examined by reacting with coal in a fluidized bed reactor. Several critical performance indexes, like
carbon conversion rate, oxygen release rate and combustion efficiency at different temperatures were calculated
and compared. Mutual promotion relationship between carbon conversion rate of the coal and oxygen release
rate of the OC was observed. Moreover, 20 cycles of redox process with anthracite were further conducted at
900 °C to evaluate both the physical and chemical stability of the OC. Stable and high combustion efficiency
(higher than 97.2%) was achieved during the cyclic fluidized bed test, and the subsequent physicochemical
characterization indicated that neither CuAl2O4 phase was formed nor serious sintering problem occurred within
the used OC samples. Thermo-mechanical analysis (TMA) results demonstrated relatively high transformation
temperature of the OC, which explains well its superior anti-sintering property. All in all, the SATCS-derived
CuO@TiO2-Al2O3 OC exhibited distinguished advantages of preventing the side reaction between CuO and Al2O3

to form copper aluminates as well as inhibiting the OC sintering, which could be a suitable OC candidate for
commercial application in chemical looping with oxygen uncoupling (CLOU) processes.

1. Introduction

To economically generate a segregation-ready stream of CO2 from
fossil fuel combustion process is a major obstacle for the currently fa-
vored carbon capture, utilization and storage (CCUS) technologies.
Several combustion technologies, e.g., post-combustion, oxy-fuel com-
bustion and pre-combustion, have been proposed for carbon capture
from power plants [1,2]. Nevertheless, the aforementioned techniques
require an energy-intensive separation process of O2 or CO2 from di-
luted gas, which is financially unfavorable for industrial application
[3]. Among all of the CO2 capture technologies, chemical looping is
emerging as one of the most efficient and low-cost clean energy utili-
zation techniques due to its inherent CO2 separation characteristic
[4,5]. Different from traditional combustion processes where fuel is
directly mixed with air in a combustor, chemical looping combustion
(CLC) involves the use of a kind of oxygen carrier (OC) to transfer

oxygen from air to the fuel, thus direct contact between air and fuel is
avoided. The CLC system generally consists of an air reactor (AR) and a
fuel reactor (FR), solid OC particles travel to and fro between AR and FR
to accomplish the oxidation and reduction reactions, respectively. In
the FR, the fuel is converted into CO2 and H2O by the help of OC.
Subsequently, the reduced OC is transferred back into the AR to re-
generate itself by oxidizing with air. For the reduction reaction, it could
be exothermic or endothermic, depending on the OC or fuel used. Se-
paration of CO2 can be easily addressed by condensing steam in the
exhaust of FR, where the gas stream contains primarily CO2 and H2O.
The oxidation reaction of the reduced OC with O2 is always exothermic,
and the generated heat can be utilized by the possible endothermic
reaction in FR via proper heat management [6].

As a re-innovation of CLC, chemical looping with oxygen un-
coupling (CLOU) was first put forward by Mattisson et al. [7]. Different
from conventional CLC process, a special OC with the ability of
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releasing gaseous oxygen under appropriate conditions is employed in
the CLOU system. As a consequence of the presence of O2 in FR, CLOU
can achieve much higher fuel conversion rate and combustion effi-
ciency [8]. Up to now, several metal oxides systems, i.e., CuO/Cu2O,
Mn2O3/Mn3O4 and Co3O4/CoO, have been proposed as potential OC
candidates for application in CLOU [9]. Among these OC systems, CuO/
Cu2O is distinctive due to its high oxygen donating capacity as well as
suitable equilibrium partial pressure of O2 within the temperature
window (850–950 °C) of CLOU. Furthermore, the exothermic char-
acteristic in FR when using Cu-based OC is also favorable to achieve
thermal balance within the global CLOU system. Nevertheless, CuO,
due to the relatively low melting point, is prone to resulting in sintering
and agglomeration problem of the OC upon full reduction at high
temperatures.

To address the easy-to-sintering problem of CuO, the active CuO
component is usually mixed with inert supports, like Al2O3, ZrO2, TiO2,
CuAl2O4 and MgAl2O4, etc [10–12]. Freeze granulation derived CuO/
ZrO2 OC was tested with petroleum coke in a fluidized bed reactor [11].
A greatly improved (about 45 times) average conversion rate of pet-
roleum coke was achieved using CuO/ZrO2 as OC in CLOU than using
Fe2O3/MgAl2O4 in CLC of the same fuel. A systematic comparative in-
vestigation of 25 kinds of Cu-based OCs (different CuO contents, diverse
inert supports or different preparation methods) was conducted by the
C.S.I.C. research group [13]. After comprehensive consideration of OC
reactivity, crushing strength, attrition and agglomeration behavior
during long-term redox tests, the OCs prepared with CuO supported on
ZrO2 or MgAl2O4 by mechanical mixing together with pressurized
pelletizing method were suggested as appropriate OC candidates for
CLOU. For further investigation, the performance of CuO/MgAl2O4 OC
prepared by spray drying was tested with bituminous coal in a 1.5 kWth

continuously operated CLOU unit [14]. Approximate 100% of carbon
capture efficiency was achieved at 960 °C and complete coal conversion
was attained at a solid inventory of nearly 235 kg/MWth in FR. Xu et al.
[15] proposed to adopt cement as inert support in the preparation of
Cu-based OC, and experimental results attained from fluidized bed re-
actor indicated that the addition of cement can effectively inhibit OC
agglomeration. Moreover, an equation based on Zener pinning force
theory was developed to understand the agglomeration limit of dif-
ferent support materials. Mei et al. [16] came up with a kind of sol-gel
derived CuO/CuAl2O4 OC, and the OC decomposition/regeneration
characteristics as well as its CLOU reactivity with coals of different
ranks were investigated. Porous structure of the OC was well-main-
tained after being reacted with coals in fluidized bed reactor, indicating
its good sintering resistance.

A main issue that should be carefully addressed in preparing syn-
thetic OC particles is the possible interaction between the active com-
ponent and support material, which will affect the performance (e.g.,
oxygen donating capacity) of the OC. Take the CuO/Al2O3 system as an
example, CuAl2O4 crystal phase is easily formed during the high tem-
perature calcination process via chemical combination reaction be-
tween CuO and Al2O3. As the oxygen release rate of CuAl2O4 spinel is
much slower than that of CuO [17,18] and the generated CuAlO2 phase
after oxygen decoupling is difficult to be re-oxidized to CuAl2O4 [13], it
is therefore essential to inhibit the combination of active component
with inert support during the OC preparation process. Song et al. [19]
and Imtiaz et al. [20] found that the introduction of alkali metal ions
(i.e., Na+, K+) can effectively suppress the generation of copper alu-
minates, probably by means of forming alkali aluminates. For other
frequently-used inert supports, like TiO2, ZrO2 and MgAl2O4, the rela-
tively low mechanical strength or high cost of the resulting OC systems
limits their application in industrial scale units [13]. Indeed, efforts
have been done by Adánez-Rubio et al. [21] to illustrate the possibility
of using combined supports for Cu-based OCs, so as to simultaneously
achieve the key performance indexes of high mechanical stability, low
attrition rate as well as good reactivity.

In our previous work, Cu-based OC with combined supports of

Al2O3 microparticles (μm-Al2O3) and TiO2 nanoparticles (nm-TiO2),
namely CuO@TiO2-Al2O3, was prepared by self-assembly template
combustion synthesis (SATCS) method, where μm-Al2O3 is the main
inert support and the minor nm-TiO2 support was dispersed on the
surface of Al2O3 to hinder the interaction between CuO and Al2O3. It
was found that the proposed OC could simultaneously attain porous and
hierarchical structure, high reactivity and stability, as well as sufficient
mechanical strength during the high temperature cyclic tests with
gaseous fuel. In addition, the prepared OC was also favored by the merit
of zero-NOx emission during the combustion synthesis process, thereby
achieving an environmental-friendly synthesis path. To further evaluate
the OC reactivity in chemical looping process, long-term cyclic redox
TGA experiments with H2 as well as fluidized bed tests with anthracite
were carried out in the present work. Additionally, physicochemical
characteristics of the OC, including crystalline phase, morphology fea-
ture and transformation temperature, are also revealed. Furthermore,
comparisons have been made with previously proposed OCs in our
group to demonstrate the pros and cons of the CuO@TiO2-Al2O3 OC.

2. Experimental

2.1. Materials

In this study, copper nitrate trihydrate crystals (Cu(NO3)2·3H2O,
Sinopharm, analytically pure) was used as copper precursor.
Commercial α-Al2O3 particle (Sinopharm, analytically pure) within the
diameter range of 1–75 μm was employed as the major component of
the inert support, while nm-TiO2 particles (as a minor component of the
inert support) were uniformly coated on the surface of Al2O3 to inhibit
the side reaction between Al2O3 and CuO. Take the production of 200 g
CuO@TiO2-Al2O3 OC as an example, the OC preparation procedure
mainly includes the following five steps. Step 1: Mixtures of Al2O3

(35 g) and TiO2 (10 g) particles were introduced into 500 mL deionized
water and being electrically stirred in 80 °C water bath for 1 h. During
which, the pH level of the obtained suspension was adjusted by adding
dilute nitric acid or ammonia solution to 6 and core (Al2O3)-shell (TiO2)
templates were formed gradually. Step 2: 98 g of urea (CO(NH2)2,
Sinopharm, analytically pure) was added into the suspension to stabi-
lize the obtained templates, and also used as fuel to combust with Cu
(NO3)2 subsequently. Step 3: After being stirred completely, 471 g of
copper nitrate (Cu(NO3)2·3H2O, Sinopharm, analytically pure) was
added and dissolved in the gel-base precursor. Step 4: The wet gel was
first dried at 80 °C for 24 h in a drying oven, and then being ignited at
200 °C in a muffle oven. To improve its mechanical strength, the as-
burned precursor was further calcined in the muffle oven at 950 °C for
2 h. Step 5: After being cooled, ground and sieved, CuO@TiO2-Al2O3

OC particles with 77.5 wt% CuO, 5 wt% TiO2 and 17.5 wt% Al2O3 in
the size range of 0.125–0.18 mm were obtained. Note that, the nm-TiO2

was manufactured by flame synthesis method in our group and detailed
production process can be found in Refs. [10,22]. According to the X-
ray diffractometer (XRD, Shimadzu X’Pert Pro) analysis, the active
phase of the fresh CuO@TiO2-Al2O3 OC were mainly in the form of
CuO, no CuAl2O4 spinel was detected, which indicated that chemical
combination between CuO and Al2O3 was indeed hindered by nm-TiO2

particles. A kind of Chinese coal, namely, Gaoping anthracite (GP), was
used as solid fuel in fluidized bed experiments. The coal was first dried
at 105 °C for 10 h to remove the apparent water, then ground and
sieved to 0.2–0.3 mm for use. Proximate and ultimate analyses of the
GP coal are shown in Table 1.

2.2. Long-term cyclic tests with H2 in TGA

The OC reactivity was first examined by cyclically testing with
20 vol% H2 (balanced with N2) in TGA (WCT-1D). For the test, ap-
proximate 20 mg of OC samples were first placed in an Al2O3-made
crucible and positioned into the TGA system. After which, the TGA
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system was electrically heated from ambient temperature to the pre-set
temperature (900 °C or 950 °C) at a heating rate of 20 K/min in air
atmosphere, and multiple cyclic redox experiments were carried out
under isothermal condition. In each cycle, the reaction procedure in-
cludes 3 min with 20 vol% H2 for reduction, 15 min with air for oxi-
dation and 3 min with high-purity N2 between each reduction and
oxidation stages to prevent the mixing of H2 with air. The gas flow rate
in each stage was always controlled at 60 mL/min by mass flow meter/
controller, and a total of 50 redox cycles were conducted.

2.3. CLOU experiments with GP coal in a fluidized bed reactor

For further evaluation of the CLOU performance of the CuO@TiO2-
Al2O3 OC, experiments were conducted in a batch fluidized bed reactor
with GP anthracite as fuel. As displayed in Fig. 1, the fluidized bed
reactor system mainly composes of a gas supplying unit, a reaction unit
and a gas analyzing unit. The gas supplying unit provides N2 or air into
the reaction zone to simulate the gaseous environment of FR or AR,
respectively. The reaction unit includes an 890 mm high stainless steel
tube with an inner diameter of 26 mm, which is heated by an electric
furnace. A porous plate is positioned into the tube at 400 mm high from
the bottom to sustain the solid particles as well as to distribute the
fluidizing gas. And a K-type thermocouple located at 10 mm above the
porous plate is adopted to measure the temperature of the main reac-
tion zone. The off gas leaving the reactor is first led to a filter to remove
particulate matters and then to an electric cooler to eliminate the steam
content, and finally to an on-line gas analyzer (Gasboard Analyzer
3100) to determine the concentrations of O2, CO, CH4, H2 and CO2,
which are continuously recorded by a computer. Detailed description of
the reactor system can refer to our previous publications [23,24].

For the coal-derived CLOU experiments, 30 g OC sample was first
exposed to air atmosphere for 30 min at the pre-set temperature to
ensure complete oxidation. Then, the fluidizing agent was switched to
high purity N2, which led to a quick decrease of the oxygen con-
centration in FR. Upon when the oxygen concentration descended to a
relatively stable value (the equilibrium oxygen partial pressure of the
OC at the pre-set temperature), 0.53 g GP coal (corresponding to the
oxygen to fuel ratio of 2.0) was injected into the reactor from the

hopper by a stream of pressurized N2. The coal conversion process was
considered to be complete until no carbonaceous gas was detected in FR
exhaust. Afterwards, air stream was introduced into the reactor for re-
oxidation of the reduced OC particles. During the operation, the gas
flow rate was always controlled at 800 mL/min in all tests, which
corresponded to about 4.2–7.1 times of the minimum fluidization ve-
locity of the OC. CLOU experiments were carried out at three typical
temperatures, i.e., 850, 900 and 950 °C. Effects of temperature on
carbon conversion rate of coal and oxygen release rate of the OC were
evaluated. Moreover, to examine the cyclic reactivity and durability of
the OC in fluidizing condition, 20 cycles of redox experiments were
conducted with GP coal at 900 °C, during which the oxygen to fuel ratio
was always maintained at 2.0.

2.4. Data evaluation

For TGA experiment, weight changes of the OC, TG, during multi-
cyclic redox tests was calculated as,

= ×TG m m/ 100%t 0 (1)

where mt is the instantaneous weight of the OC at time t and m0 is the
weight of the OC at the start of the test.

The oxygen donating capacity of the OC, ROC, was defined as,

=
−

×R m m
m

100%OC
ox re

0 (2)

where mox and mre represent the weight of the OC at fully oxidation and
reduction state, respectively.

The weight loss/gain rate of the OC at the reduction and oxidation
stages were determined by,

= =r X t id /d ( re or ox)i i (3)

where Xre is the instantaneous weight loss ratio of the OC during the
reduction stage (including the N2 purging stage and H2 reduction stage)
and Xox represents the instantaneous weight gain ratio of the OC during
the oxidation stage, and they can be calculated as,

= − ×X m m m( )/ 100%tre ox 0 (4)

= − ×X m m m( )/ 100%tox re 0 (5)

The average conversion rates of the OC during cyclic oxygen re-
lease, reduction and oxidation stages were calculated as,

=
−= =r

X X
ti

i t t i t

i
,ave

, , 0i

(6)

where i represents the oxygen release, OC reduction and oxidation
stages; Xi,t=ti indicates the weight loss ratio of the OC at stage i and time
ti; ti means the time point at the end of stage i; Xi,t=0 is the weight loss
ratio of the OC at the beginning of stage i.

For coal-derived CLOU experiments in the fluidized bed reactor, as
no carbonaceous gas was detected during the OC oxidation stage in all
tests, it was assumed that complete coal conversion has been achieved
in the reduction period. Therefore, the carbon conversion, XC, can be
determined by,

Table 1
Proximate and ultimate analyses of GP coal.

Sample Proximate analysis (wt.%, ad) Ultimate analysis (wt.%, daf) LHVb (MJ/kg)

M A V FC C H Oa N S –

GP coal 2.25 22.87 10.69 66.44 70.04 3.54 0.41 1.90 1.24 26.17

a By difference.
b Lower heating value.

Fig. 1. Schematic layout of the fluidized bed reactor system.
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where nout is the molar flow rate of the outlet gas during the reduction
stage, calculated by N2 balance,

=
− − − − −

n
n
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N
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2

4 2 2 2 (8)

here, t0 and tf represent the beginning and the ending time of the re-
action, respectively; yCO, yCH4, yH2, yO2 and yCO2 are the volume fraction
of CO, CH4, H2, O2 and CO2 among reactor exhaust at each second,
respectively; nN2 is the inlet molar flow rate of N2.

Therefore, the carbon conversion rate, xC, can be calculated as,

=x X td /dC C (9)

During the CLOU process, O2 was detected in the reactor exhaust.
To better analyze the oxygen uncoupling property of the OC, the in-
stantaneous O2 generation rate of OC, xO2,inst, was calculated based on
O atoms balance in the reactor [25].

= + + + −x
M
m

n n n n n[ 0.5·( ) 0.5· ]O
O

OC
O CO CO H O O, coal2,inst

2
2 2 2 (10)

where nO2, nCO2 and nCO are the molar flow rate of O2, CO2 and CO in
the exhaust gas, respectively, calculated as,

= =n n y i· ( O , CO and CO)i iout 2 2 (11)

The molar flow rate of H2O (nH2O) and O molar flow rate from coal
(nO,coal) were estimated by [8],

= + + − +n f n n n n n0.5 ( ) ( 2 )H O H/C CO CO CH H CH2 2 4 2 4 (12)

= + +n f n n n( )O,coal O/C CO CO CH2 4 (13)

where MO2 is the molar mass of O2; mOC is the weight of the OC fed into
the reactor; fH/C and fO/C are the hydrogen to carbon molar ratio (0.61)
and the oxygen to carbon molar ratio (0.0044) for the GP coal, re-
spectively.

Finally, the combustion efficiency, ηC, was calculated as,

∫
= −

+ +
η

n H M y H M y H M y

m H
1

( )t
t

C
out CO CO CO CH CH CH H H H

coal coal

0
f

4 4 4 2 2 2

(14)

where Hi and Mi are the lower heating value and molar mass of com-
ponent i (i = CO, CH4 and H2), respectively; mcoal is the amount of coal
fed into the reactor.

3. Results and discussion

3.1. Cyclic examination of OC reactivity in TGA

The OC sample was first evaluated in terms of its cyclic redox re-
activity using TGA under isothermal condition, and a total of 50 redox
cycles were conducted. Take the 28th cycle of the 900 °C cyclic test as
an example to illustrate the experimental procedures in each redox
cycle, as shown in Fig. 2. Once the gas flow switched from air to high
purity N2 (stage I), the OC sample lost its weight gradually due to the
CuO decomposition. Three minutes later, 20 vol% H2 was introduced
into the TGA (lasted for 3 min, stage II) and the sample weight de-
creased rapidly, which was much faster than that in N2 atmosphere.
Subsequently, N2 was introduced again to purge the TGA for 3 min
(stage III) before the OC oxidation process. Finally, air was adopted to
regenerate the OC, and the sample gained its weight within 15 min
(stage IV).

Fig. 3 shows the mass variation curve of the OC as a function of time
during 50 consecutive redox cycles at 900 °C, which can reflect the
cyclic redox reactivity and stability of the OC. The total duration of the
test was approximate 22 h. Stable oxygen donating capacity of the OC

within 50 redox cycles was attained, indicating sufficient chemical
stability of the OC at high-temperature redox process.

To further reveal the reactivity of the OC during cyclic redox pro-
cesses, the reduction and oxidation conversion rates of the OC at dif-
ferent cycles were calculated, and the results of four typical cycles, i.e.,
cycle 1, 14, 28 and 42, are presented in Fig. 4 as representative. To be
noted, the first peak shown in Fig.4a was attributed to the oxygen de-
coupling of the OC during N2 purging stage, while the second peak was
due to the reduction of OC by 20 vol% H2. As seen in Fig. 4, both the
reduction and oxidation conversion rates of the OC increased obviously
after the first cycle and then stabilized within the following cycles.
Reactivity degradation with the increase of cyclic number was not ob-
served in the whole test. Furthermore, when comparing the reduction
and oxidation conversion rates of the OC in each cycle, much higher
peak value of conversion rate was achieved during the oxidation stage
than that in the reduction stage.

We should note here that, the relatively low oxygen decoupling and
reduction rates of the CuO@TiO2-Al2O3 OC when compared with CuO-
based materials developed for CLC [26] and CLOU [27] can be mainly
attributed to the experimental conditions adopted in TGA tests, in
which the external gas diffusion effect on the reaction rate of OC was
significant. Actually, the intrinsic reaction rate (dX/dt) should be higher
than those presented in Fig. 4. Nevertheless, the attained results in TGA
can still provide a good reflection of the chemical and physical stability
of the OC.

Fig. 5 shows the oxygen donating capacity of the OC (N2 purging
stage and the total reduction stage, respectively) during multiple redox
cycles at 900 °C. Similar to the evolution trend of the redox reactivity of
the OC with cyclic number, the oxygen donating capacity of the OC also
increased gradually during the first few cycles and then relatively stable
values were attained within the subsequent dozens of cycles, which
again verified the chemical stability of the OC. Nevertheless, it is worth
pointing out that the total oxygen donating capacity of the OC at each
cycle was very close to but always smaller than the theoretical value of
15.5 wt% (77.5 wt% × 20% = 15.5 wt%). Moreover, the weight loss
ratio of the OC during N2 purging stage is also far smaller than the
theoretical value (7.75 wt%, when the contained CuO completes
oxygen decoupling). These can be ascribed to the insufficient oxygen
decoupling and reduction time for the OC.

To investigate the effect of temperature on the chemical looping
properties of the OC, the average conversion rates of the OC at oxygen
decoupling, reduction and oxidation stages during 50 consecutive cy-
cles at different temperatures, i.e., 900 °C and 950 °C, were calculated.
As shown in Fig. 6, the increase of temperature poses positive effects on
the oxygen release and reduction rates of the OC, while exerts negative
effect on the OC oxidation process. To be more specific, the average

Fig. 2. TG curve of OC decoupling, reduction and oxidation stages in the 28th cycle at
900 °C.
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oxygen release rate of the OC doubled with the temperature increased
from 900 °C to 950 °C, and the average reduction rate of the OC also
increased a certain degree. On the contrary, the average oxidation rate
of the OC decreased from 4.08 × 10−3 s−1 at 900 °C to
3.55 × 10−3 s−1 at 950 °C. The results can be explained by the com-
bined effect of kinetic and thermodynamic driving forces of OC de-
coupling/regeneration [28]. Moreover, the results shown in Fig. 6 also
demonstrate the stability of the OC within high-temperature cyclic
redox process, and no obvious OC reactivity degradation phenomenon
was observed. The redox behavior of the OC indicates that the tem-
perature conditions for the AR and FR in the real CLOU process should
be carefully adjusted to each other to match the particles looping be-
tween the two reactors.

3.2. Coal-derived CLOU test in the fluidized bed reactor

To evaluate the performance of the OC in fluidizing regime, ex-
periments were further conducted in the fluidized bed reactor, using
coal as fuel. Typical gas concentration profile of using GP anthracite as
fuel at 900 °C is shown in Fig. 7. As seen, when the fluidizing gas was
switched from air to N2, the oxygen concentration decreased sharply
and then stabilized at around 1.3 vol%. At this point, GP coal samples
were added into the reactor and the oxygen concentration further de-
creased to nearly zero, due to the O2 consumption by coal and coal
pyrolysis products. In the meanwhile, the CO2 concentration increased
immediately up to 14.9 vol% within 90 s, suggesting a very fast reac-
tion process between gaseous O2 and fuel reactants. CO and H2 peaks
were also detected at the beginning of the reduction stage (as can be
seen more clearly in the insert of Fig. 7), which was attributed to the
fast coal pyrolysis process and small part of the volatile contents es-
caped from the reactor without being oxidized by gaseous O2 or the OC

because of the insufficient residence time. As the reaction proceeded,
the concentration of CO2 decreased gradually, while the O2 con-
centration increased from zero to relatively stable value of 0.58 vol%
within the following reduction period of 450–1500 s, due to the rela-
tively excess of OC over coal. Once the coal conversion process was
completed, the fluidizing gas was quickly switched to air for OC re-
generation. As seen, the O2 concentration increased rapidly to its initial
level during the oxidation stage. No carbonaceous gas was detected in
the reactor exhaust, indicating that all the coal fed into the reactor has
been fully converted and no carbon deposition on the surface of the OC
occurred during the reduction stage.

Fig. 3. Mass variation of the OC as a function of time within
50 redox cycles at 900 °C.

Fig. 4. Reduction conversion rate (a) and oxidation conversion rate (b) of the OC as a function of time at four typical cycles.

Fig. 5. Oxygen donating capacity of the OC within cyclic redox process at 900 °C.
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3.2.1. Effect of temperature
CLOU experiments with GP anthracite as fuel were carried out at

three typical temperatures, i.e., 850, 900 and 950 °C, to explore the
temperature effect on coal conversion as well as oxygen release prop-
erty of the OC. The carbon conversion rates of GP anthracite as a
function of time at different temperatures are shown in Fig. 8. As seen,
the conversion of GP coal in CLOU process was largely dependent on
temperature, and greatly improved carbon conversion rates could be
achieved at higher temperatures. Actually, the carbon conversion rate
was nearly doubled when the temperature increased from 900 °C to
950 °C. The reason is twofold. On the one hand, the devolatilization of
coal as well as the reaction of char with O2 is relatively slow at low
temperature, which is unfavorable for coal conversion; on the other
hand, a lower local temperature around the OC particles means a
smaller equilibrium oxygen partial pressure, which is therefore dis-
advantageous for the generation of sufficient gaseous O2 and thus
leading to an inferior carbon conversion rate. To be noted, the effect of
temperature on carbon conversion rate was just the opposite at the later
stage of coal conversion, in which a lower carbon conversion rate was
observed at relatively higher temperature. This can be explained as: for
the higher temperature condition, as the carbon conversion rate was
very high, most of the carbon contents could be converted at the initial
stage and small proportion of less reactive carbon contents were then
being converted gradually at the later stage; for the lower temperature
condition, the time point for the conversion of less reactive carbon

contents delayed due to the lower carbon conversion rate at the initial
stage. Therefore, a relatively higher carbon conversion rate was ob-
served at the later stage under the low temperature condition.

Fig. 9 shows the instantaneous oxygen generation rate of the OC at
various temperature conditions. As seen, the oxygen release behavior of
the OC was also significantly affected by the reaction temperature in
CLOU process, in which a faster oxygen generation rate was always
attained at a higher temperature. This can be explained as: on the one
hand, a higher reaction temperature means higher equilibrium oxygen
partial pressure of the OC, which is conducive to O2 releasing of the OC;
on the other hand, a higher temperature will lead to more intense re-
action within the reactor, thus the O2 consumption by fuel reactants is
accelerated, which in return contributes to much higher oxygen release
rate. When comparing the results of Fig. 9 with those of Fig. 8, one can
conclude that there exists mutual promotion relationship between the
carbon conversion of coal and the oxygen release of OC. That is to say, a
faster carbon conversion rate will lead to a faster oxygen generation
rate and the resulted higher O2 concentration in the gases at higher
temperature can in return contribute to faster coal conversion. Note
that, the maximum oxygen generation rate of the CuO@TiO2-Al2O3 OC
attained at 950 °C (1.78 × 10−3 g O2/s per g OC) with anthracite is a
few times higher than those of copper ore (0.24 × 10−3 g O2/s per g
OC) and cement decorated copper ore (0.61 × 10−3 g O2/s per g OC) at
950 °C using lignite as fuel [25], while it is smaller than that of CuO/
MgAl2O4 OC (2.8 × 10−3 g O2/s per g OC) at 980 °C with bituminous

Fig. 6. Average conversion rates of the OC at oxygen release, reduction and oxidation
stages within 50 cycles at 900 °C and 950 °C.

Fig. 7. Gas concentration profiles of the OC reacting with GP anthracite at 900 °C in
fluidized bed reactor.

Fig. 8. Carbon conversion rates of GP anthracite as a function of time at different tem-
peratures.

Fig. 9. Instantaneous oxygen generation rates as a function of carbon conversion at dif-
ferent temperatures.

X. Tian et al. Fuel 209 (2017) 402–410

407



coal as fuel [8]. Nevertheless, the comparison is just for reference,
which as explained above, the oxygen release property of the OC in
CLOU process is related to the reaction temperature and reactivity of
the fuel used.

3.2.2. Cyclic redox behavior of the OC with coal
To further reveal the cyclic durability of the OC in fluidization

patterns, the OC samples were subjected to 20 cycles in the fluidized
bed reactor at 900 °C, using GP anthracite as fuel. Fig. 10a and b show
the carbon conversion as a function of time and combustion efficiency
at different cycles, respectively. As it can be seen in Fig. 10a, the carbon
conversion rate showed an upward trend with the increase of cyclic
number during the first 8 cycles, and relatively stable conversion rates
were attained in subsequent cycles. Moreover, the reaction time needed
for 95% carbon conversion decreased from 400 s in the first cycle to
280 s in the 20th cycle. Fig. 10b indicates that the combustion effi-
ciency in each cycle was higher than 97.2% and relatively stable values
could be maintained during 20 redox cycles. The cyclic fluidized bed
test demonstrated good reactivity and durability of the OC. As noted,
the reactivity of the OC exhibits an activation process both in the cyclic
TGA experiment and fluidized bed test, and stable reactivity can be
attained after nearly 10 redox cycles. This phenomenon can be mainly
attributed to the structural and porosity changes occurring to the OC
particles after being cyclically reduced and oxidized. Similar phenom-
enon has also been found in previous publications [29,30], where il-
menite was used as OC. Detailed discussion on the morphological
changes of the fresh and used OC samples will be presented later.

3.3. Physicochemical characterization

After being cyclically tested, the OC samples were collected and
subjected to XRD and ESEM analyses to study the chemical and mor-
phological changes of the OC before and after the fluidized bed test.
According to the XRD results, the active phase of both the fresh and
used OC samples was always in the form of CuO, no chemical inter-
action of CuO with TiO2 or Al2O3 was detected. Similar result was also
obtained for the same OC with gaseous fuel in the fluidized bed reactor
[10]. This fact indicates that the introduction of nano-TiO2 particles
into the manufacturing process of CuO@TiO2-Al2O3 OC can effectively
hinder the chemical combination between CuO and Al2O3. Formation of
copper aluminates is therefore avoided, which is beneficial to main-
taining the good reactivity of the OC in CLOU process.

The surface morphology of the fresh and used OC samples was de-
termined by Environment Scanning Electron Microscope (ESEM, FEI
Quanta 200). Two magnification levels, i.e., 1000x and 5000x, were
selected to characterize the OC samples. As seen in Fig. 11, porous
structure was observed on the surface of both the fresh and used OC

particles, which is beneficial for the reaction of OC with gaseous fuel
reactants. To be noted, the surface morphology of the used samples was
rather rough, no obvious sintering phenomenon was detected after
being cyclically tested with coal. This can be attributed to the segre-
gation of the active CuO grains by the core-shell structure of Al2O3-
TiO2. The hierarchical structure of the SATCS-derived CuO@TiO2-
Al2O3 OC makes it possible to simultaneously achieve high reactivity,
durability as well as good sintering resistance. Moreover, the crushing
strength of the reduced OC sample was determined by a crushing
strength apparatus (Shimpo FGJ-5) with 40 measurements of separate
particles, and an average value of 3.2 (± 0.3) N was attained. Note
that, the crushing strength of CuO@TiO2-Al2O3 OC is much larger than
that of sol-gel derived CuO/CuAl2O4 (1.9 ± 0.2 N) [16] or natural
copper ore OC (1.5 ± 0.2 N) [23]. In this sense, the CuO@TiO2-Al2O3

OC is also favorable for it high mechanical strength.
Furthermore, thermo-mechanical analysis (TMA, SETSYS EVO 18)

was adopted to determine the transformation temperature of the
CuO@TiO2-Al2O3 OC, which can reflect the anti-sintering property of
the OC at high temperatures. For comparisons, the transformation
temperatures of CuO/CuAl2O4 OC (sol-gel derived, 60 wt% of CuO)
[16] and cement decorated copper ore OC (wet mechanical mixing,

Fig. 10. Carbon conversion as a function of time (a) and combustion efficiency (b) at different cycles in the cyclic fluidized bed test using GP anthracite as fuel.

Fig. 11. ESEM images for the fresh OC (a, b) and used OC with GP coal after 20 redox
cycles in fluidized bed reactor (c, d). Magnification of 1000x for a, c and 5000x for b, d.
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20 wt% of cement) [25] were also measured. During the experiment,
OC samples were first placed in the ceramic crucible with 2 mm thick
and pressured by the probe with a load of 2 g. Subsequently, the sam-
ples were heated to 1200 °C at a heating rate of 5 K/min in Ar atmo-
sphere and OC sintering process occurs gradually. The displacement
data of the probe during the whole heating process was continuously
measured and recorded by the computer. Note that, due to the CuO
decomposition in Ar atmosphere (at temperatures higher than 800 °C),
the measured transformation temperature is a reflection of the CuO/
Cu2O system. Fig. 12 shows the displacement of the probe versus
temperature for the three OCs. As shown, a horizontal line is drawn at
the peak point of the curve and a tangent line is drawn at the point of
the maximum displacement changing rate. Then, the transformation
temperature was determined by the intersection of the horizontal line
and the tangent line. As seen, a transformation temperature of 996.6 °C
was determined for the CuO@TiO2-Al2O3 OC, which was very close to
that of the CuO/CuAl2O4. While for the cement decorated copper ore
OC, typical high transformation temperature (1141.6 °C) was attained,
which could be attributed to the gehlenite phase formed during the OC
calcination process. Anyway, the TMA results explain well the good
anti-sintering property of the CuO@TiO2-Al2O3 OC.

3.4. Discussions

For comparison, performance of the proposed CuO@TiO2-Al2O3 OC
was compared with experimental results obtained in our previous
publications, using different OCs and fuels in chemical looping pro-
cesses. As summarized in Table 2, experiments in different reaction
units, with different OCs and various fuel types have been compre-
hensively conducted in our group, especially for the natural ore OCs.
Iron ore has been tested with both CH4 and coal in a 5 kWth inter-
connected fluidized bed reactor [31,32]. The CH4 conversion was at-
tained higher than 81.3% and coal combustion efficiency was above
73.5%. Greatly improved reactivity of the iron ore was achieved by
copper impregnation, and much higher CO2 yield was acquired in batch
fluidized bed reactor [33]. Performance of copper ore has been com-
prehensively evaluated in Ref. [23], and high combustion efficiency of
above 96% was ultimately attained. However, slight sintering occurred
to the OCs at 950 °C with lignite as fuel. Cement addition was found to
be a good solution to address the easy-to sintering problem of copper
ore at high temperatures [25], and an average reduction rate of
0.93 × 10−3 kg O2/(s·kg OC) was obtained with syngas in TGA. Due to
the short residence time and fast pyrolysis process of lignite in batch
fluidized bed reactor, relatively low CO2 yield of 0.88 was attained.
Synergistic reactivity between copper ore and iron ore was observed,

and the mixing ratio of copper ore to iron ore was optimized at 20:80
[34]. Moreover, waste fine copper ore and hematite particles were re-
utilized by cement bonding. With the prepared bimetallic ore OC, in-
tegrated merits and synergistic reactivity were attained in a single
particle, which can avoid the segregation phenomenon (due to the
different densities of different ore particles) that may occur to direct-
physically mixed ore particles when being fluidized in CLC reactors
[35]. For synthetic CuO/CuAl2O4 OC [36], TGA experiments with
15 vol% H2 as fuel resulted in an average reduction rate of
3.5 × 10−3 kg O2/(s·kg OC), which is similar to the CuO@TiO2-Al2O3

OC (3.0 × 10−3 kg O2/(s·kg OC)), but far higher than those of copper
ore and iron ore OCs. A maximum oxygen release rate of 6.2 × 10−3 kg
O2/(s·kg OC) was attained at 900 °C for the CuO@TiO2-Al2O3 OC in
previous experiments [10], and excellent sintering resistance was ob-
served with pure CH4 as fuel in the batch fluidized bed reactor.

As concluded, CuO@TiO2-Al2O3 OC exhibited distinguished prop-
erties in chemical looping processes, both in chemical and physical
aspects. The main reason for its superior property can be attributed to
the special hierarchical structure of the OC, which is conducive to
hindering the chemical combination between CuO and Al2O3. The
stable reactivity and high oxygen donating efficiency of the OC in long-
term cyclic redox TGA tests, high combustion efficiency achieved in
fluidized bed reactor and green synthesis route make CuO@TiO2-Al2O3

outstand among the other OC candidates. Nevertheless, future work on
the development of large-scale OC production as well as continuous OC
reactivity test in the interconnected fluidized bed is of critical im-
portance. Moreover, the effect of coal (or coal char) with different ranks
on the performance of the OC is also worth further analysis.

4. Conclusion

In this work, the performance of SATCS-derived CuO@TiO2-Al2O3

OC was cyclically evaluated by testing in TGA with H2 as well as in a
batch fluidized bed reactor with anthracite. TGA results showed that
the OC exhibited nice redox reactivity and stability within 50 cycles, no
reactivity degradation was observed. Nevertheless, there exists a re-
activity enhancing process during the first few cycles, which can be
attributed to the structural and porosity changes of the OC.
Subsequently, the OC was subjected to fluidized bed test with GP an-
thracite at various temperatures, i.e., 850, 900 and 950 °C. Generally, a
higher reaction temperature will ultimately contribute to much higher
carbon conversion rate for the coal, as well as much faster oxygen
generation rate for the OC. Mutual promotion relationship was ob-
served between the carbon conversion of coal and the oxygen genera-
tion of OC. Reactivity activation of the OC was also observed in cyclical
fluidized bed test with anthracite and combustion efficiency of higher
than 97.2% was always attained during 20 cycles. ESEM images in-
dicated that porous structure was well maintained for the used OC
particles and no sintering phenomenon was observed. XRD patterns
demonstrated that the introduction of nano-TiO2 particles could effec-
tively inhibit the interaction between CuO and Al2O3, which eventually
restrained the formation of copper aluminates. TMA results showed that
the transformation temperature of the CuO@TiO2-Al2O3 OC was as high
as 996.6 °C, which clarified the excellent anti-sintering property of the
OC. As concluded, the superior reactivity, high durability as well as
sintering resistance of the SATCS-derived CuO@TiO2-Al2O3 OC make it
a promising OC candidate in chemical looping processes. However,
there are still many hurdles remained to be overcome on the way, e.g.,
large-scale OC production and continuous test in interconnected flui-
dized bed reactor is a must before commercial application.
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Table 2
A collection of results using different OCs in chemical looping processes in our group.

OC Active phase
(wt.)

Fuel type Reaction unit Performance indexes Ref.

Iron ore Fe2O3: 81.9% CH4,
Bituminous coal

Inter-connected
fluidized bed reactor

81.3% of CH4 conversion (with CH4); above 0.85 of CO2 yield
and above 73.5% of combustion efficiency (with bituminous
coal)

[31,32]

Copper ore CuO: 21%
CuFe2O4: 70%

GP anthracite Batch fluidized bed
reactor

High combustion efficiency of above 96% and CO2 yield
above 0.95

[23]

Cu-decorated iron ore CuO: 6%
Fe2O3: 77%

SH bituminous
GP anthracite

Batch fluidized bed
reactor

CO2 yield of 0.94 for SH and 0.98 for GP coal [33]

Cement decorated copper ore CuO: 16.8%
CuFe2O4: 56%

Syngas,
SL lignite

TGA and batch
fluidized bed reactor

Average reduction rate of 0.93 × 10−3 s−1 with syngas; CO2

yield of 0.88 with SL lignite
[25]

Mechanically mixed copper
ore and iron ore

CuO: 4.2%
Fe2O3: 65.6%
CuFe2O4: 14%

Syngas,
GP anthracite

TGA and batch
fluidized bed reactor

Average reduction rate of 0.77 × 10−3 s−1 with syngas; 0.79
CO2 yield with GP coal

[34]

Cement bonded copper ore
and hematite

CuO: 3.4%
Fe2O3: 52.5%
CuFe2O4:
11.2%

Syngas,
SL lignite,
GP anthracite

TGA and batch
fluidized bed reactor

CO2 yield of over 0.94; maximum carbon conversion rate of
0.024 s−1 with lignite

[35]

CuO/CuAl2O4 CuO: 21.9%
CuAl2O4: 78.1%

15 vol% H2,15 vol%
CH4

TGA Average reduction rate of 3.5 × 10−3 s−1 with H2; average
oxidation rate of 3.2 × 10−3 s−1 with air

[36]

CuO@TiO2-Al2O3 CuO: 77.5% Pure CH4,20 vol%
H2,
GP anthracite

TGA and batch
fluidized bed reactor

Maximum oxygen release rate of 6.2 × 10−3 s−1 at 900 °C;
combustion efficiency of 97.2% with GP coal

[10] and this
paper
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